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g-C3N4 has a strong C-N covalent bond within the monolayer and a weak van der Waals 
force between the lamels, which enables it to have similar lubrication properties to other 
two-dimensional layered materials. In this study, a new type of g-C3N4/MoS2/ZnS 
heterogeneous nanocomposites was prepared by a one-step hydrothermal method XRD, 
SEM, FI-IR, and other methods were used to systematically study it. Furthermore, a 
ball-on-disk tribometer extensively examined the tribological behavior of 
g-C3N4/MoS2/ZnS heterojunction in pure oil. The relationship between applied load and 
rotational speed on performance is also revealed. Compared with g-C3N4 and 
g-C3N4/MoS2 nanocomposites, g-C3N4/MoS2/ZnS has better frictional properties. It is 
worth noting that when g-C3N4/MoS2/ZnS is in the base oil mass ratio at 1.0 wt.%, the 
friction coefficient is reduced by 49%. In addition, g-C3N4/MoS2/ZnS ternary 
heterojunction exhibits better tribological properties than g-C3N4/MoS2/ZnS mixture, 
expanding their practical applications in industry and agriculture. 
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1. Introduction 
 
g-C3N4 nanosheets, like graphene, have a large surface area and are often used as carrier 

materials, and there are a large number of hydrogen elements in the form of primary and/or 
secondary amine groups at the end edge of g-C3N4 lamellar structure, which leads to a good deal of 
defect active sites on the surface of the lamellar structure[1-3]. These defect-active sites are very 
favorable for the recombination of g-C3N4 with other nanoparticles[4]. In recent years, a large 
number of researchers have reported relevant studies on g-C3N4-based nanocomposites, such as 
g-C3N4/Au[5], g-C3N4/MoO3

[6], g-C3N4/TiO2
[7], g-C3N4/MoS2

[8], g-C3N4/WS2
[9], 

g-C3N4/MoS2/TiO2
[10], etc. Although these nanocomposites have ideal heterogeneous structures, 

the research on their application is almost only involved in the field of catalysis, and the 
application in the field of tribology is almost blank. At the same time, compared with graphene 
materials, g-C3N4 has more advantages in terms of price, synthesis process, and yield. Therefore, 
the research of g-C3N4-based nanocomposites as lubricating oil additives will gradually emerge. 
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In the TMDCs family, transition metal sulfide MS2 has received continuous research and 
attention from researchers in various fields [11-14]. Among them, MoS2 is a very typical 
representative of transition metal sulfide, which belongs to the hexagonal crystal system layer 
structure. MoS2 crystal is composed of an "S-Mo-S" unit layer, between layer and layer is a weak 
van der Waals molecular force connected, which makes MoS2 layer and layer easily stripped, so 
MoS2 has excellent lubrication performance and is one of the most widely used lubricant materials 
at present [15-20]. Many studies have also shown that nanoscale MoS2 has more outstanding 
tribological properties than ordinary MoS2, and as an additive added to lubricating oil can greatly 
improve the performance of lubricating oil, which is worthy of our further exploration. ZnS is 
usually used as a lubricant additive to achieve its lubrication effect, and it has two kinds of 
structure, sphalerite type (cubic, β phase) and wurtzite type (hexagonal structure, α phase), and 
excellent friction properties [21], and is widely used in many fields, especially in the field of 
tribology[22-23]. For example, Rukiye et al[24] research presented the frictional properties of ZnS 
nanoparticles, and the results showed that ZnS nanomaterials have good lubrication ability in the 
process of stick-slip movement at the friction interface. At the same time, Liu[25] studies the 
tribological properties of ZnS nanoparticles added to lubricating oil, and the test results show that 
ZnS nanoparticles can significantly improve the friction and wear properties of lubricating oil. 
Herein, a novel g-C3N4/MoS2/ZnS ternary heterojunction was prepared by a one-step solvothermal 
method. The tribological and wear properties were compared using a ball-and-disc tribometer. 
Additionally, the wear trajectory was characterized in terms of its morphology and composition 
using SEM, SMP, and EDX techniques to gain insights into the friction and wear mechanism. 
Consequently, the structure and exceptional tribological properties of g-C3N4/MoS2/ZnS 
heterojunction will facilitate the design of novel nano additives with ternary heterojunction 
structure to enhance anti-friction and anti-wear properties while expanding its application in 
industry or agriculture. 

