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A B S T R A C T

The inherent brittleness and lack of self-support capabilities of diamond and graphene limit their application in 
durable lubrication systems. However, pre-encapsulating flexible graphene on diamond coatings holds immense 
potential to balance brittleness with toughness in high-temperature friction applications. Herein, diamond- 
graphene heterostructure coatings with a semi-coherent interface, characterized by robust bonding inter
spersed with dislocation defects, were synthesized in situ using hot-filament chemical vapor deposition. 
Benefiting from the synergistic effects of enhanced interfacial strength and oxygen-trapping capabilities, these 
coatings demonstrated over 35 % improvement in friction performance across various temperatures. Experi
mental and computational analyses indicated that the robust interface facilitates energy transfer, allowing 
graphene to undergo elastic adjustment and stress dissipation in a self-sacrificial manner before the brittle 
diamond experiences catastrophic failure. Additionally, the engineered defects within graphene layers serve as 
preferential adsorption sites for oxygen atoms, creating a high-energy barrier against oxygen diffusion into the 
diamond interior. These results reveal the influencing mechanisms of interfacial strength and defect engineering 
on diamond-graphene heterostructure coatings, setting the stage for next-generation materials tailored for high- 
temperature friction applications.

1. Introduction

Friction accounts for a significant portion of global energy con
sumption and contributes importantly to mechanical component fail
ures, making lubrication a critical consideration in aerospace, wind 
energy, and automotive systems [1–4]. Solid lubricants with 
green-lubrication, high load-bearing and excellent chemical stability 
properties are increasingly favored in high-temperature applications 
over liquid or grease lubricants [5–7]. Carbon-based materials such as 
diamond, graphene, and carbon nanotubes exhibit excellent chemical 
stability, strength, thermal conductivity, and lubrication, making them 
promising candidates for solid lubricants [8–11]. While these materials 
individually have impressive attributes, their combination into com
posite systems may enhance mechanical properties and heat dissipation 

pathways due to their lattice compatibility [12,13]. Therefore, tailoring 
the synergistic interactions among carbon materials is essential for 
reliable performance in high-temperature friction application.

According to Archard’s theory, solid lubricant composites should 
possess high strength and sufficient plastic deformability to reduce 
plastic deformation and frictional heating during wear [14]. This com
bination can prevent brittle fracture and strain softening to enhance the 
wear resistance. Notably, graphene with high toughness and flexibility 
can overcome the brittleness of diamond and subsequent fractures [15]. 
The high hardness, low surface activity, and minimal lattice mismatch of 
diamond make it ideal as a supporting layer for graphene [16,17]. 
Therefore, pre-encapsulating and flexibilizing graphene on diamond 
coatings presents significant potential to harmonize brittleness with 
toughness in high-performance friction applications [18]. Furthermore, 
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the mechanical properties of both diamond and graphene are sensitive 
to temperature. Diamond dissipates heat by three-dimensional (3D) 
lattice vibrations, although its grain boundaries may increase the 
in-plane thermal resistance, leading to surface amorphization and 
thermal stress at a high temperature [19]. Graphene, a two-dimensional 
(2D) substance, has remarkable in-plane thermal conductivity but 
limited cross-plane heat transfer due to van der Waals forces, which 
restrict vertical heat dissipation [20]. Therefore, integrating graphene to 
address diamond lattice defects and leveraging diamond for vertical 
cooling channels is essential to establishing effective 2D-3D thermal 
conduction networks [21]. However, the detail mechanisms of 
diamond-graphene composites on friction and oxidation resistance at 
high-temperature application remain are still not fully understood.

Strategies to enhance mechanical properties of diamond-graphene 
composites include integrating individual carbon hybrid states into 
mixed sp2-sp3 amorphous carbon or directly forming heterostructures 
from two compatible carbon materials [22,23]. However, contrary to 
heterostructures, the disorder at amorphous carbon interfaces limits 
stable lubrication and thermal stability [24]. Currently, two types of 
heterostructures between diamond and graphene have been proposed: 
one involving a graphene-diamond diphase connected by weak van der 
Waals interactions, and the other featuring a covalently bonded inter
face with a reduced interlayer distance [25,26]. The construction of 
diamond-graphene heterostructures primarily through physical in
teractions such as π-π, van der Waals, and hydrophobic forces by transfer 
and assembly methods can significantly diminish their strength, hard
ness, and scratch resistance [27]. Conversely, heterostructures formed 
solely by covalent bonds may increase interfacial friction [28]. There
fore, developing a semi-coherent interface that balances van der Waals 
forces and covalent interactions is key to durable lubrication in 
diamond-graphene heterostructures. Efforts to achieve superlubricity 
under dry condition include forming graphene nanoscrolls with a 
nano-diamond core and leveraging micro-bearing rolling and incom
mensurate contact effects [29]. An important overlooked aspect is the 
impact of interfacial interactions between diamond and graphene on 
macroscale friction. Constructing a semi-coherent interface in 
diamond-graphene heterostructure coatings and elucidating the rela
tionship between interfacial interaction and high-temperature friction 
and oxidation resistance mechanisms through experimental and 
atomic-scale theoretical models are thus essential.

