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A B S T R A C T   

A new lubricating coating with functionalized graphene oxide (fGO) consisting of graphene oxide (GO) with 
different oxidation degrees, n-octylamine basal plane functionalized GO (bGO), and edge functionalized GO 
(eGO) was developed with or without 3-aminopropyltrimethoxysilane (APTMS) to reduce friction in macroscale 
contact with water. The optimal preparation condition of the coating was obtained by the single factor evaluation 
of a series of factors (20 % APTMS aqueous solution, 12 h immersion time, 0.05 mg/mL GO aqueous solution, 
and 100 ◦C curing temperature). The effect of the oxidation degree and functionalization of GO on the friction- 
reducing and anti-wear behavior of the coating was explored. The coatings with a higher GO oxidation degree 
exhibited better friction-reduction and anti-wear performance. In addition, the friction-reducing capability of the 
APTMS-bGO coating was greater than that of APTMS-eGO.  
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1. Introduction 

Lubrication coatings are indispensable in the equipment 
manufacturing industry. They can reduce the coefficient of friction and 
wear volume of mechanical components and have attracted wide 
attention in many domains, such as the auto industry, aviation, and 
metal processing and protection [1,2]. The combination of nano-
materials and lubrication technology can develop new types of lubri-
cating materials with friction-reduction, anti-wear, and repair functions. 
This is a hot spot in the field of friction and lubrication [3–6]. 

Graphene was discovered in 2004 and is a two-dimensional (2D) 
material that consists of sp2 hybridized carbon. Many reports have 
shown that graphene exhibits satisfactory friction-reduction and anti- 
wear properties [7–9]. However, graphene is difficult to dissolve or 
disperse in a typical solution because of its lack of functional groups. 
Among the numerous derivatives of graphene, graphene oxide (GO) is 
widely applied in the areas of material science due to the presence of 
oxygen-containing functional groups. There are carboxyl and carbonyl 
groups on the edge of GO, and epoxy and hydroxyl groups on the basal 
plane [10,11]. Due to the existence of oxygen-containing functional 
groups, GO is easy to exfoliate into monolayers through stirring or mild 
sonication [12]. In addition, the existence of abundant 
oxygen-containing groups makes it possible to assemble it onto the 
substrate through certain interactions [13]. Some silane coupling agents 
such as 3-aminopropyltriethoxysilane (APTES) have been used as the 
intermediate layers via reactions with GO [14–16]. The micro and 
macro-frictional behaviors of GO-based coatings have been studied in 
both dry and liquid lubrication situations. 

GO coatings have been studied for use in dry situations. To enhance 
the steady-state operation of titanium alloy in a dry situation, a reduced 
graphene oxide (rGO) modified APTES self-assembled monolayer (SAM) 
was deposited on a titanium alloy substrate by Li et al. [17]. The 
tribological tests in microscale demonstrated that the APTES-rGO 
monolayer possessed excellent tribological properties with less sensi-
tivity to relative humidity compared to other surfaces. The 
friction-bearing area was increased due to the addition of APTES-rGO. 
Furthermore, the structure of rGO was similar to that of graphite, 
which can reduce the friction by self-lubricating [17]. When the tip slid 
on the surface of SAM, there was a significant height difference between 
the molecules under the tip and the molecules around the tip. When the 
GO sheets were covered, the height gap was reduced, resulting in a 
decrease in the sliding resistance [18]. Bai et al. [6] reported the dry 
macro-frictional behavior (560 MPa) of a ceria/graphene oxide 
(CeO2/GO) composite film self-assembled on silicon substrates. Versus 
silicon substrates and GO films, the CeO2/GO composite film exhibited 
significant enhancement on tribological performances and longer 
anti-wear lifetime. The results illustrated that the CeO2/GO film was a 
flat surface, and the real contact areas between the ball and test sample 
and decreased. 

Ou et al. [19] fabricated a trilayer film constructed of APTES, GO, 
and hydroxylated octadecyltrichlorosilane (OTS). The trilayer film 
reduced the friction in both micro- (146.2 nN) and macro-tribological 
tests (0.2 N) in dry situations; these values can be attributed to the 
low surface energy of the OTS outer layer and the sliding of GO inter-
layer. Song et al. [20] prepared functionalized rGO doped by nitrogen 
(N) and/or boron (B), resulting in four different configurations. The N, 
B-rGO (N and B isolate-doped rGO without the formation of the B-N 
bond) displayed the best friction-reducing and anti-wear performance 
on the steel surface (5 N). The density functional theory also proved that 
there was a stronger interfacial energy of N,B-rGO on steel surfaces, 
leading to better tribological properties. 

GO coatings were also studied in liquid lubrication environments, 
especially at the microscale. Many studies found super-low friction be-
tween 2D layer materials, including graphite [21]. In micro-tribological 
tests, GO exhibited a fine lubrication performance. Li et al. [22] pre-
pared sodium dodecyl sulfate (SDS) molecular layers on friction surfaces 

by self-assembly and sliding across the aqueous medium. The coefficient 
of friction (COF) between graphite and silica reduced to approximately 
0.005 at a maximal contact pressure of 31 MPa. This was attributed to 
the extremely weak interaction between graphite and SDS molecules. 
Arif et al. [23] investigated the effects of the surface wettability and 
water adsorption and found that the increase in friction was caused by 
humidity. The friction of the SiO2/graphene interface was lower than 
that of SiO2/GO because the interactions of the GO sheets were reduced 
because of water intercalation; graphene can prevent water intercala-
tion due to the reactive edges. This study provides a deeper under-
standing for the friction mechanism of GO liquid lubrication. 
Furthermore, the tribological behavior of GO on the alloy substrate can 
be enhanced through the slip between the GO sheets and entrapment of 
wear particles of the surface topography [24]. 

On the macroscale, GO retains its tribological properties. Luo et al. 
[25] developed a coating combining silica (SiO2) and pristine graphene 
that exhibited super lubrication. The novel coatings showed a coefficient 
of friction value of 0.004 in glycerol aqueous solution (1.5− 4 N). 
Moreover, Li et al. [14] fabricated a APTES nanofilm on substrate sur-
faces by self-assembly. The GO sheets in water were chemically absor-
bed on the nanofilm, forming durable tribofilms. Tribological 
investigations indicated that the COF and the wear rate decreased 
significantly (2 N). This was attributed to the interactions between the 
GO sheets and APTES films. In our previous study of the interfacial be-
haviors of fGOs at the liquid-solid interface [26], we found that the 
alignment of fGOs on the solid surface is a vital factor affecting the 
interfacial shear strength of the films, resulting in differences in tribo-
logical behavior. The basal plane-functionalized GO (bGO) was arranged 
vertically on the metal substrate forming dense, compact, and strong 
films. Edge-functionalized GO (eGO) aligned horizontally to form 
loosely assembled film leads to a higher interfacial shear strength and 
higher friction in water (~500 MPa, 2 N). The tribological properties of 
GO-based materials were also enhanced after doping. In addition, the 
oxidation degree is also an important factor. Different oxidation degrees 
will affect the structure of the GO, causing different chemical properties, 
thermal conductivities, and adsorption properties [11,27–30]. 