 
 
2. Experimental 
 
2.1. Synthesis of g-C3N4/MoS2/ZnS 
The synthesis of g-C3N4/MoS2/ZnS ternary nanocomposites also adopts a simple and 

effective hydrothermal synthesis method. Specific steps are as follows: First, g-C3N4 nanosheets 
are prepared by the method described in 3.2.2.1. Then, the prepared g-C3N4 was added to 50 ml 
deionized water by weighing 0.20 g and ultrasonic treatment for 1 h to prepare the g-C3N4 
dispersion solution. Then, according to Na2MoO4·2H2O: ZnSO4·7H2O: HONH3Cl= 1:1: For the 
molar ratio of 2.2, 0.4698 g Na2MoO4·2H2O, 0.5583 g ZnSO4·7H2O, 0.2968 g HONH3Cl were 
added to g-C3N4 dispersion solution and stirred magnetically for 10 min. Finally, according to the 
molar ratio of Mo: S= 1:3, 0.4376 g C2H5NS was weighed and dissolved in 10 mL deionized water 
to obtain thioacetamide solution, which was added to the above-mentioned dispersion by drops at 
the rate of 1 drop/s with a dropper, and pH= 6 was adjusted with 2 mol/L hydrochloric acid 
solution. Stir continuously for 0.5 h, transfer the above-mixed solution to the hydrothermal reactor, 
seal it, place the reactor in the oven, and react at 180 ℃ for 24 h. The obtained products were 
washed three times and washed three times with alcohol. Finally, vacuum drying at 60 ℃ for 12 h, 
to obtain g-C3N4/MoS2/ZnS nanocomposites denoted as CNMZ. 
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2.2. Characterization 
The phase composition, chemical state, and microstructure of the products were analyzed 

by XRD (X-ray diffractometer) with a Bruker-AXS instrument, Raman microscopy with a 
DXR-Thermo Scientific instrument, SEM (scanning electron microscopy) with a JEOL JXA-840A 
instrument, and TEM (transmission electron microscopy) with a JEOL JEM-2100 instrument. 

 
2.3. Tribological test 
The antifriction and anti-wear performance of different additives in the pure base oil is 

based on the ball-and-disc tribometer (MS-T3001, China). In our experimental setup, pure oil was 
employed as the lubricating agent. The steel ball's rotational speed was maintained at 300 RPM, 
while an applied load of 6 N was exerted for 0.5 hours at room temperature. Furthermore, we 
studied the addition of CNMS (0.5-2.5 wt.%) without concentration, rotational speed (100-400 
rpm), and applied force (4-10 N). Additionally, all friction experiments were conducted thrice 
independently. 

 
 
3. Results and discussion 
 
To confirm the synthesis of g-C3N4/MoS2/ZnS composites, the prepared samples were 

analyzed by XRD. The XRD pattern from g-C3N4 is consistent with the previous results (Fig. 1)[26]. 
According to the XRD pattern of the prepared MoS2, the main diffraction peaks correspond well 
corresponding to the standard characteristic peaks of the hexagonal MoS2 crystal (JCPDS No. 
37-1492). It can be seen from the XRD pattern of ZnS that the hydrothermal preparation of ZnS 
has a high crystallinity, all the diffraction peaks are well corresponding to the standard pattern of 
ZnS crystals with cubic structure (JCPDS No. 65-0309), and no other stray peaks. In addition, The 
XRD pattern of g-C3N4/MoS2/ZnS composite simultaneously shows the main characteristic 
diffraction peaks of g-C3N4, MoS2, and ZnS, which can be preliminarily inferred that the 
successful preparation of this terpolymer. It is worth noting that after the introduction of g-C3N4 
nanosheets, the intensity of all diffraction peaks in the XRD pattern of CNMZ is slightly lower 
than that of its single phase, which indicates that the steric hindrance effect between the three 
substances during the formation of the composite effectively hinders the aggregation and 
self-assembly of its single phase. At the same time, the introduction of g-C3N4 significantly 
inhibits the rapid growth of MoS2 and ZnS crystals in the composite, thus obtaining smaller 
nanostructures. In addition, the diffraction peak of g-C3N4 in the composite is weak, which is 
mainly due to the low content of g-C3N4 and its small diffraction peak intensity. 
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Fig. 1. XRD test results of g-C3N4, MoS2, ZnS, and CNMZ. 
 