Herein, we aim to regulate the interfacial interactions between dia
mond and graphene, promote the in situ growth of semi-coherent in
terfaces in diamond-graphene heterostructure coatings, and study the 
mechanisms responsible for the friction and oxidation resistance at 
various temperatures. Owing to practical application limitations of 
nanocrystalline diamond (NCD) coatings, which have fine grains and 
grain boundaries, compared to microcrystalline diamond (MCD) coat
ings, further optimization of its structure and properties is necessary 
[30]. Hence, diamond coatings with a nanocrystalline size are deposited 
by hot-filament chemical vapor deposition (HFCVD). The graphene 
coatings are precipitated in situ on the diamond surface by 
high-temperature annealing with nickel assistance. Molecular dynamics 
(MD) simulation is performed to examine the evolution of the me
chanical strength and failure behavior in the diamond-graphene heter
ostructure with temperature and oxidation. First-principles calculations 
based on the density-functional theory (DFT) are also conducted to 
determine the effects of a self-sacrificial defective graphene layer on the 
oxygen atom adsorption energy, charge distribution, and diffusion en
ergy barriers atop the diamond structure. The results provide funda
mental information about the friction and oxidation resistance of 
diamond-graphene heterostructure coatings for high-temperature fric
tion applications.

2. Experimental details

2.1. In-situ preparation of diamond-graphene heterostructure coatings

The schematic diagram of the in situ fabrication of diamond- 
graphene heterostructure coatings is shown in Fig. 1. Prior to deposi
tion, the commercial WC-Co substrate (sourced from Zhuzhou Cementer 
Carbide Cutting Tools Co., Ltd.) was pre-treated by etching in the 
Murakami and acid solutions, and then seeded with the diamond pow
der suspension for 15 min ultrasonically [31]. In the HFCVD process 
(Carbon Competence, Austria) to form the diamond coating, the pres
sure was 0.003 mbar, and the filament and substrate temperatures were 
2000 ◦C and 800 ◦C, respectively. A CH4 (165 sccm) and H2 (9000 sccm) 
gas mixture was then introduced to attain a working pressure of 5 mbar. 
After a duration of 6 h, the diamond coating with a nano-crystalline 
grain size was prepared.

Before graphenization, a Ni layer 70 nm thick was sputter-deposited 
on the NCD coatings using a Ni target (purity 99.99 %) in a magnetron 
sputtering direct current (DC) deposition system. Before starting the 
sputtering process, the vacuum chamber was evacuated to a base pres
sure of 1 × 10− 4 Pa to remove impurities. Argon gas (Ar, 99.99 % purity) 
was introduced to a working pressure of 0.3 Pa. Deposition was carried 
out using a DC current of 0.23 A and bias of − 50 V for 5 min. Subse
quently, the diamond-Ni coatings were annealed in a quartz tube at 
1000 ◦C in the Ar/H2 atmosphere for 10 min to produce graphenization 
without an additional carbon source. The residual Ni layers was etched 
chemically with an HCl and HNO3 solution. The diamond-graphene 
heterostructure coatings were synthesized by the following steps [32]: 
(i) Bond breaking and rearrangement of carbon atoms in the diamond 
lattice, transitioning from sp3 to sp2 hybridization with the help of the Ni 
catalytic layer at a high temperature and Ar/H2 atmosphere; (ii) 
Nucleation of small graphene domains extensively at the grain bound
aries or defect regions of nanocrystalline diamond; (iii) Segregation and 
diffusion of carbon atoms, resulting in the merging and coverage of 
graphene domains across the entire diamond lattice during cooling.

2.2. Characterization and tribological tests

The surface morphology and elemental composition were observed 
by field-emission scanning electron microscopy (SEM, SU8220, equip
ped with energy-dispersive X-ray spectroscopy (EDS)). The microscopic 
morphology and fine structure were detected by scanning transmission 
electron microscope (STEM, Spectra 300) and electron energy-loss mi
croscopy (EELS, GIF continuum 1065). The three-dimensional 
morphology and roughness were examined by atomic force micro
scopy (AFM, Dimension Edge). The surface contact angle was measured 
on the OCA40 tester. The phase composition was characterized by X-ray 
diffraction (XRD, Smartlab) using Cu-kα radiation. The chemical 
composition and wear tracks were measured by X-ray photoelectron 
spectroscopy (XPS, ESCALAB 250xi). The chemical functional groups 
were determined by Fourier transform infrared spectroscopy (FTIR, 
TENSOR27), and the peak representing diamond and graphene were 
examined by Raman scattering (LabRAM HR). The frictional perfor
mance at room temperature (25 ◦C, 50 % ± 5%RH) and high tempera
ture (400 ◦C, 0–5%RH) was evaluated using a ball-on-disk tribometer 
(UMT-Tribolab, Bruker) with an Al2O3 counterpart ball (Ф6 mm, Ra =
12.7 nm). Three consecutive friction tests were executed, each using a 
rotation rate of 382 rpm (equivalent to 0.2 m/s) and a load of 1 N. These 
specific testing parameters were selected based on comprehensive 
literature review [33–36] and preliminary tribological experiments 
conducted under different operating conditions (Fig. S1). The wear track 
and wear volume were obtained by 3D profilometry (Dektak XT). The 
wear rates were derived by the Archard equation W––V/(F × S), where V 
denotes wear volume, F is the sliding distance, and S stands for the 
applied load.
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2.3. Molecular dynamics calculations

To investigate the mechanical adhesion strength and failure mech
anisms of diamond and diamond-graphene heterostructures at different 
temperatures, molecular dynamics simulation was performed on a large- 
scale atomic/molecular massively parallel simulator (LAMMPS) in 
conjunction with reactive force-field (ReaxFF) [37,38]. The total energy 
and forces on each atom in the ReaxFF are listed in Equation (1): 

Etotal =Ebond + Eover + Eunder + Elp + Eval + Etors + EvdWaals + ECoulomb + Etrip,

(1) 

where Ebond, Eover, Eunder, Elp, Eval, Etors, EvdWaals, ECoulomb, and Etrip represent 
the bond energy, over-coordination energy penalty, under-coordination 
stability, lone-pair energy, valence angle energy, torsion angle energy, 
van der Waals energy, Coulomb energy, and triple bond stabilization 
energies, respectively.