Recent studies have highlighted the attractive micro-lubrication 
behavior of GO-based coatings and their unique mechanisms. Howev-
er, there remains a gap in the investigation of the influence of the GO 
functionalization degree. Here, we prepared GO with different oxidation 
degrees by controlling the amount of oxidant added. Two types of GO 
functionalized with alkyl chains were then synthesized. The resulting 
GOs were used to form coatings on the glass sheets. Fourier transform 
infrared (FT-IR) spectroscopy, Raman spectroscopy, atomic force mi-
croscopy (AFM), and water contact angle (WCA) measurement were 
employed to represent the structure and morphology. A ball-on-disc 
testing machine and three-dimensional (3D) profilometer were used to 
study the tribological properties. In addition, our study also highlights 
the role of the 3- APTMS by comparing the friction-reduction of the 
coatings with and without APTMS. 

2. Materials and methods 

2.1. Materials 

Flake graphite (500 mesh, 99 %) was obtained from J&K Scientific 
Ltd. The 3-aminopropyltrimethoxysilane (APTMS, 97 %) was purchased 
from Saan Chemical Technology (Shanghai) Co., Ltd. Glass sheets were 
purchased from Taobao; the size was 20 × 20 × 1.1 mm3. Sulfuric acid 
(H2SO4, 98 %), potassium permanganate (KMnO4, 98 %), hydrofluoric 
acid (HF, 40 %), hydrochloric acid (HCl, 35 %), phosphoric acid (H3PO4, 
85 %), hydrogen peroxide (H2O2, 30 % w/w) n-octylamine (98 %), 
thionyl chloride (SOCl2, 96 %), dimethyl formamide (DMF, 98 %), 
dimethyl sulfoxide (DMSO, 98 %), dichloromethane (CH2Cl2, 98 %), 
methyl alcohol (CH3OH, 99.8 %), and sodium hydroxide (NaOH, 98 %) 
were obtained from Sinopharm Chemical Reagent Co., Ltd. All were 
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used as received. The experimental water (H2O) was deionized water. 

2.2. Methods 

2.2.1. Synthesis of GO with different oxidation degrees 
GO samples with different oxidation degrees were synthesized and 

characterized according to our previous work [31]. Here, 3 g of graphite 
powder and 120 mL of concentrated H2SO4 were placed in a 
round-bottom flask under ice bath to control the temperature to below 
10 ◦C and stirred for 5 min. Next, 9 g of KMnO4 was slowly added into 
the solution and stirred for 5 min again. The mixture was then moved to 
a 40 ◦C oil bath and stirred continuously for 2 h. Then, 300 mL water 
was added to the reaction system, followed by the addition of 30 % H2O2 
until the color of the mixture changed from black to brown. The su-
pernatant was removed after the high speed centrifugation (8000 rpm) 
of the mixture. The mixture was washed with deionized water several 
times until the pH value of the supernatant was nearly 7. The product 
was collected and dried at 50 ◦C for 24 h in a vacuum. The flake graphite 
oxide was then chopped and ground into a powder. The product from 
the above synthesis process was called GO_H. Likewise, GO_L was syn-
thesized via the same process, but the ratio of KMnO4 to concentrated 
H2SO4 was changed to 1:40—namely, via the addition of 3 g of KMnO4 
and 120 mL concentrated H2SO4. 

2.2.2. Synthesis of GO with different functionalizations 
The functionalized GOs (fGOs) were synthesized and characterized 

as described.22 By controlling the reaction conditions, the GO basal 
plane or edge can be selectively functionalized. GO powder (1.5 g) was 
added to a flask containing 55 mL DMSO/DMF mixture with a volume 
ratio of 10:1. The suspension was then ultrasonically dispersed for 1 h. 
Next, 22 mL of n-octylamine was added into the dispersion, followed by 
heat treatment at 80 ◦C. After 36 h, the sediment was filtered and 
washed with 1 M HCl, H2O, CH3OH in series three to four times. Finally, 
the black product was dried in a vacuum oven at 60 ◦C for 24 h and 
ground into powder at room temperature. The product was n-octylamine 
basal plane-modified GO. This was named basal plane functionalized GO 
(bGO). Edge-functionalized GO (eGO) was prepared by two steps. First, 
GO powder (0.2 g) was added to a flask containing 64 mL of a SOCl2/ 
DMF mixture with a volume ratio of 20:1. The dispersion was then ul-
trasonically cleaned for 30 min and heated at 70 ◦C for 24 h. After the 
reaction, the sediment was filtered and washed by CH2Cl2 and CH3OH, 
and dried in a vacuum oven at 45 ◦C for 18 h. The intermediate was acyl 
chloride-modified GO and named GOCl. Next, GOCl was added to the 
20 mL of DMSO for ultrasonic treatment for 0.5 h followed by the 
addition of 7.1 mL of n-octylamine. The suspension was heated at 80 ◦C 
for 20 h. Similarly, the sediment was filtered, washed, and dried in a 
vacuum oven at 60 ◦C for 24 h. The product was ground into powder at 
room temperature. We obtained the n-octylamine edge-modified GO 
(named eGO). 

2.2.3. Fabrication of GO-based coatings 
The glass sheets were pretreated by immersion in 5% HF solution for 

5 min and then washed with water to remove the contamination and 
impurities on the surface. Glass sheets were then placed in a mixed so-
lution with a volume ratio of 3:1 of concentrated H2SO4 and 30 wt.% 
H2O2 solution and reacted at 90 ◦C for 1 h. The material was then 
cleaned with deionized water and blow dried with nitrogen (N2). After 
the acid treatment, the hydroxyl groups on the glass surface were 
exposed and were conducive to the grafting of following materials. GO 
coatings with different oxidation degrees, namely GO_H and GO_L, were 
fabricated by immersing acid-treated glass sheets in 0.05 mg/mL GO_H/ 
L aqueous solution at 60 ◦C for 12 h. The GO_H/L aqueous solution was 
subjected to ultrasonic processing for 2 h before the coating process. 
After coating, the glass sheets were cleaned with water and cured at 
100 ◦C for 12 h. The process was similar to the above for fGO coatings 
with different modifications. The difference is the 0.05 mg/mL GO_H/L 

aqueous solution was replaced by 0.05 mg/mL DMF solution of bGO or 
eGO. GO and substrate were connected by the ester bond formed by the 
esterification reaction of the carboxyl groups and the hydroxyl groups. 
The ester bond was formed by the carboxyl groups remaining on the 
edge of bGO, and the hydroxyl groups on the glass established the 
interaction between bGO and the glass substrate. The epoxy groups 
retained on the basal plane of eGO interacted with the hydroxyl groups 
on the glass by the ring-opening substitution reaction. 

