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A B S T R A C T

Designing the 3D structure of 2D nanomaterials is one of the effective measures to enhance their wear resistant. 
Here, we used graphene oxide (GO) as a template and selected mono-aminopropyllsobutyl polyhedral oligomeric 
silsesquioxane (MAPOSS) and octa-aminophenyl polyhedral oligomeric silsesquioxane (OAPOSS) to prepare a 
“plate-anchor” shaped MAPOSS-GO (2D) and three-dimensional cross-linked “soft ladder” shaped OAPOSS-GO 
(3D). From the friction experiments (0.5 N), the lubricant film formed by OAPOSS-GO (393 nm) is thicker 
and more regular than MAPOSS-GO (268 nm) and GO (70 nm). The wear life of OAPOSS-GO (289 min) is higher 
than that of MAPOSS-GO (174 min) and GO (49 min). Molecular dynamics simulations (MD) further revealed the 
reasons for the improved wear resistance of the OAPOSS-GO. Firstly, Polyhedral Oligomeric Silsesquioxane 
(POSS) improves GO-substrate binding and promotes a more regular arrangement of nanosheets. Secondly, the 
covalent bond between OAPOSS and GO resists the friction of the nanosheets during the sliding process, resulting 
in the formation of a thicker lubrication film; thirdly, the “soft ladder” structure facilitates the formation of 
physical occlusion without covalent bonding between different nanosheets, increasing the stability of the 
lubrication film. Therefore, our study provides a theoretical basis for the preparation of highly wear-resistant 
layered nanomaterials.

1. Introduction

Two-dimensional (2D) materials such as graphene are widely used in 
the field of lubrication due to its good chemical stability, high specific 
surface area, high in-plane strength and low interlayer shear strength 
[1,2]. Many groups have achieved lower friction coefficient and longer 
friction life of graphene by controlling the pressure [3], atmosphere [4], 
microstructure of the friction surface, temperature [5] and so on. [6,7] 
However, the conditions for graphene to achieve low lubrication are 
harsh, which requires not only a more regular structure but also special 
pre-treatment process (e.g. vacuum pre-friction, etc), making it difficult 
to be applied on a large scale. Therefore, achieving better wear- 
resistance performance of graphene-based coating through structural 
design [8] and functional modification [9] is one of the effective ways to 
promote their large-scale application. For example, F Mindivan et al 
investigating the effects of rosehip extract and other substances on the 

synthesis and application of graphene oxide [10–14].
Graphene oxide (GO), a product of graphene oxidation, has a large 

specific surface area, is well dispersed and contains oxygen-containing 
functional groups [15]. Oxidation treatment can effectively increase 
the combination of graphene and the substrate, enhance the van der 
Waals force between the nanosheets, and thus improve the wear resis
tance [16,17]. Although the wear resistance of GO is improved 
compared to graphene, the stability of its coatings in long-term appli
cations is still poor, and thus further functional modification are 
required. In recent years, there has been a proliferation of representative 
studies on durable surface coatings derived from novel graphene oxides, 
which have provided valuable insights into this field [18–23]. Poly
hedral oligomeric sesquisiloxanes (POSS) are cage structures consisting 
of alternating Si-O linkages. The diversity of reactive groups provides 
greater binding sites for the microstructure of POSS-based hybrid ma
terials [24,25]. Nidhin Divakaran et al [26] improved the tensile 

* Corresponding authors.
E-mail address: yuanruiqhdx@163.com (R. Yuan). 

Contents lists available at ScienceDirect

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

https://doi.org/10.1016/j.apsusc.2025.164471
Received 16 June 2025; Received in revised form 17 August 2025; Accepted 28 August 2025  

Applied Surface Science 715 (2026) 164471 

Available online 30 August 2025 
0169-4332/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

https://orcid.org/0000-0003-4837-6018
https://orcid.org/0000-0003-4837-6018
https://orcid.org/0000-0003-1160-0813
https://orcid.org/0000-0003-1160-0813
https://orcid.org/0000-0003-2529-0123
https://orcid.org/0000-0003-2529-0123
mailto:yuanruiqhdx@163.com
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2025.164471
https://doi.org/10.1016/j.apsusc.2025.164471


strength, thermal decomposition temperature, and electrical conduc
tivity of unsaturated polyesters through the combination of amino
propylisobutyl POSS with polypeptide bonding of graphene oxide. Liao 
et al [27] prepared octaaminophenylsiloxane functionalized GO rein
forced polyimide composites with low dielectric constant and excellent 
mechanical properties. Sun et al [28] reduced the frictional wear of 
polyamide 6 by POSS functionalized GO. Bo Yu et al [29] improved 
friction and wear properties of base oils by POSS modification of GO. 
Our team designed and synthesized “plate-anchor” shaped POSS-GO 
nanosheets in our previous work and found that the interlocking struc
ture formed by the “plate-anchor” structure during friction could also 
improve its wear-resistant [30,31]. However, previous studies were 
limited to the functional modification of single GO nanosheets at two- 
dimensional level, and there is a lack of research on the effect of the 
three-dimensional structure formed by connecting multiple GO nano
sheets via POSS on the wear-resistant properties.

