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A B S T R A C T

Why do the tribological properties of graphene-based nanomaterials vary widely in different reports? Could this 
possible be due to different dispersion methods? To address this problem, we prepared four types of graphene 
oxide (GO): GO-1 (mechanical stirring, 2 h), GO-2 (ultrasonic, 10 kHz, 2 h), GO-3 (ultrasonic, 20 kHz, 2 h) and 
GO-4 (ultrasonic, 40 kHz, 2 h). AFM measurements revealed that the dispersion method had a significant effect 
on the thickness and size of the flakes, especially the size, which were 1691.7 ± 1148.6 μm2 (GO-1), 313.0 ±
144.7 μm2 (GO-2), 48.0 ± 17.5 μm2 (GO-3) and 20.7 ± 7.8 μm2 (GO-4). Combined with XPS, FTIR and Raman 
analysis, dispersion method has no significant effect on the chemical properties of GO, but slightly increases the 
content of epoxy groups on the surface of its flakes. Friction test showed that the smallest GO-4 coatings have the 
best wear resistance due to the formation of a larger and denser lubricant film. MD simulation results further 
revealed the relationship between flake size and tribological properties by investigating the changes of GO-300 
(big) and GO-100 (small) during surface enrichment, load down and sliding. It was found that the better sub
strate coverage, homogeneous dispersion, lower frictional resistance and better defect self-repairing ability of 
GO-100 may be the main reasons for their good wear resistance. Thus, our study provides a theoretical basis for 
the selecting the dispersion method of layered materials.

1. Introduction

Friction and wear are one of the main causes of large energy losses 
and component failures in moving mechanical devices [1]. Graphene 
offers unique properties as a solid lubricant and is expected to be used as 
an ultra-thin coating material for surfaces, virtually inhibiting energy 
consumption in mechanical components [2–6]. Nowadays, many reports 
have demonstrated that graphene can achieve macroscale super
lubricity, such as Ali Erdemir’ group [7], Jianbin Luo’ group [8], 
Quanshui Zheng's group [9], Li Ji’ group [10], Junyan Zhang’ group 
[11] and so on. Besides, the effects of external ambient humidity [12], 
substrate surface [13], synergetic effect [14] and various types of at
mospheric environments [15] on the superlubricity of graphene were 
also investigated. However, the excellent lubrication properties of gra
phene depend on its specified 2D structure, but such specified structures 
synthesized by chemical vapor deposition [16] or specific mechanical 
and chemical exfoliation methods [17] are very complex and expensive, 

making them difficult to achieve in practical working conditions. In 
addition, due to the lack of functional groups, graphene is difficult to 
attach to solid substrates, leading to extreme peeling and failure during 
friction.

Graphene oxide (GO) is the product of graphene oxidation treatment, 
and the introduction of oxygen-containing functional groups can endow 
GO with hydrophilicity and good surface activity. The oxygen- 
containing groups on the flakes can enhance sliding resistance and in
creases the friction coefficient, but their better interfacial bonding 
effectively increase the friction life of the corresponding coating [18]. 
Sun et al. investigates the interfacial behavior of multilayer GO films by 
GO-to GO friction force microscopy, where the method of dispersing GO 
is magnetic string [19]. Ji et al. determines the effect of humidity on the 
frictional behavior of GO and find its friction coefficient is reversible in 
alternating humidities environments, and their dispersion of GO is car
ried out using ultrasonic (2 h) [20]. Li et al. fabricates GO/MoS2 flakes 
films on stainless steel by a simple electrophoretic deposition method in 
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water, achieving a significant increase in wear resistance, using ultra
sonic dispersion of the nanomaterials [14]. Previous studies have shown 
that GO is a promising lubricant maternal with good wear resistance. 
However, it is worth noting that although all the above reports inves
tigated the tribological properties of GO, they used different GO 
dispersion methods, such as magnetic stirring and ultrasonic. In fact, the 
details of dispersion treatment are usually neglected in many articles 
[21–23], and in particular the ultrasonic frequency is almost rarely 
mentioned. So, the question arises: does the dispersion method have any 
effect on the structure, chemical properties and tribological perfor
mances of nanomaterial and how does it proceed?