To take into account the robust interface observed between diamond 
and graphene in experimental characterizations, system was constructed 
for both the diamond (111) structure and a diamond (111)-graphene 
heterostructure featuring four stacked graphene layers interconnected 
through hexagonal rings (Fig. S2). The initial system was developed in 
three steps. The diamond bulk was first optimized using Materials Studio 
software and cleaved along the C (111) surface, which represents the 
most energetically favorable exposed surface. Subsequently, a four-layer 
graphene structure was constructed and optimized, then connected to 
the diamond surface through hexagonal rings, resulting in a diamond-to- 
graphene atomic ratio of 58.3 %–41.7 %. Finally, the initial system was 
configured with dimensions of 42 Å along the x-axis, 12 Å along the y- 
axis, and 11 Å along the z-axis, and exported to a LAMMPS compatible 
format. To investigate the effects of oxidation on the mechanical prop
erties and multiple interfacial interaction of both diamond and 
diamond-graphene structures, 10 oxygen atoms were introduced into a 
stretching model to more accurately simulate realistic oxidation pro
cesses. Before conducting uniaxial tensile simulations at various tem
peratures using a Berendsen thermostat, the temperature was raised to 
either 300 K or 600 K for a period of 2.5 ps and then maintained for 1.25 
ps to ensure system temperature stability at the set value. The basic 
stability of the system was confirmed through analysis of energy and 
temperature evolution curves during both the heating and temperature 
maintenance stages (Fig. S3). The micro-canonical ensemble (NVE) was 
adopted to further stabilize the system at temperatures of 300 K or 600 
K. Subsequently, the system was equilibrated along the x-direction to 
alleviate internal stress and stabilize atomic positions. In the stretching 
process, uniaxial stretching was performed along the x-axis direction 
using a 0.05 % uniaxial strain rate for 4, 000 steps under NVE ensemble. 

The simulation employed periodic boundaries in the x- and y-directions, 
a flexible boundary in the z-direction, and a time step of 0.25 fs.

2.4. First-principles calculations

Density-functional semi-core pseudopotential (DSPP) methods were 
executed using the DMol3 package during the first-principles calcula
tions (DFT) [39]. The system construction commenced with the opti
mization of bulk diamond, followed by the cleavage of an eight-layer 
diamond (111) surface. A diamond (111) slab containing three defect 
sites was subsequently created with dimensions of 7.58 Å × 7.58 Å × 30 
Å to align with experimentally observed structures (Fig. S4a). Based on 
experimental observations indicating that partially defective graphene 
layers align parallel to diamond surfaces, a heterostructure was formed 
by placing a graphene layer with a single defect atop the optimized 
diamond (111) slab. The resulting diamond-graphene heterostructure 
measured 7.49 Å × 7.49 Å × 22 Å and exhibited a lattice mismatch of 
less than 5 % (Fig. S4b), consistent with experimental findings in this 
work. The atomic composition of the heterostructure comprised 
approximately 80 % diamond atoms and 20 % graphene atoms. A vac
uum layer thicker than 10 Å was incorporated to prevent interactions 
between periodic images. The exchange-correlation energy was 
described using the Perdew-Burke-Ernzerhof (PBE) functional within 
the generalized gradient approximation (GGA), with dispersion correc
tions implemented through Grimme’s second-generation empirical 
correction term (DFT-D2) [40–42]. Spin polarization was incorporated 
in the calculations. A global orbital cutoff radius of 3.7 Å was defined to 
fully account for the atomic interactions. A 2 × 2 × 1 k-point grid was 
used to ensure accuracy, and charge compensation was applied to the 
relevant structures. The optimization procedure was carried out until 
satisfy convergence criteria with the self-consistent field (SCF) conver
gence tolerance, total energy, atomic forces, and maximum displace
ment set at less than 2.7 × 10− 5 eV, 2.7 × 10− 4 eV/atom, 0.05 eV/Å, and 
5 × 10− 3 Å, respectively. Structural characterizations revealed chemi
cally active defect site in both diamond and diamond-graphene struc
tures, which serve as preferential oxygen adsorption site. Therefore, 
single-oxygen models with stable adsorption configurations above the 
defective structural surfaces with C atomic vacancy were developed to 
investigate oxygen-carbon interactions at specific oxidation site. Further 
investigations were conducted to elucidate how oxygen atoms influence 
the adsorption energy, charge density, orbital interactions, diffusion 
paths, and diffusion barriers of defective diamond and defective 
diamond-graphene structures. The energy barrier and minimum energy 
path for the diffusion of oxygen atoms were determined using the line
ar/quadratic synchronous transit (LST/QST) method [43]. The 