Based on this, our paper focuses on the three-dimensional structural 
construction of nanosheets, using octa-aminophenyl polyhedral oligo
meric silsesquioxane (OAPOSS) to functionalize GO, and synthesizing 
cross-linked OAPOSS-GO with a “soft ladder” structure through the 
polyamino structure of OAPOSS. The effect of three-dimensional cross
linking on the friction and wear properties of GO is systematically 
investigated. Otherwise, molecular dynamics simulations were used to 
investigate in depth the microstructural evolution and tribological 
properties of OAPOSS-GO during the enrichment, loading and sliding. 
our work provides new ideas for designing GO molecular structures with 
excellent wear resistance.

2. Experimental

2.1. Materials

Graphene oxide (GO 99.5 %) powder was purchased from Nanjing 
JCNANO Technology Co., Ltd (Nanjing, China) Aminopropyllsobutyl 
POSS (OM-POSS 99.0 %) and N-Phenylaminopropyl POSS (OA-POSS 
99.0 %) were purchased from Hybrid Plastic (Hattiesbury, Mississippi, 
USA). N-(3-Dimethylaminopropyi)-N’-ethylcarbodiimide hydrochloride 
(EDC 98 %) was purchased from Alladin Chemicals Ltd. (Shanghai, 

China). Ethanol(99.7 %) and Tetrahydrofuran(99.0 %) were provided 
by Maclean’s Biochemical Technology Co. (Shanghai, China) Mono
crystalline silicon (99.0 %) was obtained from Kaihua LiJing Electronics 
Co Ltd (Quzhou China).

2.2. Synthesis of POSS functionalized-GO

GO powder (0.5 g), EDC (1.0 g), 2.0 g (MA-POSS/OA-POSS) were 
slowly added in the tetrahydrofuran (200 ml). The mixture was subse
quently ultrasonicated for 1 h (40 kHz), then place in an oil bath with 
magnetic stirring at 50℃ for 48 h. After reaction finished, the resultant 
product was centrifugated (10,000 rpm for 5 min). The precipitate was 
successively washed with THF and ethanol three times. The product was 
dried in a vacuum oven at 50 ℃ for 12 h. The synthesis procedure is 
specified in Fig. 1a.

2.3. Preparation of GO-based coating

Before spraying, the wafers were sonicated in deionized water and 
ethanol for 5 min and then dried under nitrogen. MAPOSS-GO/OAPOSS- 
GO was added to 50 ml of ethanol at a mass concentration of 1 g L-1. The 
dispersion was sprayed uniformly onto the silicon wafer under 0.2 MPa, 
dry, high purity nitrogen. The coating was vacuum dried at 80 ◦C for 1 h 
to remove residual solvent. (Coating thickness of approximately 1.3 µm) 
Materials and instruments were listed in supplementary data.

2.4. Characterization

The surface morphologies of nanocomposites and its frictional in
terfaces were observed by field emission scanning electron microscopy 
(FESEM, JSM-7900F, JEOL, Japan, 10 kV, secondary electron imaging), 
energy-dispersive X-ray spectroscopy (EDS, JSM-7900F, JEOL, Japan, 
15 kV), transmission electron microscopy (TEM, Spectra 300 Thermo 
Fisher, USA, 200 kV, HAADF-STEM) and Optical 3D Surface Profiler 
(SuperView W1, CHOTEST, China). The thickness of the nanosheets 
were conducted by Atomic Force Microscope (AFM Dimension ICON, 
Bruker, USA, tapping mode in air, 25 ℃, distribute the ethanol solution 
containing the dissolved powder onto the silicon wafer.). The structure 

Fig. 1. (a) Synthesis process, (b) friction testing and (c) MD simulation process of GO-based coatings.
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and chemistry properties of the samples were determined with an X-ray 
photoelectron spectroscope (XPS, ESCALAB, Thermo Fisher, USA, X-ray, 
C 1s at 284.8 eV, Shirley method, Gaussian-Lorentzian mix, 200 eV for 
survey scan, 20 eV for high-resolution scan), Fourier transform infrared 
spectrometry (FTIR, Nicolet 6700, Thermo Fisher, USA), X-ray diffrac
tion (XRD, D-max2500PC, Rigaku, Japan, Cu target, powder pellet, 2D, 
Jade). GO internal defects were studied using Raman spectroscopy 
(InVia Qontor, Renishaw, UK, Renishaw inVia Raman microscope, 532 
nm). Raman Mapping uses wire software to image the collected Raman 
signals as the ratio of the D peak and G peak. Contact angle analyzer (CA, 
OCA50, Dataphysics, Germany) and thermogravimetric analysis (TGA, 
STA449F3-DSC200F3, Netzsch, Germany, 800 ℃ under nitrogen at
mospheres with a heating rate of 10 ℃/ min). Anton Paar STeP 500 
Measuring coating bonding with nano-scratch (STeP 500, Anton Paar, 
Austria, Begin Load:1N, End Load:5N, length 3 mm, Rockwell).