To address the above issues, our paper prepares different frequencies 
of ultrasonic (10 kHz, 20 kHz and 40 kHz) and mechanical stirring to 
prepare GO with different dispersion methods. Experiments combined 
with molecular simulation methods are used to systematically investi
gate the effects of dispersion methods on the molecular structure, 
chemical properties and wear resistance of GO coatings.

2. Experimental

2.1. Materials

Graphene oxide was purchase from NanJing JI Cang Nano Tech
nology Co.Ltd. (Nan Jing, China). Anhydrous ethanol was obtained from 
Maclean's Biochemical Technology Co. Ltd. (Shanghai, China). Other 
chemical reagents were all analytical grade and used without further 
purification. Monocrystalline silicon chip (20 mm × 20 mm, thickness of 
650 μm) was purchased from Zhejiang Lijing Technology Co. Ltd. 
(Zhejiang, China).

2.2. Characterizations

The chemical states and crystallographic structures of the GO-based 
flakes were investigated by an X-ray photoelectron spectroscope (XPS, 
ESCALAB, Thermo Fisher, USA) with ionized source Laser and sizes 400 
μm, X-ray diffraction (XRD, D-max2500PC Rigaku, Japan) with copper 
target and Raman spectroscopy (InVia Qontor, Renishaw, UK) with a 
laser of 532 nm, exposure time 1 s and laser power 5 %. The surface 
morphologies and the elemental distributions of GO and its coatings 
were obtained by Optical 3D surface profiler (SuperView W1 CHOTEST, 
China), Scanning electron microscopy (SEM, JSM-6610LV, Japan (EDS; 
secondary electron)) with voltage15 KV and Wd = 10 cm, transmission 
electron microscopy (TEM, JEM-2100F, 200 kV Japan). The thickness of 
the flakes was investigated by Atomic Force Microscope (AFM, Dimen
sion ICON, Bruker, USA) with automatic mode. Thermal stability of the 
nanocomposites was determined by thermogravimetric analysis (TGA, 
STA449F3-DSC200F3, netzsch, Germany) with a nitrogen atmosphere 
from room temperature to 800 ◦C at a heating rate of 10 ◦C/min.

The tribological performance of the GO-based coating was analyzed 
by MS-T3001 tribometer (Lanzhou Huahui Instrument Technology, 
China). In the experiment, a stainless ball (GCr15, 6 mm diameter Ra =
20 nm 66HRC) was rotated over the coating. The loads were set to 0.1 N, 
0.5 N and 1 N, radius of 5 mm and the rotation speed of 200 r/min. The 
friction tests of all coatings were performed in vacuum environment 
(Vacuum level < − 0.08) at room temperature (around 25 ◦C, humidity 
30 %). All the tests were carried out three times under the same con
ditions to ensure performance stability.

2.3. Preparation

2.3.1. Preparation of GO with different ultrasonic frequency
GO flakes with different sizes and exfoliation degrees were prepared 

by controlling the ultrasound frequency. Specifically, 0.5 g of GO was 
dispersed in 100 mL of ethanol, repeated four times, followed by me
chanically stirred for 2 h, ultrasonicated at frequency of 10 kHz for 2 h, 
ultrasonicated at frequency of 20 kHz for 2 h, and ultrasonicated at 

frequency of 40 kHz for 2 h and labeled as GO-1, GO-2, GO-3 and GO-4.

2.3.2. Preparation of GO coating
The monocrystalline silicon wafers were ultrasonicated in acetone 

and ethanol for 0.5 h, dry nitrogen blow-dry, and then fixed on the 
surface of the steel block. The fresh GO/ethanol mixture prepared as 
described previously was sprayed on the silicon wafers with a spray gun 
(RG-3 L, ANEST IWATA Corporation, Japan) operating with the high 
purity nitrogen with 0.2 MPa, followed by vacuum drying at 80 ◦C. 
Thickness of the GO coatings were about 1.5 μm (Fig. S1).

