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Abstract. In this research, the Cu4SnS4 was synthesized using mechanical alloying method from 

Cu, Sn and S powders for different milling durations (0, 8, 16, and 20 hours) in high purity Ar 

atmosphere. As the results, the particle sizes of milled powders were rapidly decreased after 8 h 

milling and slightly decreased with further increasing in milling duration up to 16 hours and 20 

hours. The Cu3SnS4 began to form after milling for 8 hours and completed its formation at 16 

hours. With prolonged milling duration to 20 hours, it was still not possible to detect any trace 

for the formation of Cu4SnS4.  After subsequent heat-treatment at 673 K, the Cu3SnS4 phase of 

16 h-milling powder was completely converted to Cu4SnS4. The electrical conductivity (  , 
Seebeck coefficient and power factor (PF) of sintered Cu4SnS4 sample increased with the 

increase of measured temperature, reaching maximum values of 1207 S m
-1

, 250 μV K
-1

 and  

75.5 μW K
-2 

m
-1 

at
 
723 K,  respectively.  
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1. INTRODUCTION  

Energy and the environment pose the significant challenges in the 21
st
 century [1]. The 

increase of population and manufacturing has resulted in increased energy demand, in 

particularly large developing countries such as BRICS. However, fossil fuels remain the primary 

energy resources at the present. The use of fossil fuels, such as natural gas, oil, and coal, has 

resulted in serious pollution and affect people's living environment. In addition, the used energy 

efficiency remains low, with statistics indicating that more than 60 % of the primary energy is 

wasted in the form of heat. Therefore, governments have been investing in green technologies to 

replace traditional energy resources with clean, renewable and sustainable resources such as 

solar, wind, ocean, and geothermal energies, while also focusing on improving energy efficiency 

[2 - 7].  

Thermoelectricity (TE) offers a sustainable mean to recover and directly convert waste heat 

into usable electrical energy based on the Seebeck effect. This conversion technique enables 

power generation using waste heat (from processes in industrial production, vehicle exhaust, 

industrial electronic devices, combustion of solid waste, the human body etc.), and other 
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resources such as solar, geothermal energy [1, 8]. For example, BMW and Ford are well-known 

commercial vehicle companies, and a thermoelectric generator (TEG) built by Amerigon was 

attached to the exhaust gas pipe in their vehicles and produced around 500 W of electricity from 

the waste heat [9]. Nesrine et al. [10] reported that TEG can also generate electric power in the 

range of  W to mW from the low waste heat in our body to supply wearable devices such as 

watches, biomedical hearing aids etc. 

The performance of a TE material is determined by the dimensionless figure of merit, ZT = 

S
2
σTκ

− 1
, where S is the Seebeck coefficient, σ is the electrical conductivity, T is the absolute 

temperature, and κ is the thermal conductivity [10]. For high efficiency conversion, a large 

power factor, PF = S
2 , and a low   value should be achieved [11]. Currently, the 

commercialization or large-scale production of thermoelectric devices are still limited by three 

main challenges, i.e., high cost elements and toxic constituents, and low efficiency [12]. Thus, a 

suitable approach needs to be developed. 

In recent years, Cu–S based minerals appeared as potential candidates for TE conversion 

due to advantages, such as being earth abundant, low cost and less toxic constituent elements, 

e.g., Cu2ZnSnS4 (CZTS), Cu4SnS4, CuFeS2, and Cu1.8S, etc. [13 - 16]. Among these materials, 

the p-type Cu4SnS4 semiconductor was emerging as a potential TE material because of its low  , 

relatively high S, and suitable bandgap of 0.9 - 1.7 eV [17]. The synthesis of Cu4SnS4 was 

mostly conducted by melting method [14,18,19]. However, this method has some disadvantages 

such as high temperature and long duration for homogenization process etc.  According to 

Amitave et al. [15] the process of Cu4SnS4 synthesis was taken more than 295 hours. In contrast, 

powder metallurgy (P/M), in particular mechanical alloying method is a solid-state milling and 

reaction from constituent powders, which is able to overcome the limitations of the melting 

method [20].  