2.5. Friction and wear test

The friction and wear tests were conducted using a ball-on-disc 
setup. The tribological properties of the coatings were investigated by 
means of a tribometer (MS-T3001 clhis China) at room temperature (25 
± 2℃), at a speed of 800 r/min (V = 420 mm/s), a radius of 5 mm, with 
a load of 0.1, 0.3, 0.5, 0.7 N on GCr15 steel balls (Stability of operating 
environment and friction behavior, Ø=6 mm, Ra = 20 nm) with at least 
three repetitions of each experiment. The friction test is specified in 
Fig. 1b.

2.6. Computational analysis

Molecular dynamics simulation with a full atomistic force field was 
conducted to study the tribological performances of GO, MAPOSS-GO 
and OAPOSS-GO [32–34]. The geometric optimization of the compu
tational model and subsequent kinetic calculations were performed 
using the COMPASS (Condensed-phase Optimized Molecular Potentials 
for Atomistic Simulation Studies) force field [35]. The simulation tem
perature was implemented by Nóse-Hoover thermostat (excluding the 
direction of sliding from the temperature calculation) with a Q ratio of 
0.01 [36]. The Atom based method and Ewald method were used to 
calculate the van der Waals and the long-range electrostatics of simu
lation [37].

The molecular structures of GO, MAPOSS-GO and OAPOSS-GO are 
depicted in Fig. S1. The GO was obtained from the oxidation of graphene 
and consisted of 300 carbon atoms. Based on the XPS results used in the 
experiments, GO were designed with carboxyl (9) and carbonyl (27) 
groups at the edges and epoxy (40) and hydroxyl (38) groups on the 
surfaces. By analyzing the synthesized products, the molar ratios of GO 
to POSS in MAPOSS-GO and OAPOSS-GO were close to 1:1 and 1:2, so 
that only one MAPOSS was grafted on the surface of each lamella in 
MAPOSS-GO, while two GO sheets were attached to each OAPOSS in 
OAPOSS-GO. Due to the limitations of the computing equipment, the 
number of the GO flakes added to each system was controlled to be 6. To 
further investigate the friction process, the Fe (− 1 0 0) metal surface was 
selected as the upper and lower friction interfaces, and the corre
sponding vacuum layer was established. Expansion of the established Fe 
layer to be mutually consistent with the initial GO, MAPOSS-GO and 
OAPOSS-GO systems. Build GO-based systems as a middle layer and add 
Fe layers above and below it and label as top-wall and bottom-wall [38]. 
Periodic boundary conditions were used along three directions, while 
vacuum space was intentionally reserved at the top and bottom along 
the pressure direction [39].

All initial structures were first geometrically optimized using the 
Smart algorithm. And then the NVT (constant number of particles, 
volume and temperature) [40] dynamic equilibration was then per
formed in 3 steps: (1) 1 ns of NVT simulation at 0.25 fs time step to study 
the slow enrichment of GO-based flakes on the Fe surface; (2) 5 ns of 
NVT simulation at 0.5 fs time step for the system to reach dynamic 

equilibrium; (3) An additional 1 ns for data collected at 1000 steps in
tervals to get mean square displacement (MSD) [41], radial distribution 
function (RDF) [42] and so on. For the friction process, an additional 
NPT (constant number of particles, pressure and temperature) [43–45] 
dynamics equilibration was running for 1 ns with time step 0.25 fs and 
the corresponding pressures were 0.223 GPa, 0.091 and 0.084 GPa, 
based on the actual experimental contact area and load (Fig. S2). The 
above systems were then subjected to NVT simulation for 1 ns, followed 
by confined shear with velocity of 0.04 m/s (1 ns, 0.2 fs).

To better illustrate the structural changes of the coatings from 
preparation to friction testing, the MD simulations are divided into three 
parts: enrichment, loading and sliding, as shown in Fig. 1c.

3. Results and discussion

3.1. Characterization of the GO, MAPOSS-GO and OAPOSS-GO

The morphologies of GO, MAPOSS-GO and OAPOSS-GO are shown in 
Fig. 2. The FESEM image of GO shows a typical flat but slightly wrinkled 
surface (Fig. 2a). After functional modification, the surface folds of 
MAPOSS-GO and OAPOSS-GO become more wrinkled (Fig. 2b-c). EDS 
mapping results show that MAPOSS and OAPOSS are uniformly 
distributed on GO. Similarly, the present of POSS microspheres in 
MAPOSS-GO and OAPOSS-GO are observed in the TEM images (Fig. 2d- 
f, red circles). The SAED patterns of GO and OAPOSS-GO show a typical 
ring like pattern showing a polycrystalline structure, the SAED pattern 
of OAPOSS-GO shows typical hexagonal structure. Meanwhile, the 
introduction of POSS on GO increases its crystal spacing from 0.40 nm 
(GO) to 0.79 nm (MAPOSS-GO) and 1.13 nm (OAPOSS-GO), indicating 
that MAPOSS-GO and OAPOSS-GO are looser and easier to exfoliation 
than GO.