2.4. Theoretical calculations

The MD model consisted of two types of GO, namely GO-100 and GO- 
300, representing the number of carbon atoms of GO as 100 and 300. 
Based on the XPS data, the ultrasonic treatment had a small effect on the 
degree of oxidation of GO, so the content of epoxy, hydroxyl, ketone and 
carboxyl groups in GO were specified to be 15 %, 6 %, 9 % and 4 % 
(Table S1). The mass of GO in the above two systems were controlled to 
be essentially the same, and number of GO flakes added in GO-100 and 
GO-3 were 6 and 18, respectively. To study the friction process, the Fe 
(100) metal surface was selected as the upper and lower sliding in
terfaces [24,25]. Among them, the GO-based systems were bult as a 
middle layer and the Fe layers both above and below were fabricated. 
The detail molecular structure was depicted in Fig.S2.

The geometric optimization of the computational model and subse
quent kinetic calculations were performed using the COMPASS 
(Condensed-phase Optimized Molecular Potentials for Atomistic Simu
lation Studies) force field [26]. The simulation temperature was 
implemented by Nóse-Hoover thermostat (excluding the direction of 
sliding from the temperature calculation) with a Q ratio of 0.01 [27,28]. 
The Atom based method and Ewald method were used to calculate the 
van der Waals and the long-range electrostatics of simulation [29]. All 
initial structures were first geometrically optimized using the Smart 
algorithm, followed by the NVT dynamic is performed in 1 ns (time step 
0.25 fs) and 4 ns (time step 0.5 fs), an addition NPT dynamic was run for 
1 ns at a corresponding pressure of 0.2 GPa [30,31]. The above systems 
were then subjected to a NVT simulation for 1 ns, followed by confined 
shear with velocity of 0.04 Å/ps (1 ns, 0.2 fs).

3. Results and discussion

3.1. GO-based flakes analysis

Fig. 1 shows the SEM and TEM morphology of GO-1, GO-2, GO-3 and 
GO-4. The un-sonicated GO-1 are thicker and larger, and their SAED 
patterns show a typical ring (multilayer structure) with a layer spacing 
of about 0.66 Å [32]. After ultrasonic treatment, the GO-2, GO-3 and 
GO-4 are significantly thinned and possessed clear diffraction spots, and 
the layer spacing are slightly increased to around 0.72 Å, indicating that 
the introduction of ultrasound facilitates the formation of a looser 
structure [33,34]. In addition, the exfoliation degree of the flake grad
ually increases with increasing ultrasonic frequency, especially for GO- 
4, whose SAED patterns appeared as a distinctive hexagonal spot, sug
gesting the possible formation of a monolayer. It is worth noting that the 
diameter of the GO flakes also decreases from GO-1(64 μm) to GO-4 (9.5 
μm).

The effects of different ultrasound frequencies on the exfoliation 
degrees and sizes are investigated using AFM [35,36]. As shown in 
Fig. 2a-c, the GO-1 are very large and there is obvious stacking between 
the flakes. After a smaller frequency of ultrasound, the exfoliation of GO 
increases significantly and the layers are thin and large (GO-2). 
Continuing to increase the ultrasound frequency, the exfoliation degree 
of the flakes does not change significantly, but their size decrease rapidly 
(GO-3 and GO-4). Further statistics on the thickness and size of each 
sheet (approximately 100) are shown in Figs. 2e and S3–6. It is not 
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different to find that from GO-1 to GO-4, the exfoliation degree of the 
flakes gradually increases, while the size of the flake decreases 
dramatically. In terms of thickness, GO-1 has the most dispersed thick
ness distribution, with the highest percentage of 4–6 layers at 18.9 %, 
but there are still 13.6 % of flakes with more than 25 layers, which in
dicates that GO without ultrasonically dispersed is very heterogeneous. 
After dispersion in ultrasound at 10 kHz for 2 h, the thickness of flakes 
decreases significantly and become more regular, with 56.4 % stacked in 
2–3 layers. While GO-3 and GO-4 are basically monolayer structures, 

indicating that 20 kHz ultrasonic is sufficient to achieve better disper
sion and exfoliation of flakes. Surprisingly, the effect of ultrasound on 
the size of flake is tremendous. From GO-1 to GO-4, the areas of the 
flakes are 1691.7 ± 1148.6 μm2, 313.0 ± 144.7 μm2, 48.0 ± 17.5 μm2 

and 20.7 ± 7.8 μm2 (Fig.S7). Thus, prolonged and high-frequency son
ication does produce flakes of smaller size and uniform distribution.