In this research, the synthesis of Cu4SnS4 was used of mechanical alloying method from 

Cu, Sn, and S powders, followed by a short heat-treatment process. The phase evolution and 

particle sizes distribution were investigated for different milling duration samples. The phase 

transformation from Cu3SnS4 to Cu4SnS4 was investigated for the powder samples milled for 16 

hours and heat-treated  at temperatures of 673 and 873 K.  The 16 h-milling powder was sintered 

using spark plasma sintering (SPS) for investigation of TE properties. i.e., the electrical 

conductivity (σ), Seebeck coefficient (S), and power factor (PF).  

2. MATERIALS AND METHODS  

2.1. Materials  

Cu (99.5 %, -100 mesh, Strem Chemicals), Sn (99.5 %, -100 mesh, Alfa Aesar) and S (99.5 %, 

-325 mesh, Alfa Aesar) powders were used as starting materials. A mixture of the Cu, Sn and S 

powders was prepared at a stoichiometric ratio of 4 : 1: 4 in order to form Cu4SnS4. The entire 

powders preparation process was carried out in a glove box with a protective atmosphere of Ar gas.  

2.2. Synthesis process 

The mixed powders were milled for different duration of 0 hour, 8 hours, 16 hours, and 20 

hours in Ar atmosphere using a Fritsch Planetary Mono Mill Pulverisette 6. The balls-to-powder 

ratio and rotation speed was set at 10 : 1 and 300 rpm, respectively. In order to avoid 

contamination from the milling process, a zirconia container and balls were used.  
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After milling, the Cu4SnS4 powders were heat-treated using a muffle furnace (Nabertherm 

B150) at temperatures of 673 K and 873 K for 1 hour under an Ar atmosphere. The heat-treated 

milled powders were consolidated using Spark Plasma Sintering (SPS) at 873 K under an 

applied pressure of 50 MPa for 15 minutes.  

2.3. Characterization 

The phase transformations after ball milling and heat treatment were analyzed by X-ray 

diffraction (XRD) using a Bruker D8 Advance diffractometer with Cu Kα radiation (1.54059 Å). 

The surface morphologies of the mixed and milled powders were observed by field emission-

scanning electron microscopy (FE-SEM, Hitachi S4800). The particle size was measured from 

SEM images, with at least 50 particles using ImageJ software. The SPS samples were cut into 

the rectangular shape with sizes of 3 mm × 3 mm × 12 mm to measure the Seebeck coefficient 

and electrical conductivity, which used Linseis LSR-3 (Germani) equipment with a measured 

temperature range of 300 - 723 K under the He gas protective environment. 
   

 

3. RESULTS AND DISCUSSION 

3.1. Effect of milling duration on the morphology and particle sizes of milled powders 

Secondary electron images (SEI) of the mixed Cu, Sn, and S powders for different milling 

duration of 0 hour, 8 hours, 16 hours and 20 hours are given in Fig. 1. The original mixture of 

powders exhibits the differences in shapes and sizes. The coarse particles are Cu powders with a 

porous structure, while Sn powders have a round shape, and S powders have an irregular shape 

(Fig. 1a).  After milling for 8 hours, 16 hours and 20 hours, the mixture of Cu, Sn, and S 

powders became much finer and rounder, which was not able to distinguish the                             

individual elements.  

 

 

 

 

 

 

 

 

 

 

Figure 1. Secondary electron image (SEI) of the mixed Cu, Sn, and S powders for different milling 

duration (a) 0 h (b) 8 hours (c) 16 hours, and (d) 20 hours. 
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Figure 2. The particle size distributions of the mixed Cu, Sn, and S powders for different milling duration 

of (a) 0 hour, (b) 8 hours, (c) 16 hours, and (c) 20 hours. 

The particle size distribution of the mixed Cu, Sn, and S powders for different milling 

duration are shown in Fig. 2, which indicated that the particle sizes of originally mixed powders 

ranged from 6 to 42 μm, with the majority falling in 12 - 18 μm (Fig. 2a). After 8 hour - milling, 

the particle sizes rapidly decreased to 0.2 - 1.8 μm, with a predominant distribution from 0.2 - 

0.4 μm (Fig. 2b). The particle sizes further reduced to 0.2 - 1.3 μm after 16 hour - milling, and 

mainly distributed from 0.2 - 1.0 μm (Fig. 2c). After 20 hour - milling, the particle sizes reached 

their finest at about 0.1 - 1 μm, with the main distribution ranging from 0.2 - 0.8 μm  (Fig. 2d). 