For the APTMS-fGO coating, APTMS was grafted on a glass sheet 
first, and then fGO was grafted on APTMS. A series of APTMS aqueous 
solutions (5, 10, 20, 30 wt.%) were prepared and stirred for 1 h to be 
hydrolyzed fully. The hydroxylated glass pieces were immersed in 
APTMS solution for 2 h, followed by the washing with pure water. The 
washed glass sheets were cured at 60 ◦C for 1 h. The 0.025, 0.05, 
0.075 mg/mL GO_H, and GO_L solutions were prepared and ultrasoni-
cally treated for 2 h. The APTMS-grafted glass sheets were transferred to 
the above GO aqueous solutions at 60 ◦C for 6, 12, and 24 h. Finally, the 
glass sheets were cleaned with pure water and cured at 40, 60, 80, or 
100 ◦C for 12 h. The resulting coatings with GO_H and GO_L were named 
APTMS-GO_H and APTMS-GO_L, respectively. 

The fabrications of the APTMS-bGO and APTMS-eGO coatings were 
similar except for some variables. The concentration of the APTMS so-
lution was 20 %. The GO aqueous solutions were replaced by the DMF 
solution of bGO or eGO, of which the concentrations were both 0.05 mg/ 
mL. The immersion time was 12 h. The curing reaction temperature was 
100 ◦C. 

2.2.4. Characterizations of GO-based coatings 
In this study, the GO and APTMS-GO coatings were characterized by 

Fourier transform infrared (FT-IR) spectra, Raman spectroscopies, atom 
force microscope (AFM), 2D Raman spectroscopy, Raman depth scan-
ning, and optical contact angle meter. 

The functional group composition of the coatings was performed by a 
Paragon 1000 FT-IR Spectrometer (Perkin Elmer, Inc., USA) that was in 
the attenuated total reflectance transmission mode by scanning from 
3900 to 800 cm− 1. 

The Raman analysis was performed on a DXRTM xi Raman imaging 
spectroscope (Thermo Fisher Scientific) in the range from 3300 to 
1000 cm− 1 using a 532 nm laser source. The laser intensity was 2.0 mW 
with a 0.04-s exposure time. The scanning step length was 1 μm, and the 
scanning area was 40 × 40 μm2. The distributions of GO on the coating 
surface were explored by 2D Raman spectroscopy and depth scanning. 

The morphology of the coatings were observed by a Nanoscope IIIa 
multimode atom force microscope (AFM, Veeco, USA) under tapping 
mode in water. The wettability of the GO-based coatings between air 
and water was illustrated by using WCA measurement through a video 
optical contact angle meter OCA 15EC (Dataphysics, Germany). The 
volume of droplets dropped on each sample was constant at 2 microli-
ters. Each sample was repeated four times. 

2.2.5. Tribological performance test 
The friction-reducing properties of the GO-based coatings during 

friction were studied through tribological experiments. The test was 
conducted using pure water. Silicon oxide was applied in a ball with a 
radius of 4 mm. Tribological performances were tested on a ball-on-disc 
testing machine (UMT-Tribolab, Bruker). Before the test process, the 
glass sheets were kept in water for one minute. The applied load was 
20 N (~2.17 MPa), the working frequency was 1 Hz, the stroke was 
10 mm, and the operating time was 1200s. Each test was repeated at 
least three times. The surface morphology after friction test was 
measured by the white light interference 3D profilometer (contour GT, 
Bruker, USA). 
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3. Results and discussion 

3.1. Preparation process optimization of GO composite coatings 

To obtain uniform and stable GO-based coatings, a series of factors, 
including the concentration of the APTMS aqueous solutions, immersion 
time in the GO aqueous solutions, concentration of the GO aqueous 
solutions, and curing reaction temperature, were investigated based on 
the preparation of GO_H and APTMS-GO_H composite coatings 

(Table 1). The prepared coatings were analyzed by 2D Raman spec-
troscopy. The 2D Raman spectroscopy clearly shows the distribution of 
GO on the surface. The results are shown in Table 1. 

3.1.1. Impact of APTMS concentration on the aqueous solution 
The effect of the concentration of the APTMS solutions on the as-

sembly behavior of APTMS-GO_H composite coatings on a glass sub-
strate is shown in Table 1a. The amount of GO adsorbed at the surface 
increased gradually with the increasing APTMS concentration, resulting 
in a wide and even distribution of GO along the surface. The signal was 
the strongest when the concentration of APTMS was 20 %. This may be 
related to the coverage of APTMS on the substrate. The surface coverage 
of the coating depends on the concentration of the graft chain used [32]. 
When the concentration of APTMS was too low (< 20 %), the GO and 
fGOs may be mixed with APTMS and arranged together, affecting the 
compactness of the coatings. Inversely, the grafting order of GO and 
APTMS are affected by the increase of concentration (> 20 %). This may 
be due to the fact that there was a strong steric hindrance in the inter-
mediate layer of APTMS at a high concentration of APTMS. Therefore, 
the arrangement of GO and APTMS was more consistent only when 
APTMS was in an appropriate concentration or concentration range thus 
forming a relatively dense coating and a strong signal value. Based on 
the results, the optimal concentration of the APTMS solution was 20 %. 

3.1.2. Impact of the immersion time in the GO aqueous solution 
Table 1b exhibited the influence of the immersion time in GO 

aqueous solution on the assembly of APTMS-GO_H composite coatings. 
The concentration of the APTMS solution was 20 wt.%. From this, we 
clearly see that the surface distribution of GO was gradually uniform 
when the immersion time varied from 6 h to 12 h; the Raman response 
signal increased gradually. When the glass piece was immersed for 24 h 
before reacting, the signal strength of the Raman response was similar to 
that at 12 h. Therefore, the appropriate immersion time was determined 
to be 12 h in the following experiments. 

3.1.3. Impact of the concentration of the GO aqueous solution 
The concentration of the GO aqueous solution is an essential factor. 

In general, a higher concentration of the GO aqueous solution leads to a 
stronger Raman signal. Considering the stability of the GO liquid phase 
dispersion, the concentrations were set to 0.025 mg/mL, 0.05 mg/mL, 
and 0.075 mg/mL. The results in Table 1c indicate that the amount of 
GO in the coating obtained at 0.05 mg/mL was sufficient with a uniform 
distribution. Although there were also many green parts in the Raman 
signal region of the sample at 0.075 mg/mL, there was still a small 
amount of blue low signal region, which proved that the uniformity of 
the coating obtained at this concentration was not as good as that at 
0.05 mg/mL. In contrast, due to the small amount of GO, a large excess 
of blue areas appeared in the Raman spectrum of the coating obtained at 
the concentration of 0.025 mg/mL, indicating that the uniformity of the 
coating was very poor. Based on this, the optimum concentration of GO 
was 0.05 mg/mL. 