Fig. 1. Schematic diagram illustrating the fabrication process of diamond-graphene heterostructure coatings: (i) diamond deposition by HFCVD method, (ii) Ni 
catalyst layer deposition on diamond surface by PVD technology, (iii) carbon diffusion and segregation through thermal annealing, (iv) Ni removal by chemical 
etching, and (v) conformal graphene growth on diamond surface. (A colour version of this figure can be viewed online.)
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adsorption energy (Eads) was utilized to assess the stability of the 
adsorption structure, with negative values indicating a more stable state. 
The adsorption energy was calculated by Equation (2) [44]: 

Eads =Etotal − EO − Esurface, (2) 

where Etotal represents the total energy of the adsorption system, EO 
represents the energy of isolated O atom, Esurface represents the energy of 
the surface. Additionally, Mulliken population analysis was conducted 
to quantify the charge distribution between the oxygen atom and its 
adjacent carbon atom [45,46]. This method allows for a qualitative 
assessment of bond strength, where a higher Mulliken population re
flects a stronger bond interaction, while a lower population indicates a 
weaker interaction between atoms [47]. The diffusion energy barrier 
(ΔEbarrier) was used to assess the ease of oxygen atom diffusion, with a 
high value of ΔEbarrier representing better oxidation resistance. ΔEbarrier 
was calculated using Equation (3) [48]: 

ΔEbarrier =ETS − Einitial, (3) 

where Einitial and ETS are the energy of the initial state and the energy of 

the transition state, respectively.

3. Results and discussion

3.1. Microstructures of diamond-graphene heterostructure coatings

Detailed STEM observations of the diamond-graphene hetero
structure coatings reveal the atomic-resolution structures of diamond 
and graphene, along with the interfaces between them (Fig. 2). As 
shown in Fig. 2a, the diamond crystals are uniformly covered by gra
phene domains, showing a spontaneously in situ grown conformal 
coating. The uniform and stable graphene coating on the diamond sur
face is formed by minimizing the surface energy, reducing lattice 
mismatch, and leveraging the inherent compatibility of carbon struc
tures [49]. To examine the changes in carbon bonding configurations in 
the entire diamond-graphene heterostructure, a linear EELS scan with 
high spatial resolution is conducted (Fig. 2b). The peak at approximately 
285 eV is attributed to the carbon 1s to π* transition characteristic of 
graphene carbon, whereas the peak at about 292.6 eV is associated with 
the carbon 1s to σ* transition indicative of diamond carbon [50,51]. 

Fig. 2. STEM characterization of the diamond-graphene heterostructure coatings: (a) HAADF-STEM image of the as-grown graphene on diamond; (b) EELS analysis 
along the trajectory marked by yellow dashed line in (a), points 1–8, with inset showing magnified spectra in 270–350 eV energy loss region; (c) BF-STEM image of 
the as-grown graphene on diamond; (d) Localized EELS analysis along the yellow dashed line in (c), points 1–8, with inset showing magnified spectra in 270–350 eV 
energy loss region; (e) BF-STEM image of the interface with an inset showing carbon elemental mapping; (f) HAADF-STEM image at the interface; (g, h) HAADF- 
STEM image highlighting the EELS mapping area shown in (f); (i) Selected area electron diffraction (SAED) pattern form the interface shown in (e); (j–m) 
Magnified views (BF-STEM, SAED, local inverse fast Fourier transform (IFFT), and interlayer spacing) of graphene area, as marked yellow rectangular dashed areas (j) 
in (e); (n–q) Magnified views (BF-STEM, SAED, local IFFT, and interlayer spacing) of the diamond area, as marked yellow rectangular dashed areas (n) in (e). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Traversing from graphene through diamond and returning to graphene 
domain (specifically, points 1 to 8 in Fig. 2a), there is an obvious 
reduction in the intensity of the σ* and π* peaks in the diamond domain. 
This indicates the coexistence of both graphene-and diamond carbon in 
the heterostructure, corresponding to the high-angle annular dark field 
(HAADF) imaging observation. To further explore the evolution of the 
interface structure, localized linear EELS scanning is carried out at the 
diamond-graphene interface. The results show a decline in the in
tensities of the σ and π peaks from the graphene region to the diamond 
region, specifically from points 1 to 8 (Fig. 2c–d). Notably, the σ* and π* 
peak intensities observed at EELS points 4 to 6 in the interfacial region 
exhibit intermediate values between those typical of diamond and gra
phene, indicating the coexistence of a graphene and diamond bonded 
state at the interface (Fig. 2d). Moreover, the robustly bonded interface 
shows an enhanced interfacial adhesion and creates a continuous energy 
transfer pathway, subsequently facilitating efficient thermal and me
chanical energy transfer between the diamond and graphene structure, 
as reported by Yan et al. [52].