It is evident that the average particle size of mixed powders decreased with increasing 

milling duration. It decreased from 18 μm to 0.63, 0.57 and 0.52 μm after milling for 0 h to 8 

hours, 16 hours and 20 hours, respectively, as shown in Table 1. The initial milling stage, 

especially at 8 hours of milling, the average particle sizes of milled powders rapidly decreased 

from 18 μm to 0.63 μm. This can be attributed to the presence of S powder, which prevented the 

cold-welding process, as the results fracturing was dominant process. However, further 

increasing in milling duration to 16 hours and 20 hours, the milled particle powders slightly 

reduced, which could be explained due by the tendency of fine particles to agglomerate into 

larger ones, thereby reducing the refining efficiency [21]. 

To evaluate the refining efficiency of milling, the percentage of particle size reduction was 

calculated based on the difference between two consecutive milling duration intervals, as shown 

in Table 1. It can see that the percentage particle size reduction of the 8 hour-milling sample was 

of 96.5 %, whereas for the 16-hour and 20-hour milling samples were approximately 10.4 and 

7.5 %,  respectively. These results indicate a slight reduction in particle sizes after a prolonged 

milling duration.  

(c) 

(b) 

(d) 

(a) 
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Table 1. The average particle sizes and percentage of particle reduction of  the mixed Cu, Sn, and S 

powders for different milling duration. 

Milling duration (h) Average particle size ( m) Particle size reduction (%) 

0 18  

8 0.63 96.5 

16 0.57 10.4 

20 0.52 7.5 

3.2. Effect of milling duration on the phase formation 

The XRD results of the mixed Cu, Sn, and S powders for different milling duration of 0 h, 8 

hours, 16 hours and 20 hours are shown in Fig. 3. In the XRD pattern of the mixed powders (0 

hour), all the peaks corresponded to the Cu, Sn and S elements. After milling for 8 hours, 

Cu3SnS4 began to form, but the XRD pattern still showed the presence of a low peak of a starting 

element, i.e. Sn. From the SEM image of the 8 hour-milling sample (Fig. 1b), it can be seen that 

the reaction was taking place when the element powders were well mixed and dissolved in each 

other, which were not able to observe by SEM. After increasing the milling duration to 16 hours, 

all the XRD peaks of starting elements were disappeared, while only the XRD peaks of the 

Cu3SnS4 phase existed. This result indicates the completed reaction between Cu, Sn and S 

powders to form Cu3SnS4. With further increasing milling duration to 20 hours, the XRD results 

showed only the existence of the Cu3SnS4 phase without any phase transformation or the 

formation of Cu4SnS4. Maheskumar [22] reported that the formation of Cu3SnS4 after 20 hours 

of milling of Cu, Sn, and S powders, with the reaction completed after 60 hours milling. 

However, they did not provide details on the apparatus and milling condition used in their 

research. Thus, we suggest that a heat-treatment process should be conducted on the milled 

powders to facilitate the formation of Cu4SnS4 from the milled powder, rather than further 

increasing the milling duration. Therefore, we chose the 16-hour-milling Cu3SnS4 powder for 

further study. 

 

 

Figure 3. XRD patterns of the mixed Cu, Sn, and S powders milling for different duration. 

The formation of Cu3SnS4 from Cu, Sn and S during mechanical milling can be explained 

by transferring the mechanical energy to the mixed powders during milling under collisions 

between the balls and between the balls and the wall of the milling container. After a certain 
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milling duration, the powders were well mixed and the particle sizes reduced, consequently 

reducing the diffusion distance between particle powders, which led to activate the reaction 

between the constituents [23, 24]. 

3.3. Effect of heat-treatment on phase transformation 

Based on the DSC/TG results, the 16-hour-milled powders were subjected to heat treatment 

at 673 and 873 K to investigate the formation of Cu4SnS4. As shown in Fig. 4, the Cu3SnS4 

phase was completely transformed into Cu4SnS4 phase after heat treatment at 673 K for 1 hour. 

Furthermore, upon increasing the heat-treatment temperature to 873 K, the XRD pattern still 

exhibited the presence of the single Cu4SnS4 phase. This transformation indicates that the 

formation of Cu4SnS4 can be simply achieved through a combination of mechanical alloying and 

heat-treatment process.  