The structural and chemical properties of GO-1, GO-2, GO-3 and GO- 
4 are further investigated and shown in Fig. 3. XPS analysis shows that 
the atomic content ratio of C to O on the surface of GO decreases with the 

Fig. 1. Micromorphology of GO-1 (a), GO-2 (b), GO-3 (c) and GO-4 (d). SEM images; TEM images and the corresponding SAED.

Fig. 2. (a-d) AFM images and corresponding height profiles of GO-1, GO-2, GO-3 and GO-4. (e) Thickness and area distribution of GO-1, GO-2, GO-3 and GO-4.
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increase of the sonication frequency from 2.93 (GO-1) to 2.62 (GO-4) 
(Fig.S8), which indicates that sonication treatment increases the content 
of oxygen-containing functional groups on the GO sheets. Statistically, 
the epoxy groups on the surface of flakes increase the most, from 25.5 % 
to 32.6 % [37]. The Raman spectra of GO show two strong bands: the G 
band at 1583 cm− 1 is due to first order scattering of the E2ց mode (sp2 

hybridization), and the D band at 1340 cm− 1 is attributed to the pres
ence of defects (sp3 defect or disorder) in the GO [38,39]. It is found that 
the variation of I(D)/I(G) was related to the oxidation level, the higher 
oxidation degree result in an increase in the I(D)/I(G) ratio. As shown in 
Fig. 3e, it increases from 1.369 to 1.384, further confirming that strong 
sonication increases the oxidation of GO. In addition, the structures of 

flakes are investigated using X-ray diffraction (XRD) analyses (Fig. 3f). 
In agreement with previous TEM results, the interlayer spacing of GO 
increases significantly after sonication, from 8.03 Å (GO-1) to 8.42 Å 
(GO-4) [40–42]. This increase in interlayer spacing facilitates easier 
desorption of interlayer water from GO flakes during drying, thereby 
improving thermal stability. As shown in Fig. 3g-h, the thermal 
decomposition temperature of GO-1, GO-2, GO-3 and GO-4 are 177.6 ◦C, 
200.5 ◦C, 205.5 ◦C and 206.1 ◦C. However, the effect of ultrasonic 
dispersion on the structural and chemical properties of GO is not very 
significant and only slightly increases the content of epoxy groups on the 
surface of its flakes.

Based on above studies, the effects of dispersion methods on the GO 

Fig. 3. Characterization of the GO-1, GO-2, GO-3 and GO-4. (a-d) XPS C 1 s; (e) Raman; (h) XRD; (g-h) TG and DSC.

Fig. 4. 3D topographies and SEM images of GO-1, GO-2, GO-3 and GO-4 (a-d). friction curve of GO coating under 0.1 N, 0.5 N and 1.0 N (e-f).
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are mainly focused on the following aspects: (1) Compared with me
chanical stirring, ultrasonic dispersion can improve the degree of exfo
liation of the flakes, in which 20 kHz ultrasound can lead to a better 
degree of exfoliation of GO. (2) high-frequency ultrasound enables the 
GO to form smaller sizes; (3) Ultrasound increases the content of epoxy 
groups on the GO. Among them, the choice of dispersion method has the 
greatest influence on the size of flakes.

3.2. Tribological properties of GO-based coatings

Fig. 4a-d show the surface morphology of GO-1, GO-2, GO-3 and GO- 
4. It is found that the surfaces of these types of coatings are relatively 
flat, with the surface roughness of 479 nm, 537 nm, 573 nm and 524 nm 
[43,44]. However, the surface of the GO-1 (without ultrasonic) is the 
flattest in comparison. The SEM studies reveal that the surface of the 
coating contains more small burrs, and the ultrasonically treated coat
ings have more burrs on the surface. These burrs can be differentiated 
into two types, bulging (ridge-like) and partial peeling (leaf-like). 
Consequently, larger and thicker flakes may tend to be enriched on the 
metal surface in a regular manner.