Fig. 2(e–g) depict the bright field (BF-STEM) and HAADF-STEM 
images, where a semi-coherent interface between diamond and gra
phene is observed. This is characterized by some regions maintaining 
good lattice matching in addition to the partial presence of dislocations 
at the interface, likely due to the lattice mismatch between diamond and 
graphene ranges from 1 % to 10 % [53]. EELS elemental mapping 
confirms the carbon distribution across the interface, as illustrated in the 
inserts in Fig. 2e and h). The crystalline nature of graphene (002) and 
diamond (111) along the [− 110] axis is exhibited in Fig. 2i. To perform 
a detailed examination of crystalline features and lattice mismatch be
tween graphene and diamond, the magnified images of the yellow 
rectangular dashed areas labeled (j) and (n) in Fig. 2e are presented in 
Fig. 2j and n, respectively. The d-spacings of 0.360 nm and 0.206 nm are 
consistent with the graphene (002) plane (Fig. 2k–m) and diamond 
(111) plane (Fig. 2o–q), respectively, indicating a lattice mismatch of 
about 4 % at the interface (Fig. 2j–q) [54]. The increased d-spacings of 
graphene, exceeding the theoretical value of 0.340 nm, suggests that the 
graphene layer parallel to the diamond surface is in an expanded state 
due to dislocations, as shown in Fig. 2l. The appropriate lattice 

mismatch introduces elastic strain energy, aiding stress relief through 
dislocation movement and improving structural stability. Moreover, the 
partial dislocation sites serve as favorable preferential adsorption sites 
and are expected to trap oxygen atoms by forming stable 
oxygen-containing bonds [55,56], thereby potentially hindering oxygen 
diffusion and increasing the diffusion barrier. This is supported by the 
subsequent XPS measurements showing abundant C–O–C bonds on 
diamond-graphene heterostructure surfaces and DFT calculations indi
cating higher adsorption energies and diffusion barriers. Therefore, the 
diamond-graphene heterostructure with semi-coherent interface has 
enhanced mechanical and oxidation resistance properties, similar to the 
results obtained by Németh et al. [57]. More importantly, the 
semi-coherent interface allows for easy shear sliding through incom
mensurate contact, which is essential to enhanced friction performance.

3.2. Morphology of diamond and diamond-graphene heterostructure 
coatings

To study the variations in surface morphology, roughness and 
wettability among the diamond coating and diamond-graphene heter
ostructure coatings, SEM, high-resolution TEM (HR-TEM), AFM, and 
contact angle measurements are carried out (Fig. 3). The surface 
morphology of the diamond coating shows a cauliflower-like structure, 
with grain sizes ranging from 1 to 100 nm, consistent with the charac
teristics of nanocrystalline diamond (Fig. 3a). Grain boundaries on the 
diamond surface are distinctly observable, with HR-TEM revealing 
symmetrically arranged twin crystals within these boundaries (Fig. 3b). 
Due to the lattice discontinuity at twin boundaries, the transmission 
paths for stress and heat may be disrupted, potentially resulting in 
increased localized thermal stress [58]. The graphene overlayer exhibits 
dense growth with a cauliflower morphology, conformally adhering to 
the rugged surface of underlying nanocrystalline diamond coating, as 
shown in Fig. 3e. Considering that nanocrystalline diamond has a 
polycrystalline structure, the conformal encapsulation of the graphene 
layer indicates uniform in situ growth on various diamond crystal facets. 
The growth process and morphology of the diamond-graphene hetero
structure coating is closely related to the crystal structure of the 

Fig. 3. Morphological, microstructure, topographical, and wettability characterization of the diamond and diamond-graphene heterostructure coatings: (a) SEM 
surface morphology of diamond coating, with an inset showing a higher magnification view of a localized area; (b) HR-TEM image of the grain boundary; (c) AFM 3D 
topographic image (5 μm × 5 μm) of diamond coating; (d) Photographs showing the contact angles on the diamond coating; (e) SEM surface morphology of diamond- 
graphene heterostructure coating, with an inset showing a higher magnification view of a localized area; (f) HR-TEM microstructure of the interface between 
diamond and graphene; (g) AFM 3D topographic image (5 μm × 5 μm) of diamond-graphene heterostructure coating; (h) Photographs showing the contact angles on 
diamond-graphene heterostructure coating. (A colour version of this figure can be viewed online.)
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underlying diamond. Specifically, nanocrystalline diamond coatings, 
characterized by fine grains and numerous grain boundaries, serve as 
preferred nucleation sites for small graphene domains. The grain 
boundaries enhance lateral diffusion and realignment of carbon atoms 
under high temperature and subsequent cooling conditions and promote 
the uniform graphene coverage through the strong affinity of sp2 lattice 
self-assembly. The diamond-graphene interface, clearly separated by the 
dashed line marked in the HR-TEM image (Fig. 3f), shows graphene 
parallelly arranged on top of the diamond and laterally connected 
through a robust bonded heterostructure, in line with the STEM results. 
These interfacial structures play distinct roles in enhancing the adhesion 
strength, and they provide experimental evidence for the construction of 
subsequent theoretical models.

The AFM images (5 μm × 5 μm) show a rougher surface morphology 
and roughness of diamond-graphene heterostructure coatings compared 
to diamond coatings, corroborating the SEM results. The roughness 
values of the diamond and diamond-graphene heterostructure coatings 
are 143 nm and 165 nm, respectively (Fig. 3c and g), indicating a direct 
relationship with the conformal encapsulation of the graphene layer on 
diamond coating during in situ growth. The graphene layer develops a 

rough and densely structured surface topography by overlaying the 
grain boundaries, crystallites, and defect edges of the diamond. A sig
nificant difference in contact angles is observed between diamond and 
the diamond-graphene heterostructure coating, with the values of 51.3◦

and 108.6◦, respectively (Fig. 3d and h). This indicates the graphene 
layer further reduces the diamond surface energy, resulting in a more 
hydrophobic surface compared to the diamond coating alone, attribut
able to the roughened surface and altered chemical properties [59,60]. 
Specifically, the rough surface structures create air gaps, effectively 
reducing the actual contact area between the surface and liquid. This 
reduction in contact area increases the contact angle and enhances the 
surface hydrophobic properties. Furthermore, the parallel arrangement 
of graphene on diamond produces preferred adsorption sites for oxygen 
atoms, leading to the formation of a stable layer of graphene oxide with 
reduced surface energy. The smaller contact area and surface energy of 
the diamond-graphene heterostructure coating enhance the hydropho
bic properties for better wear and oxidation resistance.