As shown in Fig. 3a-c, GO and MAPOSS-GO show a monolayer dis
tribution with thickness of about 1.68 nm and 3.45 nm. The three- 
dimensional stacking structure of OAPOSS-GO is very obvious with a 
thickness of about 4.53 nm.

The “soft ladder” structure of OAPOSS-GO was further investigated. 
As shown in Fig. 4a, the surface of GO flakes was clearly enriched with 
OAPOSS aggregates with crystal plane spacing of about 0.25 nm. What 
was more noteworthy is that GO has more raised portions on the surface. 
Electron diffraction studies revealed that this raised portion contains not 
only the characteristic peaks of GO but also those of OAPOSS, indicating 
that OAPOSS is sandwiched between the two GO layers, which links 
adjacent GO layers together, forming a “soft ladder” structure. Similarly, 
OAPOSS-GO forms a distinct laminar structure in the SEM images 
(Fig. 4b). Furthermore, the three-dimensional stacking structure of 
OAPOSS-GO is very obvious in AFM images (Fig. 4c). The number of 
layers is concentrated at 3–4. This layered distribution not only indicates 
the orderly stacking of the layers, but also provides deep insights into the 
stability and uniformity of the overall three-dimensional “soft ladder” 
structure. Wear trajectory.

The structures and chemical properties of GO-based nanocomposites 
are investigated by XPS, FTIR, Raman, XRD and TG. As shown in Fig. 5a, 
the additional peaks around 100 eV (Si 2p), 150 eV (Si 2 s) and 400 eV 
(N 1s) appear in MAPOSS-GO and OAPOSS-GO, indicating that the POSS 
is successfully introduced onto GO nanosheets. The results of the 
deconvolution process for the C 1s and N 1s high-resolution spectra are 
shown in Fig. 5b-f. The N 1s spectra are deconvoluted into Gaussian 
peaks around at 399.6 eV, 401.4 eV and 402.0 eV, corresponding to 
neutral N-C, N-C(O) and NH3

+-C groups [46]. MAPOSS-GO and OAPOSS- 
GO appear with 26.0 % and 11.5 % N-C(O) characterization groups. 
Compared with GO, the C1s XPS spectra of MAPOSS-GO and OAPOSS- 
GO show an additional C-N peak at 287.2 eV and a significant 
decrease in the C-O-C peak, which indicate that the –NH2 group in POSS 
mainly react with the C-O-C group in GO. Similarly, the ring-opening 
reaction between GO with MAPOSS and OAPOSS is also confirmed by 
FT-IR analysis (Fig. 5g). The strong absorption band at around 1108 

C. Tu et al.                                                                                                                                                                                                                                       Applied Surface Science 715 (2026) 164471 

3 

木子豆豆
高亮



cm− 1 is attributed to the Si-O-Si group in POSS, and the peak at 1650 
cm− 1 is corresponding to the stretching vibrations of the –NH groups 
[47].

Raman spectroscopy can be used to analyze structural changes in 
graphene oxide. As shown in Fig. 5h, the Raman spectra of graphene 
oxide-based materials all exhibit two distinct peaks at 1350 cm-1 and 
1590 cm-1, corresponding to the D peak and G peak, respectively. The D 
peak represents lattice defects in carbon atoms, while the G peak 

represents plane-inner stretching vibrations of sp-hybridized carbon 
atoms. Typically, the intensity ratio of the D peak to the G peak is used to 
assess the orderliness and integrity of the material’s structure. When GO 
is functionalized with POSS, the functional groups on POSS form 
chemical bonds with graphene oxide, disrupting the original graphene 
oxide structure and leading to an increase in internal defects. the ID/IG 
ratios of MAPOSS-GO (0.90) and OAPOSS-GO (0.93) are higher than 
those of GO (0.80). This is due to the structural deformation caused by 

Fig. 2. GO, MAPOSS-GO and OAPOSS-GO (a-c) FESEM images and the corresponding EDS maps; (d-f) TEM images and the corresponding SAED.

Fig. 3. GO, MAPOSS-GO and OAPOSS-GO (a-c) AFM images and its thickness distribution.
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the grafted bulk POSS [48]. Similar results are shown in Fig. 5i, the layer 
spacing of GO, MAPOSS-GO and OAPOSS-GO increases from 0.80 nm 
(10.98◦ 2θ) to 0.88 nm (10.08◦ 2θ) and 0.90 nm (9.90◦ 2θ), which 
further confirms that the introduction of POSS enlarged the layer 

spacing of GO and prevents the nanosheets from restacking [49]. In 
addition, grafting POSS also improves the thermal stability of GO 
(Fig. S3).