3.1.4. Impact of the curing reaction temperature 
Temperature is not only a vital factor affecting the chemical reaction 

rate, but also an important factor affecting the conversion rate. The ef-
fect of the curing reaction temperature on the assembly behavior of 
APTMS-GO_H on the glass substrate was investigated (Table 1d). The 
surface distributions of GO in the four Raman mappings were similar, 
suggesting that the curing temperature was not as important as the other 
three factors. That is, to ensure the chemical bonding between GO and 
the substrate, the best curing temperature was selected as 100 ◦C. 

Based on the above systematic investigation, the optimum prepara-
tion process was defined as follows: 20 % APTMS aqueous solution, 12 h 
immersion time, 0.05 mg/mL GO aqueous solution, and 100 ◦C curing 
temperature. This process condition was employed in the following 
experiments. All different GO-based coatings were obtained under this 

Table 1 
2D Raman spectra of APTMS-GO_H coatings in different experimental condi-
tions. Each scale bar is 2 μm. The red color represents the high signal value 
region, and the blue color represents the low signal value region.  

NO. APTMS 
(wt. %) 

Time 
(hours) 

GO_H 
(mg/mL) 

Temperature 
(℃) 

2D Raman 
Results 

a 

5 

12 0.075 60 

10 

20 

30 

b 20 

6 

0.075 60 12 

24 

c 20 12 

0.025 

60 0.050 

0.075 

d 20 12 0.050 

40 

60 

80 

100 
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condition. 

3.2. The characterization and tribological performance of the GO 
composite coatings with different oxidation degrees 

3.2.1. FT-IR analysis 
FT-IR spectra analysis characterized the chemical bonds and 

confirmed the actual occurrence of chemical reactions within the GO- 
based coatings (Fig. 1). There were obvious stretching vibrations in 
Fig. 1a, including 3400 cm− 1, 1732 cm− 1, 1618 cm− 1, 1222 cm− 1, and 
1052 cm− 1. The peak at 3400 cm− 1 represents the presence of hydroxyl 
groups (O–H). The peak at 1732 cm− 1 can be attributed to the 
stretching of carbonyl groups (C––O) generated by the reaction between 
the carboxyl groups on GO and the hydroxyl groups on the glass sub-
strate. The peak near 1620 cm− 1 was assigned to the hydroxyl groups 
and the sp2 carbon domain (C––C) stretching in GO [33]. The peaks at 
1222 cm-1 and 1052 cm-1 correspond to C–O–C and C–OH, respec-
tively [34]. After introducing the APTMS, there were two characteristic 
peaks near 2869 cm-1 and 2964 cm-1in the GO-based coating spectra, 
which were attributed to the symmetric and asymmetric C–H stretching 
vibrations [35]. Furthermore, the carbonyl band in Fig. 1b downshifted 
to 1649 cm− 1 due to the reaction between the carboxyl groups on GO 
and the amine groups on APTMS [33]. The peak of the wavenumber 
within 1400− 1550 cm− 1 is the presence of the nitrogen-hydrogen single 
bond (-NH-). The characteristic peak near 1035 cm− 1 is that of Si-O-Si 
between APTMS and the glass substrate [36]. These data confirm the 
successful assembly of GO and APTMS-GO coatings on the substrate 
[30]. 

3.2.2. Raman analysis 
The Raman spectra of the coatings are exhibited in Fig. 2, and the 

corresponding peak information is summarized in Table 2. We found 
two representative peaks of GO—namely the D peak at ~1340 cm− 1 and 
the G peak at ~1600 cm− 1. The D peak was associated with the struc-
tural defects and vacancies of atomic carbon while the G peak corre-
sponded to the in-plane vibration of sp2 carbon atoms [37]. There were 
also two peaks at a high Raman shift. The 2D peak of the materials 
appeared at 2680 cm− 1. The appearance of the D + G peak at ~2930 
cm− 1 indicated that there were serious defects in the graphite lattice. 
The distribution of GO in the substrate was characterized by 2D Raman 
spectra (Fig. 3). 

All coatings exhibited a homogeneous distribution without the 
appearance of severe aggregation. The addition of APTMS made the 
coatings more compact, suggesting that the amino groups were more 
likely to react with GO than the hydroxyl groups. This was probably due 
to the fact that amino groups can react with carboxyl groups, epoxy 
groups, and other groups on GO while hydroxyl groups can only react 
with carboxyl groups under the current conditions. According to the 
work of Zhao et al. [31], the oxidation degree of GO_H is higher than 
that of GO_L. There were more high signal areas in low oxidation 

composite coatings. This proved that the GO-based coating was more 
compact and denser after introducing the APTMS as the transition layer, 
indicating that the presence of APTMS contributed to the formation of 
the intense GO-based coating. Therefore, we speculated that the GO 
composite coating will play a great role in metal lubrication. Raman 
depth scanning test was conducted on the composite coatings to inves-
tigate the longitudinal distribution of GO on the coatings. There were 
few high signal areas on the single GO coatings, and the depth distri-
bution was uneven. Fig. 4c and d show that the thickness of the coatings 
doubles, which is consistent with a previous report [38]. The results also 
reconfirmed that GO and APTMS were successfully assembled on a glass 
plate. 

Fig. 1. FT-IR spectra of GOs and APTMS-GO composites: (a) GO_H and GO_L; (b) APTMS-GO_H and APTMS-GO_L.  

Fig. 2. Raman spectra of GOs and APTMS-GO composites coatings.  

Table 2 
Raman spectra of different GO-based coatings.  

Peaks GO_H GO_L APTMS- 
GO_H 

APTMS- 
GO_L 

Explanation 

D 1341 cm− 1 1340 cm− 1 1340 cm− 1 1340 cm− 1 Disordered 
vibration peak 
related to the 
defect on 
graphene 

G 1600 cm− 1 1600 cm− 1 1600 cm− 1 1600 cm− 1 Feature peaks 
of graphene 
materials 

2D 2680 cm− 1 2680 cm− 1 2680 cm− 1 2679 cm− 1 Stacking 
effect and 
lattice 
disorder of 
graphene 

D + G 2920 cm− 1 2920 cm− 1 2930 cm− 1 2930 cm− 1  
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3.2.3. AFM analysis 
To discover accurate and detailed information about the surface 

microstructure, the surface morphology of all samples was observed by 
AFM (Fig. 5). Fig. 5b-e shows different morphologies in contrast with 
bare glass (Fig. 5a), implying that GO was successfully grafted on the 
glass substrates. In Fig. 5b and c, wrinkles were observed, indicating that 
GOs may arrange in parallel on the substrate without APTMS. This 
arrangement may affect the compactness of the coatings. After intro-
ducing APTMS, the carboxyl groups on the edge were more likely to 
react with the amino groups of APTMS [39,40] resulting in increased 
defects in the materials (Fig. 5c and d). This result was consistent with 
that of Raman analysis. There were higher defects in the graphene lat-
tice, indicating that the number of reaction sites between GO and 
APTMS was larger than that between GO and substrate, which leads to a 
stronger interaction. These different morphologies of the coatings may 
have an impact on the tribological performance. 