The coefficient of friction (COF) of the GO-1, GO-2, GO-3 and GO-4 
coatings at 0.1 N, 0.5 N and 1.0 N are shown in Fig. 4 (e-g). It is not 
difficult to find a large gap between the tribological properties of these 
coatings. From 0.1 N to 1.0 N, the GO-4 coating has the longest friction 
life, while GO-1 has the shortest friction life, which is 167.5 min (GO-4), 
110.2 min (GO-3), 83 min (GO-2) and 27 min (GO-1) at 0.1 N, 48.6 min 
(GO-4), 32.5 min (GO-3), 21.7 min (GO-2) and 17.1 min (GO-1) at 0.5 N, 
34.4 min (GO-4), 26.3 min (GO-3), 23.6 min (GO-2) and 16.3 min (GO- 
1) at 1.0 N. This suggests that GO coatings formed by different disper
sion methods have different friction properties, even though they all 
come from the same source. The friction life of GO-4 is significantly 
higher than that of GO-1.

The wear traces of GO-based coatings are investigated during both 
the frictional stabilization period (10 min) and the wear through. 
Fig. 5a-d show the AFM images, SEM morphology and corresponding 
Raman mapping of the wear traces of GO-1, GO-2, GO-3 and GO-4 
during the friction stabilization period (0.5 N). It is clear that the 
lubricant film width increases gradually from GO-1 to GO-4. With 
different colors in the Raman mapping representing different ID/IG 
values. The GO in unworn areas is light blue and has an ID/IG ≈ 1.0. The 
high ID/IG indicates that some of the GO carbon atoms on the six- 
membered rings form sp3 hybrid bonds with oxygen, increasing the 
degree of disorder [45]. Therefore, the GO in the wear trace has an 
overall bright green color with an ID/IG ≈ 1.1, indicating that mechan
ical friction increases the defects in the GO flakes. The thickness of the 
lubrication films is further determined as 160 nm (GO-1), 264 nm (GO- 
2), 272 nm (GO-3) and 441 nm (GO-4). In addition, the lubrication films 
are not perfectly flat. It is found that the lubrication films of GO-1, GO-2 
and GO-3 contains irregular cracks, but the lubrication film of GO-4 is 

overall smooth. Similar results are obtained in the wear-through ex
periments, as shown in Fig. 5e-h, where a small number of flakes appears 
in the wear traces of GO-1 and GO-2, but intermittent lubricant films 
remained in GO-3 and GO-4 (Fig.S9). We roughly measure the thickness 
of the lubrication film as 22 nm (Ra = 27 nm), 74 nm (Ra = 29 nm), 91 
nm (Ra = 30 nm) and 161 nm (Ra = 52 nm) for GO-1, GO-2, GO-3 and 
GO-4. Therefore, different ultrasonic frequency treatments affect the 
size of the flakes and hence their tribological properties of their coatings; 
smaller GO are more resistant to wear and their lubricant film is larger, 
thicker and denser.

3.3. Microscopic wear resistance of GO-based coatings

Based on the above study, the effect of ultrasonic frequency on the 
size of GO flakes is the most significant, therefore GO with carbon 
content of 300 (GO-300) and 100 (GO-100) are selected for the MD 
simulations to investigate the effect of flake size on its tribological 
properties. The MD simulation process is divided into three stages, 
surface enrichment, load down and sliding [46].

The enrichment process of the GO-300 and GO-100 on the Fe surface, 
the beginning of enrichment and the equilibrium are shown in Fig. 6(a). 
It is obvious that flakes are enriched towards the substrate, indicating 
that GO has a better affinity with Fe. Compared with GO-100, GO-300 is 
more agglomerated, and the distribution of the flakes on the upper and 
lower surfaces is extremely heterogeneous, with only one lamella on the 
upper layer and five on the lower layer. The bonding of the flakes to the 
substrate is positively correlated with the distance them. As shown in the 
density distribution of the flakes along the Z-axis after enrichment 
equilibrium, and it is found that the lamellae size does not have much 
effect on its their bonding to the Fe surface, which is manifested by a 
small difference in the distance between the flakes and the metal sur
face, about 3.75 Å and 3.72 Å. Although the bonding of the GO-300 and 
GO-100 to substrate is similar, there is a large different in the degree of 
coverage of the substrate surface. The topography of the flakes at the top 
and bottom of the substrate is shown in Fig. 6b. We have labeled each 
flake in the GO-300 and GO-100 (Fig. S9). For GO-300, layers 1, 4, 5, and 
6 are fully spread on the substrate, while layers 2 and 3 form an over
lapping structure with a small substrate contact area, thus leaving many 
uncovered areas on the substrate. For GO-100, the layers 1, 2, 3, 4, 5, 6, 
7, 8, 11, 12, 13, 14, 15 and 16 are all fully spread on the Fe surface, with 
very little uncovered areas on the Fe surface. Thus, smaller nanolayers 
may have a larger overall contact area with the Fe substrate surface and 
exhibit better substrate bonding. Similar results are obtained for the 
statistics of the total energy and van der Waals force changes. As shown 
in Fig. 6 (c), the total energy and van der Waals force of GO-100 are 
lower than those of GO-300, implying that GO-100 system is more sta
ble, which may be related to the better coverage of GO-100.