Fig. 4. Characterization of the “Soft ladder” structure of OAPOSS-GO (a) TEM images and the corresponding SAED; (b) SEM images; (c) AFM images and its layer 
distribution.

Fig. 5. Structure characterization of GO, MAPOSS-GO and OAPOSS-GO coating. (a-f) XPS survey and high-resolution spectra of N 1s and C 1s; (g-i) FTIR, Raman and 
XRD patterns.
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3.2. Friction and wear properties of GO, MAPOSS-GO, OAPOSS-GO 
coating

The distribution of GO, MAPOSS-GO, OAPOSS-GO coatings are 
shown in Fig. 5a-c. The functional groups in OAPOSS and MAPOSS 
effectively inhibit the stacking of layers during the coating preparation 
process through bridging graphene oxide flakes, thereby forming thicker 
coatings. GO and MAPOSS-GO coatings show folded nanosheets with 
surface roughness of 0.646 µm and 0.377 µm. In contrast, the roughness 
of OAPOSS-GO coating is only 0.158 µm, and the coating surface is very 
regular with flakes almost closely aligned in parallel, which indicates 
that OAPOSS-GO has better affinity with the substrate. To confirm the 
simulation results, we performed a nano-scratch experiments and shown 
in Fig. 6g-h. The OAPOSS-GO coating has the smallest acoustic emission 
amplitude. Signals with smaller amplitudes usually indicate less mate
rial deformation, which suggests the strongest bonding between 
OAPOSS-GO and the substrate. Therefore, the introduction of POSS can 
enhance the adhesion of GO to the substrate. Meanwhile, the intro
duction of POSS also increases the hydrophobicity of the coatings 
(Fig. S4), with water contact angles of 61.46◦ (GO), 105.38◦ (MAPOSS- 
GO) and 98.15◦ (OAPOSS-GO) [50]. This is mainly attributed to the fact 
that the nanocage structure of POSS forms micro- and nano-rough 
structures on the coating surface, which traps air and forms a “solid- 
air composite interface”. Meanwhile, the low surface energy nonpolar 
groups on the surface of POSS reduce the intrinsic surface energy of the 
coating. According to the Wenzel model [51] Cos theta r = r Cos theta s, 
roughening can further amplify this hydrophobic property, and these 
two effects synergistically enhance the hydrophobicity.

To confirm the influence of the “soft-ladder” structural assembly on 
the wear-resistant properties, the coefficient of friction and service life 
of GO, MAPOSS-GO and OAPOSS-GO coatings are investigated. As 
shown in Fig. 7a-h, none of the three coatings are worn through at a load 
of 0.1 N (2 h). With the increase of load, the wear resistance of GO 

coating decreases significantly with the service life of 83 min (0.3 N), 49 
min (0.5 N) and 34 min (0.7 N). Compared with GO, the “plate-anchor” 
shaped MAPOSS-GO has better wear resistance and only wears through 
under a load of 0.7 N (71 min). It is worth noting that “soft ladder” 
shaped OAPOSS-GO coating did not wear through during the friction (2 
h). The service life of the GO, MAPOSSS-GO and OAPOSS-GO coatings 
are further conducted to be 49 min, 174 min and 289 min at 0.5 N load 
(Fig. S5). These mean that the OAPOSS-GO coating has the best wear 
resistance, confirming the feasibility of improving the wear resistance of 
GO by assembling a 3D “soft ladder” structure. In addition, the rough
ness of coatings affects the coefficient of friction (COF) during the run-in 
period [52], as shown in Fig. 5h-k, the GO coating with the largest 
roughness has the highest COF during the run-in period.

To quantify the source of the excellent wear resistant performance of 
the OAPOSS-GO, the lubricant films of the three coatings are investi
gated at 0.1 N (all unworn) and 0.5 N (partially unworn).

0.1 N:Under 0.1 N load (Fig. 8a-f), GO, MAPOSS-GO and OAPOSS- 
GO can form a relatively continuous Lubricant film, but their Lubri
cant film sizes varied greatly. For GO, the Lubricant film is narrower and 
thinner, with a width and height of 10 µm and 300 nm. The MAPOSS-GO 
formed a lager Lubricant film than GO (width and height of 50 µm and 
400 nm). In comparison, OAPOSS-GO coating has the largest and 
thickest Lubricant film, with a width and height of 110 µm and 500 nm. 
However, a dense and thick lubricant film effectively increases the 
contact area between the coating and the steel ball, thereby increasing 
the coating’s service life.