 

 

 

 

 

 

 

 

 

3.4 TE properties of sintered 16-hour milled Cu4SnS4 

The TE properties of the sintered Cu4SnS4 sample, including the electrical conductivity, σ, 

and the Seebeck coefficient, S as well as the power factor, PF, were characterized in the 

temperature range of 300 - 723 K, as shown in Fig. 5. 

The σ value sharply increased from 144.187 S m
-1

 at 303 K to 1207 S m
-1

 at 723 K, as 

shown in Fig. 5a, indicating that Cu4SnS4  is a semiconductor. The increase of σ value can be 

contributed to the increase of charge carrier’s concentration, which results from the thermal 

excitation of electrons from the valence band to the conduction band when heat energy was 

applied [10,12, 25]. In this study, the σ value of pristine Cu4SnS4 is comparable to that of other 

Cu-based sulfides such as Cu2ZnSnS4 [12,20,26] and Cu2SnS3 [27]. However, this σ value is 

lower than that of Cu3SnS4, which exhibited metallic behavior. To enhance the performance of 

Cu4SnS4, further improvement of the σ value is required by increasing the carrier concentration 

[12, 26]. 

The S value of Cu4SnS4 sample also exhibited a sharp increase, rising from 127 μVK
-1

 at 

room temperature to 250 μVK
-1

 at 723 K, as shown in Fig. 5b. The positive S and the 

simultaneous increase of σ value with the temperature indicate that Cu4SnS4  is a p-type 

 
Figure 4. XRD patterns of heat-treated 16-hour-milling powders at different temperatures of 673 K and 

873 K, and the non-heat treatment milled powder for the reference. 
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semiconductor with holes as the major charge carriers [12, 13, 15]. This S value is relatively 

high and comparable to other TE materials such as Cu2ZnSnS4 [12, 26] and Cu5FeS5 [28]. 

The power factor (PF) was determined by using measured data from the σ and S, in which 

PF = σ   S
2
 (Fig. 5c). An increase in the value of S

2
σ was observed, rising from 2.3 μWK

-2
m

-1
 at 

303 K to 75.5 μWK
-2

m
-1

 at 723 K. This resulted from the simultaneous increase in σ and S.  

For comparison, the electrical conductivity, Seebeck coefficient, and power factor of 

Cu4SnS4 and other ternary Cu-based sulfides are given in Table 2. The σ of Cu4SnS4 is 

significantly higher than that of Cu2SnS3 [29], leading to correspondingly higher PF. However, 

its σ remains much lower than that of Cu3SnS4 [30] and Cu5FeS4 [28], resulting in a reduced the 

PF. Therefore, a further research work should focus on enhancing the σ of Cu4SnS4. 

Figure 5. The TE properties of Cu4SnS4 after SPS at 873 K: (a) electrical conductivity (  , (b) Seebeck 

coefficient (S), and (c) power factor (PF). 

Table 2. Thermoelectric properties of Cu4SnS4 and other ternary Cu-based sulfides. 

Sample    
(S/m) 

S 

V/K 

PF 

µW/mK
2 
  

Measured 

temperature 

Reference 

Cu4SnS4 1207 250 75.5 723 K Current work 

Cu2SnS3 297 410 49.9 723 K [29]
 

Cu3SnS4 1.3 ×     103 1379.1 790 K [30] 

Cu5FeS4         155 480.5 710 K [28] 
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4. CONCLUSIONS 

This study investigated the synthesis of Cu4SnS4 using the mechanical alloying method 

from Cu, Sn, and S powders, combined with a heat-treatment process. The particle sizes of 

milled powders decreased with the increase of milling duration. The finest milled particle sizes 

were obtained for the 20 hour-milling sample, which mostly distributed in the range of 0.2 - 0.8 

μm. Cu3SnS3 started to form after 8 hours of milling and completing at 16 hours of milling in a 

high-purity Ar atmosphere. Prolonged milling duration to 20 hours did not result in the 

formation of Cu4SnS4. Cu3SnS3 transformed into Cu4SnS4 after heat-treatment at 673 K for 1 

hour. The electrical conductivity, Seebeck coefficient and power factor (PF) of sintered Cu4SnS4  

sample increased with the measured temperature, reaching maximum values of 1207 Sm
-1

, 250 

μVK
-1

 and  75.5 μWK
-2

m
-1 

at
 
723 K,  respectively. 
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