3.2.4. WCA analysis 
The wettability of the bare glass and the samples treated with 

APTMS-GO_H/L and GO_H/L coatings were evaluated by WCA mea-
surements. The results are shown in Fig. 6. After hydroxylation, the WCA 
of the glass surface decreased from 24.9◦ to 9.1◦. The hydroxyl groups 
were exposed so that the WCA decreased significantly, which indicated 
the successful hydroxylation. 

The grafting of GO or APTMS on the glass made the WCA increase, 
but the WCA treated by APTMS was higher. This may be because the 
hydrophilicity of APTMS was weaker than that of GO. The addition of 
GO in the composite coatings reduced WCA to 45− 55◦ due to the 
presence of a large number of hydrophilic oxygen-containing functional 
groups on GO. The WCAs of GO_H/L were lower than those of APTMS- 
GO_H/L, which can be attributed to the reaction of oxygen-containing 
functional groups on GO with APTMS. In addition, the WCAs of the 
coatings with GO_H were both lower than those with GO_L. This result 
can be attributed to the greater amount of oxygen-containing groups in 
GO_H than that in GO_L due to the higher oxidation degree of GO_H than 
that of GO_L [31]. 

3.2.5. Tribological performance of GO composite coatings 
In order to investigate the friction-reducing effects of the GO coatings 

on the glass pieces, the tribological tests of the four coatings were per-
formed in water. The COF was calculated, as shown in Fig. 7. The COFs 
of four coatings are lower than that of bare glass. In addition, the 
friction-reducing properties are enhanced with the interdiction of 
APTMS. This could be ascribed to the toughening effect of APTMS, 
which is related to the distribution on the glass and interfacial interac-
tion between APTMS and substrate [41]. Moreover, the COF of the 
GO-based coatings with the APTMS transition layer was lower, which 
may be the reason that -NH2 at the end of APTMS can adsorb on the GO 

Fig. 3. 2D Raman spectra of different GO-based coatings. (a) GO_H, (b) GO_L, (c) APTMS-GO_H, and (d) APTMS-GO_L. The colors on the right side from red to blue 
represent the signal value from high to low. Each scale bar is 20 μm. 
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sheets and react with oxygen-containing functional groups [14]. Silicon 
hydroxyl formed by the hydrolysis of APTMS was beneficial to the 
densification of the silane coating on the substrate surface. Furthermore, 

versus the GO-based coatings with different oxidation degrees, the 
coatings with a high oxidation degree represented a slightly lower COF, 
which represented better performance of friction-reduction. The current 
studies showed that polar functional groups are beneficial for improving 
the tribological performance [42,43]. There are many carboxylic acid 
groups at the edges of GO and epoxy and hydroxyl groups, mainly at its 
basal plane. There are more oxygen-containing groups on the higher 
oxidation degree GO, which provides reaction sites for chemical 
bonding. In addition, water forms hydrogen bonds with the 
oxygen-containing groups. There were more functional groups on highly 
oxidized GO, resulting in a stronger interaction between GO and water. 
Water molecules may move into the interlayer of GO, forming a lower 
resistance interface that enhanced the friction-reducing performance 
[44]. The results we obtained agreed with those of Zhao et al. [31]. 

A white light interference 3D profilometer was used to test and 

Fig. 4. The Raman depth scanning of different GO-based coatings. (a) GO_H, 
(b) GO_L, (c) APTMS-GO_H, and (d) APTMS-GO_L. The depths measured by 
scanning are all 1 μm. 

Fig. 5. AFM images of different GO-based coatings: (a) bare glass, (b) GO_H, (c) GO_L, (d) APTMS-GO_H, and (e) APTMS-GO_L.  

Fig. 6. Water contact angles of glass pieces, GO and APTMS-GO coatings.  
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analyze the wear scar of five samples. There were obvious wear traces on 
every coating (Fig. 8). The corresponding wear rate was calculated ac-
cording to Archard’s Law (Fig. 9). Versus bare glass, the wear rate of four 
GO-based coatings decreased by 7.7 %–14.7 % with APTMS and 
different oxidation degrees. This result implied that APTMS could 
improve abrasion resistance. The APTMS was employed as the inter-
mediate layer between GO and the glass. The enhancement of APTMS- 

GO coatings was also due to the mechanical properties. According to 
the Lancaster-Ratner correlation between the mechanical properties and 
anti-wear performance [45], APTMS and GO should have improved 
anti-wear properties. This was consistent with our experimental results. 
We also found that the GO-based coating with a higher oxidation degree 
was more resistant to wear. This also implied that polar groups could 
enhance abrasion resistance [46]. There were more oxygen-containing 

Fig. 7. COFs of GO-based coatings.  

Fig. 8. 3D contour map of GO-based coatings after friction tests: (a) bare glass, (b) GO_H, (c) GO_L, (d) APTMS-GO_H, and (e) APTMS-GO_L.  

Fig. 9. Wear rates of GO-based coatings.  
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functional groups on the sheets with a higher oxidation degree, 
providing more binding sites between GO and substrate; this resulted in 
a stronger interaction. Therefore, the enhanced wear resistance of the 
composite coating was due to the sliding between the multilayer films 
covered on the substrate, which protect the substrate from an externally 
applied load. 

3.3. Characterization and tribological performance of the fGO composite 
coatings with different functionalizations 

The optimum condition of preparing GO-based coatings was 
explored above. Here, all fGO composite coatings were prepared under 
the same optimum conditions to reduce the effect of the process on the 
results. 

3.3.1. FT-IR analysis 
The FT-IR data of the fGO-based coatings are shown in Fig. 10. There 

were obvious CH2 doublets at ~2920 cm− 1 and ~2850 cm− 1, which 
indicated the successful modification of n-octylamine. The peaks of 
C––O at ~1730 cm− 1 and C–OH at ~1390 cm− 1 in the carboxyl group 
disappeared [47]. The emergence of the peaks in the range of 
1400− 1500 cm− 1 can be attributed to the C–N and –NH– [26,30] =. 
According to our previous work [26], bGO and eGO were synthesized by 
the reaction of functional groups at different positions of GO with 
n-octylamine. From Fig. 10b, the peaks at 1049 cm− 1 (C–OH) were 
replaced by those at 1022 cm− 1 (Si–O–Si) and 931 cm− 1 (Si–O–C) 
due to the grafting of APTMS [36]. The peaks at 1570− 1750 cm− 1 in the 
composite coatings can also result from the –CO–NH– bonds, 
implying that the reaction between fGOs and APTMS may be amidation 
[17]. The emergence and disappearance of functional groups demon-
strated that fGOs were successfully grafted on the APTMS. 