Furthermore, Raman spectroscopy is used to investigate the defects 
in the Lubricant film formed by the GO-based nanosheets during fric
tion. As shown in Fig. 9. Raman mapping and ID/IG values of the contact 
region of GO, MAPOSS-GO and OAPOSS-GO coatings (ball-on-disk 
tribometer, 0.1 N), with different colors in the Raman mapping repre
senting different ID/IG values. The defect density at the center of the 
wear marks increases significantly. During friction, the center of the 

Fig. 6. Morphology and frictional performances of GO, MAPOSS-GO, OAPOSS-GO coating. (a-c) SEM (250x and 2000x) images, (d-f) 3D topographies; (g-i) Nano- 
scratch of the GO, MAPOSS-GO and OAPOSS-GO coatings.
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wear marks is subjected to maximum normal stress and shear stress, 
causing the van der Waals forces between GO layers to be disrupted, 
resulting in a large number of edge defects and lattice distortions in the 
carbon skeleton. In addition, intense friction may be accompanied by 
local high temperatures, but GO has poor thermal stability, and high 
temperatures can easily trigger amorphous transformation, further 
exacerbating structural disorder and increasing the ID/IG ratio. It is 
worth noting that higher ID/IG values mean that some carbon atoms of 
GO on the six-membered rings form sp3 hybrid bonds with oxygen after 
oxidation [53]. This destroys the ideal six-membered ring carbon 
structure and increases the degree of disorder. As shown in Fig. 9a-c, the 
GO coating is light red and has an ID/IG value around 1.18, and the 

MAPOSS-GO and OAPOSS-GO coatings are light green with an ID/IG 
value of 1.03 and 1.08. This means that the introduction of POSS on GO 
nanosheets can effectively reduce its defect during friction. The reduc
tion of defects may be related to the following two factors: firstly, the 
height and the size of the lubricant film of MAPOSS-GO and OAPOSS-GO 
are larger, which results in a reduction of the pressure distributed to 
each nanosheet; secondly, the larger size of POSS acts as a cushion 
during the friction, which in turn serves to protect the nanosheet. In 
addition, the Lubricant film of both GO and MAPOSS-GO show a char
acteristic peak signal of 520 cm− 1 (Si, substrate), while that of OAPOSS- 
GO is not obvious, further indicating that the Lubricant film of OAPOSS- 
GO is dense and thick.

Fig. 7. GO, MAPOSS-GO, OAPOSS-GO coating. (a-h) Coefficient of friction as a function of sliding time (120 min) under various loads (0.1 N, 0.3 N, 0.5 N,0.7 N).

C. Tu et al.                                                                                                                                                                                                                                       Applied Surface Science 715 (2026) 164471 

7 



To further investigate the state of POSS enrichment at the contact 
surface, XPS etching of the lubricant film of OAPOS + S-GO is conducted 
and shown in Fig. 10a-c (depth profile, spot size 50 μm, etch cycle 30 s, 
cluster size 75, ion energy 6000 eV). The C 1s, O 1s, N 1s and Si 2p high- 
resolution spectra are deconvoluted. The peak intensity of C atom in
creases with etching depth, while the peak intensities of O, Si and N 
contained in POSS all decrease to some extent. This phenomenon in
dicates that POSS is significantly enriched on the surface of the Lubri
cant film and plays a role in the improvement of wear resistance.

0.5 N: Under 0.5 N load, as shown in Fig. S6, OAPOSS-GO has the 
largest wear point area, followed by MAPOSS-GO and GO. This further 
means that even though the same load is applied, the pressure force on 
the flakes is different because of the different contact areas. Based on the 
wear point area, the pressures on the contact surface of the GO, 
MAPOSS-GO and OAPOSS-GO coatings are calculated to be 0.223 GPa, 
0.091 and 0.084 GPa. the height of GO, MAPOSS and OAPOSS balls are 
33 µm, 36 µm and 43 µm, which confirms the difference in ball wear. 
Similar results are obtained in the wear track studies, as shown in 

Fig. 8. Structure characterization of the wear track of GO, MAPOSS-GO and OAPOSS-GO coatings at 0.1 N load. (a-c) SEM and (d-f) AFM images.

Fig. 9. Structure characterization of the wear track of GO, MAPOSS-GO and OAPOSS-GO coatings at 0.1 N load. (a-c) Raman mapping of ID/IG and the corre
sponding curves.

Fig. 10. Structure characterization of the wear track of OAPOSS-GO coatings at 0.1 N load. (a-c) XPS etching of OAPOSS-GO.
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Fig. 11a-f, where the GO coating has almost no continuous Lubricant 
film and the wear track show only a small spots, grooves and large 
particles of debris, with spot height ranging from 10-70 nm. The 
MAPOSS-GO has a Lubricant film with large holes and cracks, some 
debris in the wear track but no grooves. Its lubricant film is unevenly 
distributed with a height of 268 nm. In comparison, the Lubricant film of 
OAPOSS-GO coating is flat and dense with a height of 393 nm.