 
Fig. 2 shows the infrared spectra of g-C3N4, MoS2, ZnS, and CNMZ nanocomposites. For 

pure MoS2 and pure ZnS, the infrared spectra of both are very similar. The difference is that the 
infrared spectrum of MoS2 has a weak characteristic absorption peak at about 595 cm-1, and the 
vibration is consistent with the Mo-S bond [27-29]. However, due to the high infrared transmittance 
of ZnS nanoparticles[30-31], no characteristic absorption peak was detected in the infrared spectra of 
pure ZnS, and other absorption peaks of the two spectra may be attributed to the influence of 
exogenous groups or residual groups of reaction raw materials[29]. For pure g-C3N4, the 
characteristic peak in the range of 1243-1636 cm−1， belongs to the stretching vibration of 
carbon-nitrogen aromatic heterocyclic compounds, and the peak at 809 cm−1 is attributed to the 
respiratory vibration mode or the out-of-plane bending vibration mode of the isotriazine unit[32]. 
Stretching vibrations corresponding to N-H and O-H bonds in the range of 3100-3500 cm−1 are 
mainly due to uncondensed amino groups and surface adsorption of water[33].  

 
 

 
 

Fig. 2. FT-IR test results of MoS2, ZnS, g-C3N4, and CNMZ. 
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In particular, the infrared spectrum of CNMZ composite has a large gap with that of pure 
g-C3N4, indicating that the heterogeneous hybridization among MoS2, g-C3N4, and ZnS 
significantly weakens the vibration of aromatic heterocyclic compounds after the introduction of 
MoS2 and ZnS. However, it is worth noting that the infrared spectrum of CNMZ composite still 
has the typical characteristic absorption peak of g-C3N4 at 809 cm−1, while the weak characteristic 
peak of MoS2 is also detected at 595 cm-1. Combined with XRD analysis, it can be inferred that 
g-C3N4/MoS2/ZnS heterojunctions have been successfully prepared. 

Fig. 3 shows the SEM and TEM images of MoS2, ZnS, and CNMZ nanocomposites and 
the synthesis mechanism of CNMZ. As shown in Fig. 3a, pure MoS2 appears spheroidal, 
self-assembled from its nanosheets, with an average size of about 1 μm and significant 
agglomeration. Fig. 3b shows the SEM images of pure ZnS. It can be seen that ZnS appear as large 
and non-uniform hollow microspheres, which are self-assembled by smaller ZnS nanoparticles. 
Fig. 3c is the SEM image of CNMZ nanocomposites, from which it can be seen that g-C3N4, MoS2, 
and ZnS form an ideal heterostructure, and neither ZnS nor MoS2 has a self-assembled 
three-dimensional structure, and smaller ZnS nanoparticles are attached to g-C3N4 or MoS2 
nanosheets. The heterogeneous structures were uniformly dispersed and agglomeration did not 
occur. Fig. 3d is the TEM image of CNMZ nanocomposites. It can be seen that most ZnS 
nanoparticles and MoS2 nanosheets are attached to g-C3N4 nanosheets, and g-C3N4 nanosheets 
hinder the self-assembly and agglomeration of MoS2 and ZnS, indicating that it has a small 
thickness size. Indicating that g-C3N4/MoS2/ZnS nanocomposites have been successfully 
synthesized by this hydrothermal method. 

 

 

 
 

Fig. 3. Scanning electron microscope (SEM) test results of (a) MoS2, (b) ZnS, (c) CNMZ nanocomposites; (d) 
Transmission electron microscope (TEM) images of CNMZ nanocomposites. 
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Different sulfur sources have important effects on the morphology of transition metal 
sulfides synthesized by hydrothermal synthesis. For the hydrothermal synthesis system of CNMZ, 
the products synthesized with different sulfur sources have different structural characteristics. The 
sulfur source used in the previous study was C2H5NS, and the ideal CNMZ heterostructure was 
obtained. Therefore, under the same experimental conditions, we chose thiourea and sodium 
sulfide as sulfur sources for comparative analysis. Fig. 4a-b is the SEM image of CNMZ prepared 
by using CH4N2S as a sulfur source. It can be seen from the figure that both MoS2 and ZnS are 
self-assembled, and ZnS is a large microsphere with a diameter of about 6-7 μm, while MoS2 has a 
variety of structural characteristics, most of which are flower spherical structures. At the same time, 
some irregular aggregates formed by g-C3N4 and MoS2 were also observed, and some MoS2 
assembly structures tended to be coated with ZnS microspheres. Fig. 4c-d is the SEM image of 
CNMZ prepared by using Na2S·9H2O as a sulfur source, from which a large number of large-size 
self-assembled microspheres can be seen. In the SEM image of high power, it is found that there is 
a large number of debris on the surface of the microspheres, and these microspheres are mainly 
assembled by ZnS, making it difficult to identify the presence of MoS2. The reason may be that the 
strong chemical activity of Na2S·9H2O causes the rapid nucleation, growth, and self-assembly of 
ZnS, and seriously deprives MoS2 of the necessary sulfur source. In summary, it can be concluded 
that both thiourea and sodium sulfide are not conducive to the formation of ideal CNMZ 
heterojunctions, and their structural characteristics are not conducive to improving the lubrication 
performance of lubricating oil. Therefore, it is crucial to select a suitable sulfur source for the 
formation of ideal CNMZ. 