Under loading (0.2 GPa), the distribution density of flakes increases 
significantly. As shown in Fig. 6 (d), most of the flakes in the coating are 
flat on the substrate, but there are still some that are vertically aligned, 
which are burrs on the coating surface, such as layer 6 in GO-300. 
Further statistics on the change in flake layer spacing before and after 
pressures show that moderate loading does not lead to a decrease in 
layer spacing. Instead, the layer spacing of GO-100 (6.41 Å) is smaller 
than that of GO-300 (7.13 Å), which is mainly attributed to the fact that 
the larger flakes are more prone to forming an irregular structure with 
higher spatial potential resistance, resulting in a relatively larger layer 
spacing. At the same time, the densities of the coatings formed by larger 
sized flakes decreases due to spatial site resistance (Fig. 6(f)). The den
sities of the GO-100 and GO-300 are 4.117 and 3.984, which suggests 
that smaller GO form a denser coating. Further investigating the mean 
square displacement (MSD) of the flakes in the pressurized systems, the 
diffusion coefficients of GO-100 (1.11 × 10− 12 m2/s) are much larger 
than those of GO-300 (4.91 × 10− 13 m2/s), suggesting that smaller GO 
are more likely to self-repair the defective area during subsequent fric
tion, which is macroscopically reflected in better lubrication film 

Fig. 5. The wear track of GO-1, GO-2, GO-3 and GO-4 coatings under frictional 
stabilization period (10 min, a-d) and after wear through (e-h) at 0.5 N load. 
(Raman mapping of ID/IG; SEM and AFM images).
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Fig. 6. (a-b) Frontal and lateral morphology and nanolayer distributions of GO-100 and GO-300 at the beginning of enrichment and after equilibrium. (c) Total 
energy and van der Waals force of the GO-100 and GO-300 during enrichment. (d-f) Snapshots, nanolayer distributions, flakes spacing and density of GO-100 and GO- 
300 under 0.2 GPa. (e) Mean square displacement of C atoms in the GO-100 and GO-300 (500 ps to 1000 ps).

Fig. 7. (a-b) Morphology of the GO-300 and GO-100 during slip (0 ps, 500 ps and 700 ps) and after misalignment (1000 ps) and the MSD of its corresponding flakes. 
(c) Electrostatic energy, total potential energy, total valence energy and van der Waals energy of the GO-100 and GO-300. (d) Schematic of the mechanism for better 
wear resistance of GO-100.
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continuity.
The above equilibrium pressurized GO-100 and GO-300 are sub