Fig. 12a-c shows the Raman mapping and ID/IG values of the contact 
areas of the GO, MAPOSS-GO, and OAPOSS-GO coatings. Compared to 
the 0.1 N load, the ID/IG ratio sharply increases under the 0.5 N load, 
characteristic peaks of the substrate material appear, and there is a 
significant difference in the ID/IG ratio between the undamaged area and 
the edge of the wear mark, Defect boundaries are clearly defined, with 
more severe defects in the coating, and the color is predominantly bright 
red. This indicates that higher loads and longer friction times lead to 
complete fragmentation of GO layers, disordered carbon frameworks, 
and the removal of a large number of oxygen-containing functional 
groups, resulting in increased defects in the nanosheets. The increase in 
defects reduces the bonding strength between nanosheets, causing them 
to peel off as wear debris and thereby reducing the height of the lubri
cating film. However, the superior wear resistance of the “soft trape
zoidal” structure OAPOSS-GO coating is primarily attributed to the 

formation of a large, thick lubrication film during friction. The specific 
mechanism of action was further investigated through molecular dy
namics simulations.

3.3. Microscopic wear resistance of GO, MAPOSS-GO and OAPOSS-GO

Film spraying process. As shown in Fig. 13a-c, at the initial stage (t =
0 ps), GO, MAPOSS-GO and OAPOSS-GO are uniformly distributed in 
the systems. As the simulation progresses, the nanosheets move closer to 
the Fe surface and form a stable enrichment, indicating that GO, 
MAPOSS-GO and OAPOSS-GO all have good affinity with Fe surface. The 
nanosheets enriched on the surface of the equilibrated Fe substrate are 
further labeled as layer 1, layer 2, layer 3 and layer 4. The distances of 
the nanosheets closest to the Fe surfaces of GO, MAPOSS-GO and 
OAPOSS-GO are 4.11 Å, 3.73 Å and 4.09 Å, suggesting that the grafting 
of POSS induces the nanosheets to be closer to the substrate. Compare 
with GO and MAPOSS, OAPOSS can form a more regular structure, due 
to its “soft-ladder” structure. The simulated trajectories of MAPOSS-GO 
and OAPOSS-GO also yielded the result that POSS favors the enhance
ment of the interfacial bonding of GO (Fig. 13d and Fig. S7). It is clear 
that MAPOSS first touches the Fe surface and then pulls the GO flat on 
the substrate. Magnifying the contact surface (100 ps) reveals that the 

Fig. 11. Structure characterization of the wear track of GO, MAPOSS-GO and OAPOSS-GO coatings at 0.5 N load. (a-c) SEM and (d-f) AFM images of wear track;

Fig. 12. Structure characterization of the wear track of GO, MAPOSS-GO and OAPOSS-GO coatings at 0.5 N load. (a-c) Raman mapping of ID/IG and the corre
sponding curves.

C. Tu et al.                                                                                                                                                                                                                                       Applied Surface Science 715 (2026) 164471 

9 



Fig. 13. (a-c) Snapshots of initial and equilibrated system and relative concentration of different layers in various coatings (C, light gray; O, red; Si, yellow; N, blue). 
(d) Snapshots of the MAPOSS-GO system at 2 ps, 10 ps, 33 ps, 55 ps and 100 ps (C (MAPOSS), black).

Fig. 14. Snapshot, relative concentration and MSDs of GO, MAPOSS-GO and OAPOSS-GO in the excess volume elimination step and structural adjustment step.
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POSS is in direct contact with the Fe surface, further suggesting a good 
affinity between MAPOSS and substrate. However, there are two main 
roles of OAPOSS in the spraying process: firstly, OAPOSS enhances the 
bonding of GO to the substrate; secondly, the formation of “soft ladder” 
structure is conductive to the formation of more regular layers.

Load down process. Based on the contact area of coatings under a 
load of 0.5N in the friction experiment, the pressures of the GO, 
MAPOSS-GO and OAPOSS-GO are set to be 0.223 GPa, 0.091 GPa and 
0.084 GPa. The dimensions of the simulated systems in the Z-axis di
rection decrease rapidly under load and remain essentially unchanged 
after 20 ps (Fig. S8). They may undergo two steps, as shown in Fig. 14, 
first, the excess space between the nanosheets is compressed and the 
layers gradually come into contact with each other (remarked as excess 
volume elimination), as reflected in a faster reduction in the cell length 
(labelled in red, within 4 ps). The simulation time required for the first 
step of GO, MAPOSS-GO and OAPOSS-GO are 4,6 and 3 ps. With the 
elimination of excess space, the arrangement between the nanosheets 
become more regular, and the layers move very fast at this stage. From 4 
ps to 20 ps, the nanoflakes begin to adjust their structure (structural 
adjustment step) and eventually reach equilibrium under a combination 
of van der Waals repulsion and load pressure (Fig. S8). The motion of the 
nanoflakes also slow down significantly. The equilibrated OAPOSS-GO 
system has a more regular structure compared to GO and MAPOSS- 
GO, with a layer spacing of 19.09 Å, which is slightly smaller than 
that of the unpressurised layer spacing (20.82 Å).