Fig. 4. Structural characterization of the diamond and diamond-graphene heterostructure coatings: (a) XRD patterns, (b) Raman scattering spectra, and (c) FTIR 
spectra, where blue and green curves represent diamond and diamond-graphene heterostructure coatings, respectively; (d) XPS survey spectra of the diamond 
coating; High-resolution XPS spectra with Gaussian fit of (e) C 1s and (f) O 1s spectra of the diamond coatings; (g) XPS survey spectrum of the diamond-graphene 
heterostructure coating; High-resolution XPS spectra with Gaussian fit of (h) C 1s and (i) O 1s in the diamond-graphene heterostructure coatings. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.3. Structure of diamond and diamond-graphene heterostructure 
coatings

The microstructure and chemical properties of the prepared diamond 
and diamond-graphene heterostructure coatings are shown in Fig. 4. The 
three main diffraction peaks around 43.98◦, 75.57◦, and 91.71◦ can be 
assigned to the (111), (220), and (311) in diamond coatings, and the 
strong and sharp peak demonstrates excellent crystallinity (Fig. 4a). The 
preferential orientation of diamond (111) is conducive to promoting the 
growth of low-stress and high-quality graphene due to the minimal 
lattice mismatch with graphene [61]. After graphenization, the main 
diffraction peaks align with those previously identified in diamond, with 
the exception of the (002) peak at 26.55◦, which is characteristic of 
graphene. Moreover, the reduction in diamond characteristic peaks, 
coupled with the enhancement of graphene characteristic peaks in the 
diamond-graphene heterostructure coatings, indicates an increase in the 
graphene content in the composite.

Raman scattering is performed to study the surface quality and re
sidual stress of graphene and diamond coatings (Fig. 4b). The residual 
stress in the diamond coating is calculated as σ = − 0.567 (vm-v0) (GPa), 
with vm at 1337 cm− 1 for the diamond peak and v0 at 1332 cm− 1 for 
natural diamond. This results in a compressive stress of − 2.835 GPa due 
to difference in thermal expansion coefficients and grain boundary 
extrusion during growth [62]. Furthermore, the weak and broad G peak 
at 1563 cm− 1 corresponding to the sp2 carbon vibration at the grain 
boundaries, consistent with the SEM and HR-TEM results. In the 
diamond-graphene coatings, the dominant D peak at 1357 cm− 1, G peak 
at 1589 cm− 1, and 2D peak at 2712 cm− 1 are characteristic of graphene, 
with the absence of diamond signals indicating complete graphene 
coverage on diamond coating [63]. The ID/IG and I2D/IG ratios serve as 
quantitative measures of the defect density and graphene coverage as 
well as the number of layers, respectively [64]. The presence of defective 
and multilayer graphene on the diamond surface is evidenced by an 
ID/IG ratio of 0.65 and an I2D/IG ratio of 1.18, respectively. The increased 
defects and layers in graphene arise from the uneven topographies and 
grain boundaries of diamond coatings, where cauliflower-like features 
on the diamond surface act as nucleation sites that lead to dislocations 
and folds in graphene during growth.

To assess the correlation between chemical functional groups and 
wettability and oxidation resistance of diamond and diamond-graphene 
heterostructure coatings, FTIR and XPS are performed. As shown in 
Fig. 4c, the peak at 1600~1646 cm− 1 corresponds to the stretching vi
bration of the sp2 hybridized carbon, characteristic of the C––C groups in 
the hexagonal aromatic ring found in graphene and at the grain 
boundaries of diamond coating [65]. Additional peaks corresponding to 
C–O (1052~1059 cm− 1), C–OH (1403~1405 cm− 1), and O–H 
(3215~3229 cm− 1) indicate the influence of intermolecular 
carbon-oxygen bonding interaction and water molecules adsorption 
[66]. The diamond-graphene heterostructure coatings exhibit a dimin
ished absorption curve compared to pure diamond coatings, reflecting a 
mitigated exposure of diamond surface functional groups due to the 
present of graphene. This is supported by the observed weaker peaks, 
likely a result of water desorption and correlating with enhanced hy
drophobicity as demonstrated by wettability results. Furthermore, the 
trend of diminishing oxygen-containing groups stemming from the 
incorporation of graphene indicates an attenuation of oxidative re
actions. The integration of graphene into diamond decreases the surface 
energy and bolsters the oxidation resistance, potentially improving the 
high-temperature oxidation and friction resistance characteristics.