jected to confined shear with a Fe surface velocity of 4 × 10− 4 m/s. The 
structure evolution of the coating at 0 ps, 500 ps and 700 ps are shown in 
Fig. 7a [47]. With the relative movement of the Fe substrate, the flakes 
in both the GO-300 and GO-100 moved obviously, but in a much 
different way. For GO-300, a significant misalignment occurs during 
friction, where layer 1 is one slip surface, and layer 2–6 are the other slip 
surface. It is worth noting that in the previous study layer1 is adsorbed 
on the top Fe, while layer 2–6 are adsorbed on the bottom Fe, meaning 
that the flakes adsorbed on the top and bottom do not form a whole 
during the compression process, and there is still a large gap between 
them. The MSD curves of layer 1 and layer 2–6 are also difference. And 
the clusters composed of layer 2–6 do not have much structural variation 
throughout the friction. On the contrary, GO-100 does not have an 
obvious slip surface. The morphology of GO-100 at fracture is shown in 
Fig. 7(b), where the flake initially absorbed on the bottom remains on 
the top after friction, suggesting that the GO-100 have a better bonding 
between themselves without aggregation. The MSD curves for the cor
responding GO-100 are also very similar. Further statistics on the stress 
(y-axis direction) and energy changes (electrostatic energy, total po
tential energy, total valence energy and van der Waals energy) of the 
system during friction are shown in Fig. 7(c). The average stress of GO- 
300 and GO-100 in the y-axis during friction are 265.75 ± 6.35 GPa and 
24.82 ± 4.72 GPa and it is obvious that the frictional resistance between 
GO-300 is greater than that of GO-100. Similar results are obtained for 
the total potential energy and total valence energy of the system, with 
the total potential energy of GO-300 rising by 136,720 kcal/mol during 
slip due to flake misalignment (340 ps), whereas that of the GO-100 only 
rises by 6990 kcal/mol (288 ps), suggesting that the friction between 
larger GO is greater. In addition, the larger contribution to the above 
increase in total potential energy is the total valence energy, and the rise 
in van der Waals forces is not significant, especially for GO-100, which is 
essentially unchanged. Thus, we believe that the friction between GO 
flakes mainly originates from the hindering force caused by covalent 
bond deformation due to lamellar misalignment, and the hindering force 
can gradually disappear through the change of flake displacement, so 
the smaller flakes not only have small hindering force for covalent bond 
deformation, but also can be disappeared by the rapid movement, which 
is reflected in the overall smaller friction.

According to the above study, the main reasons for better wear 
resistance of smaller flakes are as follows (as shown in Fig. 7(d)): 1. 
smaller flakes have a larger coverage area on the Fe surface and thus 
show stronger substrate bonding; 2. smaller flakes form a more homo
geneous coating without larger aggregates, which is less likely to be 
faulted during friction; 3. smaller flakes have less covalent bond defor
mation and van der Waals forces during friction, resulting in less overall 
sliding resistance.

4. Conclusion

In this paper, GO-1 (mechanical stirring, 2 h), GO-2 (10 kHz, 2 h), 
GO-3 (20 kHz, 2 h) and GO-4 (40 kHz, 2 h) are prepared according to 
different dispersion methods and ultrasonic frequencies. It is found that 
the dispersion method has little effect on the chemical properties of GO 
(except for a slight increase in the content of epoxy groups on the surface 
of the flake with increasing ultrasound frequency), but a very strong 
effect on the number of layers and the size of the flake. Where the 
number of flake layers of GO-1, GO-2, GO-3 and GO-4 are 4–6, 2–4, 1–2 
and 1, and their areas are 1691.7 ± 1148.6 μm2, 313.0 ± 144.7 μm2, 
48.0 ± 17.5 μm2 and 20.7 ± 7.8 μm2. For the friction test, the friction 
life of GO-1, GO-2, GO-3 and GO-4 coatings at 0.5 N are17.1 min, 21.7 
min, 32.5 min and 48.6 min, and the corresponding lubrication films 
thickness are 160 nm, 264 nm, 272 nm and 441 nm, which indicates that 
smaller GO are more wear-resistant and have larger, thicker and denser 
lubrication films. MD simulations are further used to investigate the 

microscopic mechanism for better wear resistance of smaller GO. It is 
found that in the enrichment stage, the smaller GO has better coverage 
on the Fe surface, and the overall bonding of the corresponding coating 
is stronger. In addition, the van der Waals forces of smaller flakes are not 
strong enough to form large particle agglomerates, resulting in a denser 
and more uniform coating. During friction, smaller flakes have less co
valent bond deformation and van der Waals forces, resulting in less 
sliding resistance. And the smaller flakes are easier to move in the 
friction process, which can achieve the self-repair of the damaged parts. 
However, in terms of friction and wear properties, higher ultrasonic 
frequency and longer ultrasonic time during the dispersion of nano
materials may be more favourable to improve the wear resistance of 
their corresponding coatings.
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