Sliding process. The above equilibrium pressurized systems are 
subjected to confined shear with a Fe surface velocity of 4 × 10-4 m/s. 
The structural evolution of the MAPOSS-GO at 0 ps, 600 ps and 694 ps 
are shown in Fig. 15a. It is found that the MAPOSS-GO is dislocated 

under confined shear, where the bottom Fe, layer 1 and layer 2 form a 
stable structure, while the top Fe, layer 4, layer 5 and layer 6 form 
another structure, with layer 3 between them. Further statistics on the 
MSDs of layers and Fe in these structures. As shown in Fig. 15b-d, the 
MSD curves of bottom Fe, layer 1, layer 2 are very similar, and their 
corresponding diffusion coefficients are 2.03 × 10-9 m2/s, 1.91 × 10-9 

m2/s, 1.64 × 10-9 m2/s. In addition, the position of layer 1 and layer 2 on 
the bottom Fe is basically unchanged between the initial and the end of 
the simulation. This indicates that layer 1 and layer 2 form a stable 
lubricant film on the bottom Fe, labelled as lubricating film-B. Similarly, 
layer 4, layer 5 and layer 6 form another lubricant film on the top Fe, and 
the corresponding diffusion coefficients are 2.03 × 10-9 m2/s, 1.51 × 10- 

9 m2/s, 1.66 × 10-9 m2/s and 7.57 × 10-10 m2/s, remarked as lubricating 
film-T. While, layer 3 has a different trend from the other layers and 
substrates, which is the abrasive debris produced by friction. Its slip 
interface appears between the nanosheets, suggesting that the bonding 
between the MAPOSS-GO is not strong. Similar to the MAPOSS-GO, the 
GO also showed significant lamellar slip and abrasive debris during slip 
(Fig. S9).

Unlike GO and MAPOSS-GO, OAPOSS-GO is not dislocated during 
friction, and its final fracture is between layer 6 and the top Fe, so all 
nanosheets are retained as a whole on the bottom Fe (Fig. 15e). And all 
the nanosheets have the same motion trend during the sliding process. 
This strong interaction between the “soft ladder” shaped nanosheets 
may be responsible for the formation of large and thick lubricant films in 
OAPOSS-GO coating. Based on this, the main reasons for the excellent 
wear resistance of OAPOSS-GO coatings can be summarized as follows 
(Fig. 16). (1) The better bonding of OAPOSS-GO with the Fe surface. (2) 
OAPOSS-GO forms a thicker and denser lubricant film on the Fe surface. 

Fig. 15. (a) Snapshots of MAPOSS-GO at 0 ps, 600 ps and 694 ps. (b-d) MSDs of Fe substrate and nanolayers of MAPOSS-GO. (e) Snapshots of OAPOSS-GO at 0 ps and 
620 ps and MSDs of Fe substrate and nanosheets.
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The construction of the “soft ladder” structure not only introduces 
stronger covalent bonds between the nanolayers, but also relies on the 
dislocations between the different nanolayers to form physical junc
tions, ultimately resulting in the formation of a very dense lubricant film 
during the friction process.

Of course, the strong interaction between the nanosheets leads to an 
increase in the coefficient of friction, which is detrimental to the lubri
cation properties. However, a prerequisite for the coating to maintain a 
low coefficient of friction for a long period of time is a good wear 
resistance. Otherwise, the broken interfaces also lead to a significant 
increase in the coefficient of friction, which explains the lowest coeffi
cient of friction of the 3D crosslinked OAPOSS-GO in the macroscopic 
experiments.

4. Conclusion

In summary, “plate-anchor” shaped MAPOSS-GO and “soft ladder” 
shaped OAPOSS-GO are synthesized by the ring-opening reaction of 
epoxy on the surface of GO sheets. Among them, OAPOSS contains 8 
amino groups which can act as ladder ropes to covalently bond the 
different nanosheet to form a “soft ladder” structure, while MAPOSS has 
only one amino group, which can be considered as an anchor when 
grafted on the GO surface, thus forming a “plate-anchor” structure. For 
further investigate the advantages of structured assembly of flakes, their 
tribological properties are determined. It is found that the wear life of 
OAPOSS-GO reaches 289 min, which is 5.2 times that of pure GO (49 
min) and 1.7 times that of MAPOSS-GO (174 min). This significant 
improvement is attributed to the lubricating film formed on the worn 
surface of OAPOSS-GO, which has a height of 393 nm, 1.7 times that of 
the film formed by MAPOSS-GO (268 nm) and 5.6 times that of the film 
formed by pure GO (70 nm). The microscopic tribological properties of 
GO, MAPOSS-GO and OAPOSS-GO are also investigated using MD sim
ulations. During the film spraying process, the grafting of POSS pro
motes the formation of a more stable bond between GO and the substrate 
while reducing the coating roughness. In the load-down stage, OAPOSS 
tightly connects different nanosheets through covalent bonding, which 

results in a tighter arrangement of the GO layer under load and less 
prone to large dislocations. In subsequent friction, OAPOSS-GO is able to 
rely on covalent bonding and physical snap effects between the nano
layers to stabilize itself at the interface and eventually form a thicker 
lubricant film.
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