 

 

 
 

Fig. 4. SEM images of CNMZ obtained at various sulfur sources: (a, b) thiourea (CH4N2S), (c, d) sodium 
sulfide nonahydrate (Na2S·9H2O). 

 
 



401 
 

To study the tribological properties of CNMZ nanocomposites, CNMZ nanocomposites 
(1.0 wt.%) and dispersant span-80 (1.0% volume ratio) were mixed into liquid paraffin base oil 
and dispersed by ultrasonic for 30 min to obtain a uniform and stable dispersion system. To verify 
the tribological properties of the composite, the friction coefficient of the CNMZ mixed oil sample 
and the wear rate of the steel disc were tested. As a comparison, the lubrication behavior of pure 
paraffin oil, paraffin oil containing g-C3N4, and paraffin oil containing g-C3N4+MoS2+ZnS mixture 
was tested at the same time (load 20 N, reciprocating speed 200 rpm, and so on). Time: 10 min/ 
time). Fig. 5a shows the typical friction coefficient curve of pure paraffin oil and CNMZ mixed oil 
sample sample sample samples. According to the diagram during the test period, the lubrication 
process of CNMZ mixed oil samples entered a stable lubrication and friction reduction stage after 
a short period of adjustment, while the friction coefficient of pure paraffin oil during the 
lubrication process was larger and theirthere was greater instability. As can be seen from the bar 
chart in Fig. 5a, andthe average friction coefficient of lubricants containing additives (g-C3N4, 
g-C3N4+MoS2+ZnS mixture, CNMZ) is significantly lower than that of pure paraffin oil, and the 
wear rate shows similar results (Fig. 5b). However, it is worth noting that the CNMZ mixed oil 
sample has the lowest average friction coefficient (reduced by about 49%) and wear rate (reduced 
by about 68%), and combined with its stable friction coefficient curve, it can be concluded that the 
CNMZ nanocomposite exhibits the best lubrication performance. The excellent antifriction and 
anti-wear properties of CNMZ in base oil may be attributed to its ideal ternary heterostructure and 
the effective synergistic effect among g-C3N4 flakes, MoS2 nanosheets, and ZnS nanoparticles. The 
lubrication mechanism of the mixture of CNMZ and g-C3N4+MoS2+ZnS is different. Combined 
with the microstructure analysis in Fig. 4, the self-assembly structure of pure MoS2 and ZnS 
prepared by the same method is larger, which greatly limits their tribological properties, and the 
simple mixing of the three substances cannot show effective synergies. 

 

 
Fig. 5. (a) The average friction coefficient and (b) the average wear rate of pure paraffin oil and base 

oil with different additives were measured (g-C3N4、g-C3N4+MoS2+ZnS mixture and CNMZ 
nanocomposite). The insert line in (a) shows the change in the coefficient of friction over time 

between paraffin oil and paraffin oil containing 1.0 wt.% CNMZ at 20 N. (Load: 20 N, Rotational 
speed: 200 rpm, Time: 10 min). 
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Fig. 6a and b show the average friction and average wear rate of different lubricating oil 
samples under different loads (load: 5-30 N, reciprocating speed: 200 rpm, time: 10 min/ time). As 
can be seen from Fig. 6a, lubricants containing additives show a lower mean coefficient of friction 
than pure paraffin oil at all test loads, and the corresponding wear rate of 45# steel shows the same 
result (Fig. 6b). In addition, under the test load, the lubrication effect of CNMZ in the base oil is 
better than that of g-C3N4 and g-C3N4+MoS2+ZnS mixtures alone, the average friction coefficient 
is reduced by at least 40%, the average wear rate is reduced by at least 65%, and the reduction 
degree is the largest. This indicates that CNMZ can enhance the antifriction and antiwear 
properties of base oil more effectively. According to SEM and TEM results, we know that in 
CNMZ composites, MoS2 has a very thin sheet structure, and ZnS particles have a smaller particle 
size. MoS2 nanosheets and spherical ZnS particles attached to g-C3N4 flakes can more easily enter 
the contact space of friction parts and constantly repair the worn interface (MoS2 nanosheets are 
more likely to form a lubricating transfer film, and ZnS nanoparticles play the role of nano 
bearings). After the run-in period, it is easier to form a continuous composite lubricating protective 
film on the contact surface, so that CNMZ shows better anti-friction and anti-wear performance. 