3.3.2. Raman analysis 
The Raman spectra of fGO-based coatings in Fig. 11 indicated that 

there were also characteristic peaks of graphene materials. In the 
characterization of fGOs, we compared a crucial parameter: the ratio of 
intensity of the D peak to the intensity of the G peak (ID/IG); this is 
widely applied to evaluated the quality of graphene-based materials 
[48]. The ID/IG ratio of APTMS-bGO (ID/IG = 1.15) and APTMS-eGO 
(ID/IG = 1.08) was higher than that of bGO (ID/IG = 0.93) and eGO 
(ID/IG = 0.87), suggesting that the modification of GO leads to the 
structural disorder in the graphene lattice. The intensity of 2D and 
D + G peak increased due to the introduction of n-octylamine and 
APTMS, which revealed the enhancement of the disorder degree of the 
graphene lattice [24]. The disorder degree of bGO-based materials was 
higher than that of eGO-based materials, which is consistent with the 
conclusions of Yang et al. [26]. A scanning test showed that 

APTMS-fGOs had the relatively more uniform distribution and stronger 
signal for GO than fGOs (Fig. 12). The reason was that the introduction 
of APTMS made the fGOs easier to assemble onto the substrate, which is 
similar to the 2D Raman scanning results of GO with different oxidation 
degrees. 

3.3.3. WCA analysis 
The results of WCA test were exhibited in Fig. 13. FGOs and APTMS- 

fGOs were less hydrophilic than GOs and APTMS-GOs due to the carbon 
chain on the n-octylamine. The WCA of APTMS-bGO and APTMS-eGO 
decreased versus the APTMS coatings alone because there were still a 
certain amount of oxygen-containing functional groups in the fGOs. In 
addition, the WCAs of the bGO-based coatings were all higher than those 
of eGO-based coatings, which may be because the content of the epoxy 
on the GO basal plane was higher than that of the carboxyl on the edge 
[26] as well as grafting of more alkyl amines [49]. 

3.3.4. The tribological performance of fGO composite coatings 
The friction-reducing performance of four fGOs coatings were stud-

ied to further investigate the effect of the functionalization on the 
tribological properties. Fig. 14 shows the COFs of four composite coat-
ings in water. Alkyl chains were grafted on the carbon skeleton of GO. 
According to our previous work [26], bGO arranges vertically on the 
metal surface while eGO aligns horizontally. This leads to a different 
assembly behavior of fGOs on the substrate. APTMS can play a role in 
reducing the COF and the wear rate. However, for APTMS-fGO coatings, 
APTMS and fGOs have little synergistic effect on the reduction of COF. 
This may be caused by the grafting of alkyl chains. It was reported that 

Fig. 10. FT-IR spectra of fGOs and APTMS-fGO coatings: (a) bGO and eGO, (b) APTMS-bGO and APTMS-eGO.  

Fig. 11. Raman spectra of fGOs and APTMS-fGO coatings.  
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the COF and wear volume tend to decrease when the ionic liquid anion 
alkyl chain increased [50].The space between eGO sheets leads to a high 
steric repulsion and so ordered and compact coatings like bGO cannot be 
formed. The intensity of 2D and D + G peaks in the Raman spectra of the 
APTMS-fGO coatings were strong, indicating that there were many 

reaction sites and many grafted functional groups, which enhanced the 
friction-reducing property. Due to the alkyl chains attached on the basal 
plane, the alkyl chains on bGO were more closely arranged than those on 
eGO, resulting in more compact and ordered films. During the process of 
sliding, the densely-arranged GO coatings reduced the interfacial shear 
strength between the friction pairs and the substrate, which effectively 

Fig. 12. 2D Raman spectra of different fGO-based coatings. (a) bGO, (b) eGO, (c) APTMS-bGO, and (d) APTMS-eGO. The colors on the right side from red to blue 
represent the signal value from high to low. Each scale bar is 20 μm. 

Fig. 13. Water contact angles of glass pieces, fGOs and APTMS-fGO coatings.  

Fig. 14. COFs of fGO-based coatings.  
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reduced COF. Under the applied load, the fGOs may be decomposed to 
produce oxygen-containing groups and alkyl amines during sliding [51]. 

4. Conclusion 

We report on the effect of the oxidation degree and functionalization 
of GO on the tribological properties of GO-based coatings. We optimized 
the synthesis process of coating and obtained GO-based coatings with 
better tribological properties. The optimal conditions for the prepara-
tion of GO-based coatings were obtained through the control variable 
method, and then various GO-based coatings were obtained by con-
trolling the experimental conditions. Furthermore, we characterized the 
structure and tribological properties of each GO-based coating. Ac-
cording to the analysis of the experimental results, we conclude the 
following.  

(1) The optimal conditions for synthesizing GO-based coatings were 
20 % APTMS solution, immersion in the GO aqueous solution for 
12 h, 0.05 mg/mL GO aqueous solution, and 100 ◦C reaction 
temperature.  

(2) The GO tribological experiments with different degrees of 
oxidation showed that the oxidation degree affected the grafting 
of GO with APTMS and had a certain effect on the tribological 
properties of the coatings. The coatings with a higher oxidation 
degree had better friction-reduction and anti-wear ability.  

(3) The COF value of the coatings indicated that the functionalization 
of GO also affected the tribological properties. The functionali-
zation on GO’s basal plane made the coatings more compact. The 
coating formed by the functionalization on the edge was not 
sufficiently compact and dense; thus, the friction-reducing ability 
of the bGO coatings was greater than that of the eGO coatings. 

The results offer a valuable reference for the optimization of GO- 
based composite coatings. The entire experimental process of this 
study is convenient, non-toxic, and harmless; thus, it can be used in 
industrial production and has broad application prospects in NEMS 
device protection and metal surface protection. 

CRediT authorship contribution statement 

Hanglin Li: Methodology, Investigation, Writing - original draft. 
Chang Liu: Methodology, Investigation. Jinyang Chen: Formal anal-
ysis, Resources. Ilse de Vries: Methodology, Resources. Sissi de Beer: 
Methodology, Resources. Li Zhang: Resources. Xiaojun Zhang: Re-
sources. Junxiang Ma: Resources. Jiusheng Li: Conceptualization, 
Project administration, Funding acquisition. Xiangqiong Zeng: 
Conceptualization, Project administration, Funding acquisition, Writing 
- review & editing. Honglai Liu: Validation, Supervision. Yazhuo 
Shang: Conceptualization, Supervision, Validation, Writing - review & 
editing. 

Declaration of Competing Interest 

Any additional relevant notes should be placed here. 