Fig. 4d–i shows the C 1s and O 1s XPS spectra for diamond and 
diamond-graphene heterostructure coatings at binding energies of 
284.5 eV and 531.0 eV, respectively [67,68]. The spectra indicate a 
lower degree of oxidation in the diamond-graphene heterostructure 
coating, with O 1s accounting for 7.18 % (Fig. 4g) compared to 10.47 % 
in the pure diamond coatings (Fig. 4d), in line with FTIR results. As 
shown in Fig. 4e, the C 1s spectra from the diamond surfaces is 

deconvoluted into four components, including C–C sp3 (284.9 eV, 60.06 
%), C–C sp2 (283.8 eV, 18.58 %), C–O–C (285.6 eV, 15.95 %), and C––O 
(288.6 eV, 5.77 %). The C–C sp3 peak is the most prominent on the 
diamond surface, whereas C–C sp2 is primarily associated with the grain 
boundaries. In the diamond-graphene heterostructure coating, the C–C 
sp2 content increased to 60.95 % and the C–C sp3 content decreased to 
21.65 %, confirming the coverage of graphene on the diamond coatings 
(Fig. 4h). The reductions of 4.54 % for C––O suggest the protective role 
of graphene in reducing oxidation. Fig. 4f and i exhibit two principal 
peaks in the O 1s spectra for C–O–C (531.7 eV, 90.22 %) and C––O 
(533.7 eV, 9.78 %) in the diamond coating, compared to C–O–C (532.8 
eV, 91.57 %) and C––O (534.9 eV, 8.47 %) in the diamond-graphene 
coatings. The increased C–O–C content in the diamond-graphene het
erostructure coating suggests the formation of stable surface epoxy 
groups, which inhibit interior oxidation. Conversely, more C––O groups 
on the diamond coating boost the reactivity but lower the stability, 
potentially reducing the resistance to oxidation and wear.

3.4. Tribological properties and mechanisms of diamond and diamond- 
graphene heterostructure coatings at various temperatures

Ball-on-disk dry friction experiments are performed at different 
temperatures on the diamond and diamond-graphene heterostructure 
coatings. Fig. 5a presents the coefficient of friction (COF) curves of both 
coatings versus sliding time at room temperature (RT) and 400 ◦C 
together with the average COFs. The friction properties of diamond and 
diamond-graphene coatings differ obviously between RT and 400 ◦C. At 
RT, the friction curve shows the typical three-phase wear process 
manifested by an initial increase due to microscopic surface irregular
ities during the running-in phase, a gradual decrease as a lubrication 
film forms in the transitional phase to reduce direct contact, and stabi
lization in the steady-state phase as the friction interfaces become 
dynamically smooth [69]. In contrast, at a high temperature, the friction 
curve rises and then stabilizes without a noticeable decrease. During the 
running-in phase, the friction coefficients increase continuously due to 
accelerated chemical reactions such as softening and oxidation. The 
steady-state phase is characterized by the formation of a stable oxide 
layer, leading to a relatively stable friction coefficient. The data show 
that the average COF for diamond and diamond-graphene hetero
structure coatings increases progressively with temperature, a trend also 
reported for other materials susceptible to high-temperature wear 
[70–72]. Notably, the COF curves measurements demonstrate a unique 
temperature-dependent trend. Both coatings show initially reduced 
friction at elevated temperatures compared to room temperature, fol
lowed by a progressive increase that eventually surpasses 
room-temperature values. The initial lower friction at elevated tem
peratures can be attributed to enhanced thermal activation effects pro
moting lubricating film formation and more efficient heat dissipation 
through the materials’ high thermal conductivity [73,74]. However, 
prolonged high-temperature exposure leads to increased friction 
through accelerated humidity reduction, surface oxidation, mechano
chemical degradation, and thermal expansion mismatch-induced struc
tural deterioration [75]. Compared to diamond coatings, 
diamond-graphene heterostructure coatings consistently exhibit a 
significantly lower average COF at both room temperature and 400 ◦C. 
The enhanced lubrication is attributed to graphene’s layered structure 
and high in-plane thermal conductivity, which facilitates interlayer 
sliding and heat dissipation, respectively.

Fig. 5b presents the 3D profiles, line scans, and wear rates of dia
mond and diamond-graphene heterostructure coatings at RT and 400 ◦C. 
Hardly any severe wear is observed from the coatings, and the wear 
tracks are evenl elevated above the surrounding surface. This phenom
enon can be attributed to the exceptional hardness and high wear 
resistance of diamond relative to softer Al2O3 counter-balls. During 
contact, the diamond coatings can better resist deformation, resulting in 
greater materials removal from Al2O3, which then tends to accumulate 
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and adhere to the harder surfaces to form elevated tracks. Consequently, 
the wear rates for the Al2O3 counter-balls of the diamond coating are 
2.18 × 10− 5 mm3/Nm at RT and 4.92 × 10− 5 mm3/Nm at 400 ◦C. In the 
diamond-graphene heterostructure coating, the wear rates for the Al2O3 
counter-balls are 1.4 × 10− 5 mm3/Nm at room temperature and 2.98 ×
10− 5 mm3/Nm at high temperature. The enhanced wear at elevated 
temperatures can be primarily attributed to the rapid moisture evapo
ration, reducing surface humidity to approximately 0%RH. This phe
nomenon eliminates both the lubricating effect of water-based 
tribochemical films and the surface passivation of dangling bonds [76,
77]. Additionally, the high-temperature environment promotes thermal 
oxidation and structural degradation, resulting in increased solid-solid 
contact and accelerated wear [78]. This indicates that the 
diamond-graphene heterostructure coating enhances the wear resis
tance and reduces the wear rate by over 35 % compared to diamond 
coatings at both room and high temperatures. Furthermore, a higher 
concentration of oxygen is observed from the wear track of the diamond 
coatings compared to diamond-graphene heterostructure coatings 
(Fig. 5c), implying that the diamond surfaces undergo more severe 
oxidation wear under thermal stress, underscoring the superior oxida
tion resistance of diamond-graphene coatings under similar conditions. 
As shown in Fig. 5d–g, the SEM images of the wear tracks reveal that 
after friction at RT and 400 ◦C, some Al2O3 debris adheres to the surface 
of the coatings, consistent with the 3D profiles. At a high temperature, 
the Al2O3 undergoes thermal softening and deformation, facilitating 