 

 
Fig. 6. (a) Average friction coefficient and (b) average wear volumes at 5, 10, 20, and 30 N of steel/steel 

contacts lubricated with paraffin oil and oil with g-C3N4, g-C3N4+MoS2+ZnS mixture, oil with CNMZ 
nanocomposite at room temperature. 

 
 
To further evaluate the wear resistance of CNMZ as a lubricant additive, the surface 

morphology of the wear marks was analyzed by SEM and non-contact ultra-depth field 
three-dimensional microscopy. Fig. 7 shows the SEM diagram, 3D profile diagram, and 
cross-sectional section file of the wear marks formed by the lubricating oil containing different 
additives (1.0 wt.% g-C3N4+MoS2+ZnS mixture, 1.0 wt.% CNMZ nanocomposite) after friction 
test (experimental conditions: Load: 20 N, speed: 200 rpm, time: 10 min). From the analysis of Fig. 
7a-c, we have concluded that pure paraffin oil has poor anti-wear properties. When the mixture of 
g-C3N4+MoS2+ZnS (Fig. 7a-c) is added to paraffin oil, there are many small pits and irregular 
scratching on the surface of the wear marks, accompanied by relatively serious plastic deformation, 
adhesion, and abrasive wear. The research results show that the mixture of g-C3N4+MoS2+ZnS has 
limited lubrication and anti-wear effect. And simple material mixing can not achieve the ideal 
effect of enhancing lubrication. More importantly, when the CNMZ nanocomposites were added to 
the paraffin oil (Fig. 7d-f), not only did the width and depth of the wear marks become 
significantly smaller, but the surface of the wear marks also became quite smooth, with only fine 
grooving and slight plastic deformation, indicating that the CNMZ nanocomposites had the best 
anti-wear properties. The above results are consistent with the friction test results in Fig. 5 and Fig. 
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6 above The friction coefficient of lubricating oil with 1.0 wt.% g-C3N4+MoS2+ZnS mixture 
decreased by 37%, and that with 1.0 wt.% CNMZ decreased by 49%. Combined with Fig. 7d-f, the 
friction coefficient of lubricating oil with 1.0 wt.% CNMZ decreased by 49%. The results 
confirmed that there was no significant difference between the two wear marks, but the wear 
marks after CNMZ lubrication were significantly narrower and shallower. It can be preliminarily 
inferred that the ternary heterojunction of CNMZ exhibits better tribological properties and further 
research is needed. 

 

 

 
 

Fig. 7. The g-C3N4+MoS2+ZnS mixture oil (a, b) was utilized for the analysis of the wear surface of 
lubricated steel through SEM imaging (a, d), and to generate a non-contact 3D image of the wear 

trajectory (b, e), and (d, e) oil with CNMZ nanocomposite. The cross-sectional profile corresponding 
to the wear trajectory at points (c, f) can be visually represented as a three-dimensional image. 
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4. Conclusions 
 
The g-C3N4/MoS2/ZnS nanocomposites were obtained by a simple hydrothermal method. 

The results show that adding graphite phase carbon nitride can effectively prevent the formation of 
large-scale self-assembled structures of MoS2 and ZnS, and the steric hindrance effect causes 
g-C3N4, MoS2, and ZnS to form a relatively ideal heterogeneous structure. MoS2 and ZnS are 
attached to g-C3N4 nanosheets in the form of nanosheets and nanoparticles, respectively. At the 
same time, the influence of sulfur source on the morphology of CNMZ was investigated, and it 
was concluded that thiourea and sodium sulfide were not conducive to the formation of ideal 
CNMZ heterojunction. The tribological properties of CNMZ nanocomposites were investigated as 
an additive in lubricating oil using the UMT-2. Reveal compared with paraffin oil and mixed oil 
samples containing g-C3N4, g-C3N4+MoS2+ZnS, CNMZ blends exhibit the lowest average friction 
and wear rate. It has better anti-friction and anti-wear properties. In the friction process, the 
effective synergistic effect of g-C3N4, MoS2, and ZnS in the CNMZ nanocomposite has improved 
the lubrication effect, while the simple materials do not yield significant improvements in 
lubrication. In addition, CNMZ ternary nanostructures exhibit better tribological properties than 
g-C3N4/MoS2/ZnS mixture. 
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