Acknowledgments 

The authors thank the support of the National Natural Science 
Foundation of China (Grant 21703279) and Science and Technology 
Development Fund of the Pudong New District (Grant PKJ2020-N007). 

References 

[1] J.N. Burghartz, M. Hargrove, C.S. Webster, R.A. Keene, K.A. Jenkins, R. Logan, 
E. Nowak, RF potential of a 0.18-/spl mu/m CMOS logic device technology, IEEE 
Trans. Electron Devices 47 (2000) 864–870. 

[2] U.D. Schwarz, Tracking antiwear film formation, Science 348 (2015) 40. 

[3] D. Berman, S.A. Deshmukh, S.K.R.S. Sankaranarayanan, A. Erdemir, A.V. Sumant, 
Macroscale superlubricity enabled by graphene nanoscroll formation, Science 348 
(2015) 1118. 

[4] O. Hod, E. Meyer, Q. Zheng, M. Urbakh, Structural superlubricity and ultralow 
friction across the length scales, Nature 563 (2018) 485–492. 

[5] W. Zhai, K. Zhou, Nanomaterials in Superlubricity, Adv. Funct. Mater. 29 (2019), 
1806395. 

[6] G. Bai, J. Wang, Z. Yang, H. Wang, Z. Wang, S. Yang, Self-assembly of ceria/ 
graphene oxide composite films with ultra-long antiwear lifetime under a high 
applied load, Carbon 84 (2015) 197–206. 

[7] D. Berman, A. Erdemir, A.V. Sumant, Few layer graphene to reduce wear and 
friction on sliding steel surfaces, Carbon 54 (2013) 454–459. 

[8] X. Wang, Y. Zhang, Z. Yin, Y. Su, Y. Zhang, J. Cao, Experimental research on 
tribological properties of liquid phase exfoliated graphene as an additive in SAE 
10W-30 lubricating oil, Tribol. Int. 135 (2019) 29–37. 

[9] A. Chouhan, H.P. Mungse, O.P. Khatri, Surface chemistry of graphene and 
graphene oxide: a versatile route for their dispersion and tribological applications, 
Adv. Colloid Interface Sci. 283 (2020), 102215. 

[10] D.R. Dreyer, S. Park, C.W. Bielawski, R.S. Ruoff, The chemistry of graphene oxide, 
Chem. Soc. Rev. 39 (2010) 228–240. 

[11] M.F.R. Hanifah, J. Jaafar, M.H.D. Othman, A.F. Ismail, M.A. Rahman, N. Yusof, W. 
N.W. Salleh, F. Aziz, Facile synthesis of highly favorable graphene oxide: effect of 
oxidation degree on the structural, morphological, thermal and electrochemical 
properties, Materialia 6 (2019), 100344. 

[12] S.Y. Toh, K.S. Loh, S.K. Kamarudin, W.R.W. Daud, Graphene production via 
electrochemical reduction of graphene oxide: synthesis and characterization, 
Chem. Eng. J. 251 (2014) 422–434. 

[13] J. Ou, J. Wang, S. Liu, B. Mu, J. Ren, H. Wang, S. Yang, Tribology study of reduced 
graphene oxide sheets on silicon substrate synthesized via covalent assembly, 
Langmuir 26 (2010) 15830–15836. 

[14] X. Li, H. Lu, J. Guo, Z. Tong, G. Dong, Synergistic water lubrication effect of self- 
assembled nanofilm and graphene oxide additive, Appl. Surf. Sci. 455 (2018) 
1070–1077. 

[15] S. Qi, X. Li, H. Dong, Improving the macro-scale tribology of monolayer graphene 
oxide coating on stainless steel by a silane bonding layer, Mater. Lett. 209 (2017) 
15–18. 

[16] P. Guo, L. Chen, J. Wang, Z. Geng, Z. Lu, G. Zhang, Enhanced tribological 
performance of aminated nano-silica modified graphene oxide as water-based 
lubricant additive, ACS Appl. Nano Mater. 1 (2018) 6444–6453. 

[17] P.F. Li, Y. Xu, X.-H. Cheng, Chemisorption of thermal reduced graphene oxide 
nano-layer film on TNTZ surface and its tribological behavior, Surf. Coat. Technol. 
232 (2013) 331–339. 

[18] P.F. Li, H. Zhou, X.-H. Cheng, Nano/micro tribological behaviors of a self- 
assembled graphene oxide nanolayer on Ti/titanium alloy substrates, Appl. Surf. 
Sci. 285 (2013) 937–944. 

[19] J. Ou, Y. Wang, J. Wang, S. Liu, Z. Li, S. Yang, Self-assembly of 
octadecyltrichlorosilane on graphene oxide and the tribological performances of 
the resultant film, J. Phys. Chem. C 115 (2011) 10080–10086. 

[20] W. Song, P. Chen, J. Yan, W. Zhu, H. Ji, The tribological properties of reduced 
graphene oxide doped by N and B species with different configurations, ACS Appl. 
Mater. Interfaces 12 (2020) 29737–29746. 

[21] M. Dienwiebel, G.S. Verhoeven, N. Pradeep, J.W. Frenken, J.A. Heimberg, H. 
W. Zandbergen, Superlubricity of graphite, Phys. Rev. Lett. 92 (2004), 126101. 

[22] J. Li, J. Luo, Superlow friction of graphite induced by the self-assembly of sodium 
dodecyl sulfate molecular layers, Langmuir 33 (2017) 12596–126001. 

[23] T. Arif, G. Colas, T. Filleter, Effect of humidity and water intercalation on the 
tribological behavior of graphene and graphene oxide, ACS Appl. Mater. Interfaces 
10 (2018) 22537–22544. 

[24] C. Wang, G. Zhang, Z. Li, Y. Xu, X. Zeng, S. Zhao, J. Deng, H. Hu, Y. Zhang, T. Ren, 
Microtribological properties of Ti6Al4V alloy treated with self-assembled 
dopamine and graphene oxide coatings, Tribol. Int. 137 (2019) 46–58. 

[25] Y. Liu, J. Li, X. Ge, S. Yi, H. Wang, Y. Liu, J. Luo, Macroscale superlubricity 
achieved on the hydrophobic graphene coating with glycerol, ACS Appl. Mater. 
Interfaces 12 (2020) 18859–18869. 

[26] H. Yang, J.-S. Li, X. Zeng, Correlation between molecular structure and interfacial 
properties of edge or basal plane modified graphene oxide, ACS Appl. Nano Mater. 
1 (2018) 2763–2773. 

[27] K. Krishnamoorthy, M. Veerapandian, K. Yun, S.J. Kim, The chemical and 
structural analysis of graphene oxide with different degrees of oxidation, Carbon 
53 (2013) 38–49. 

[28] J. Guerrero-Contreras, F. Caballero-Briones, Graphene oxide powders with 
different oxidation degree, prepared by synthesis variations of the Hummers 
method, Mater. Chem. Phys. 153 (2015) 209–220. 

[29] Q.-L. Meng, H. Liu, Z. Huang, S. Kong, P. Jiang, X. Bao, Tailoring thermal 
conductivity of bulk graphene oxide by tuning the oxidation degree, Chinese 
Chem. Lett. 29 (2018) 711–715. 

[30] L.B. Tong, J.B. Zhang, C. Xu, X. Wang, S.Y. Song, Z.H. Jiang, S. Kamado, L. 
R. Cheng, H.J. Zhang, Enhanced corrosion and wear resistances by graphene oxide 
coating on the surface of Mg-Zn-Ca alloy, Carbon 109 (2016) 340–351. 

[31] L. Zhao, H. Yang, C. Liu, S. Xue, Z. Deng, J. Li, X. Zeng, The correlation between 
molecular structure and tribological properties of graphene oxide with different 
oxidation degree, Tribol. Lett. 67 (2019) 85. 

[32] K. Ikeuchi, Origin and future of hydration lubrication, Proc. Inst. Mech. Eng. Part J: 
J. Eng. Tribol. 221 (2007) 301–305. 

H. Li et al.                                                                                                                                                                                                                                        

http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0005
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0005
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0005
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0010
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0015
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0015
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0015
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0020
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0020
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0025
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0025
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0030
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0030
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0030
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0035
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0035
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0040
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0040
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0040
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0045
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0045
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0045
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0050
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0050
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0055
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0055
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0055
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0055
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0060
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0060
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0060
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0065
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0065
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0065
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0070
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0070
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0070
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0075
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0075
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0075
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0080
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0080
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0080
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0085
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0085
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0085
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0090
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0090
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0090
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0095
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0095
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0095
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0100
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0100
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0100
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0105
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0105
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0110
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0110
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0115
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0115
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0115
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0120
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0120
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0120
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0125
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0125
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0125
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0130
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0130
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0130
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0135
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0135
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0135
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0140
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0140
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0140
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0145
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0145
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0145
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0150
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0150
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0150
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0155
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0155
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0155
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0160
http://refhub.elsevier.com/S0927-7757(21)00022-4/sbref0160


Colloids and Surfaces A: Physicochemical and Engineering Aspects 616 (2021) 126153

12

[33] Y. Lin, Y. Chen, Z. Zeng, J. Zhu, Y. Wei, F. Li, L. Liu, Effect of ZnO nanoparticles 
doped graphene on static and dynamic mechanical properties of natural rubber 
composites, Compos. Part A Appl. Sci. Manuf. 70 (2015) 35–44. 

[34] H.P. Mungse, O.P. Khatri, Chemically functionalized reduced graphene oxide as a 
novel material for reduction of friction and wear, J. Phys. Chem. C 118 (2014) 
14394–14402. 

[35] S. Samanta, S. Singh, R.R. Sahoo, Simultaneous chemical reduction and surface 
functionalization of graphene oxide for efficient lubrication of steel–steel contact, 
RSC Adv. 5 (2015) 61888–61899. 

[36] P.F. Li, H. Zhou, X. Cheng, Investigation of a hydrothermal reduced graphene oxide 
nano coating on Ti substrate and its nano-tribological behavior, Surf. Coat. 
Technol. 254 (2014) 298–304. 

[37] A. Ganguly, S. Sharma, P. Papakonstantinou, J. Hamilton, Probing the thermal 
deoxygenation of graphene oxide using high-resolution in situ X-ray-Based 
spectroscopies, J. Phys. Chem. C 115 (2011) 17009–17019. 

[38] O.C. Compton, S.T. Nguyen, Graphene oxide, highly reduced graphene oxide, and 
graphene: versatile building blocks for carbon-based materials, Small 6 (2010) 
711–723. 

[39] J. Nimita Jebaranjitham, C. Mageshwari, R. Saravanan, N. Mu, Fabrication of 
amine functionalized graphene oxide – AgNPs nanocomposite with improved 
dispersibility for reduction of 4-nitrophenol, Compos. Part B Eng. 171 (2019) 
302–309. 

[40] N. Parhizkar, B. Ramezanzadeh, T. Shahrabi, Corrosion protection and adhesion 
properties of the epoxy coating applied on the steel substrate pre-treated by a sol- 
gel based silane coating filled with amino and isocyanate silane functionalized 
graphene oxide nanosheets, Appl. Surf. Sci. 439 (2018) 45–59. 

[41] L. Wei, J. Ma, W. Zhang, C. Liu, Y. Bao, The tribological behaviors of polyacrylate/ 
graphene oxide and polyacrylate/surfactant-modified reduced graphene oxide 
composite coatings on flexible leather substrates, Prog. Org. Coat. 122 (2018) 
64–71. 

[42] Y. Han, D. Qiao, L. Sun, D. Feng, Functional alkylimidazolium ionic liquids as 
lubricants for steel/aluminum contact: influence of the functional groups on 
tribological performance, Tribol. Int. 119 (2018) 766–774. 

[43] H. Guo, J. Pang, A.R. Adukure, P. Iglesias, Influence of hydrogen bonding and 
ionicity of protic ionic liquids on lubricating steel–steel and steel–aluminum 
contacts: potential ecofriendly lubricants and additives, Tribol. Lett. 68 (2020) 
114. 

[44] H. Liang, M. Xu, Y. Bu, B. Chen, Y. Zhang, Y. Fu, X. Xu, J. Zhang, Confined 
interlayer water enhances solid lubrication performances of graphene oxide films 
with optimized oxygen functional groups, Appl. Surf. Sci. 485 (2019) 64–69. 

[45] N. Chand, P. Sharma, M. Fahim, Correlation of mechanical and tribological 
properties of organosilane modified cenosphere filled high density polyethylene, 
Mater. Sci. Eng. A Struct. 527 (2010) 5873–5878. 

[46] Y. Han, D. Qiao, L. Sun, D. Feng, Functional alkylimidazolium ionic liquids as 
lubricants for steel/aluminum contact: influence of the functional groups on 
tribological performance, Tribol. Int. 119 (2018) 766–774. 

[47] H. Cheng, J. Lin, Y. Su, D. Chen, X. Zheng, H. Zhu, Green synthesis of soluble 
graphene in organic solvent via simultaneous functionalization and reduction of 
graphene oxide with urushiol, Mater. Today Commun. 23 (2020), 100938. 

[48] L. Bokobza, J.-L. Bruneel, M. Couzi, Raman spectra of carbon-based materials 
(from graphite to carbon black) and of some silicone composites, J. Carbon Res. 1 
(2015) 77–94. 

[49] K. Wang, G. Wang, C. Lu, Particle contact angle at the oil–water interface: effect of 
surface silanization, Particuology 44 (2019) 218–224. 
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