more uniform and flattened adhesion to the coating surfaces. Addi
tionally, the wear tracks on the diamond-graphene heterostructure 
coatings (Fig. 5d–e) exhibit reduced adhesion and oxidative wear in 
comparison to those on diamond coatings (Fig. 5f–g) at both tempera
tures. Fig. 5h–k shows the SEM images of the wear scars on the 
counter-balls, revealing significant scratches and deep furrows indica
tive of severe adhesive wear during sliding. The counter-balls interact
ing with the diamond-graphene heterostructure coatings show smaller 
wear scars, even at high temperatures (Fig. 5j–k). This demonstrates the 
combined benefits of mechanical strength, lubrication properties, and 
oxidation resistance, which contribute to the superior friction perfor
mance of the diamond-graphene heterostructure coatings at various 
temperatures.

To further study the lubrication and tribochemical mechanism of 
diamond and diamond-graphene coating, Raman scattering and XPS are 
performed on the wear tracks. As shown in Fig. 6a–b, the wear-induced 
leftward shift of the diamond peak and enhanced G peak relative to their 
pre-wear states indicate an increase in residual tensile stress and struc
tural disorder in the diamond coating during the friction test at both RT 
and 400 ◦C. The shift from residual compressive stress to residual tensile 
stress arises from stress relaxation and redistribution triggered by the 
friction process. Specifically, at 400 ◦C, the residual stresses in the wear 
track center and edge are 4.536 GPa and 3.969 GPa, respectively, sur
passing those at RT of 3.402 GPa at the center and 2.835 GPa at the edge 
(Table 1). This elevation in residual stress at high temperatures stems 

Fig. 5. Tribological properties of the diamond and diamond-graphene heterostructure coatings: (a) Coefficients of friction versus sliding time and average coefficient 
of fiction; (b) Three-dimension morphology mappings, line scans, and wear rates of the wear track (c) Chemical composition of wear tracks at various temperatures; 
Surface morphology of the wear tracks after friction for (d) diamond coating at RT, (e) diamond coating at 400 ◦C, (f) diamond-graphene heterostructure coating at 
RT, and (g) diamond-graphene heterostructure coating at 400 ◦C; Surface morphology of the wear scars on the counter-balls for (h) diamond coating at RT, (i) 
diamond coating at 400 ◦C, (j) diamond-graphene heterostructure coating at RT, and (k)diamond-graphene heterostructure coating at 400 ◦C. (A colour version of 
this figure can be viewed online.)

S. Fan et al.                                                                                                                                                                                                                                      Carbon 235 (2025) 120072 

8 



from increased thermal expansion and more pronounced material 
deformation, which enhance stress accumulation in the coating. The 
diamond-graphene heterostructure coating preserves key graphene 
features, such as D + D′ and 2D peaks at the wear tracks, indicating the 
presence of graphene tribofilms that shield the friction interface from 
direct contact. This protective layer is absent from the pure diamond 
coatings. The wear tracks also show an increase in defects, as evidenced 
by a larger ID/IG ratio. Structurally, the defects are more pronounced in 
the center than at the edges of the wear track, suggesting that graphene 
migrates from the center to the edges to enhance lubrication there. 
However, the graphene characteristics, while persisting at the edges, 
diminish at the center, implying that a high temperature may degrade 
the tribofilms in the central region through humidity-mediated oxida
tive processes. Despite the increased friction, the performance remains 
superior to that of the diamond coating.

Fig. 6c–f reveal significant changes in the C1s components (C–C sp3, 

C–C sp2, C–O–C, and C––O) and O1s components (C–O–C and C––O) at 
the wear tracks. After friction at RT, the sp2 C–C phase is still dominant 
on the wear track surface of the diamond-graphene coating compared to 
the diamond coating (Fig. 6c–d), effectively providing lubrication phase 
during the sliding process. Furthermore, the higher proportion of C–O–C 
and the lower proportion of C––O oxy-functional groups in the diamond- 
graphene heterostructure coating suggest the formation of a stable 
graphene oxide lubrication layer containing epoxy groups suppressing 
further oxidative reactions. Conversely, the increased presence of C––O 
groups on the sliding interface of the diamond coating indicates a higher 
reactivity to facilitate the release of reactive oxygen species and promote 
intense oxidative reactions. Under high-temperature conditions, an in
crease in C––O and a decrease in C–O–C at the sliding interface indicate 
exacerbated oxidative wear compared to room temperature (Fig. 6e–f). 
This characteristic shift in functional groups results from humidity- 
dependent oxidation kinetics at elevated temperatures, promoting 

Fig. 6. Structural characterization of wear tracks on diamond and diamond-graphene heterostructure coatings: (a) Raman scattering spectra of the center and edge of 
the wear track after friction at RT; (b) Raman scattering spectra of the center and edge of the wear track after friction at 400 ◦C; (c) High-resolution XPS spectra of C 
1s with Gaussian fits of the wear tracks after the friction test at RT; (d) High-resolution XPS spectra of C 1s with Gaussian fits of the wear tracks after the friction at 
400 ◦C; (e) High-resolution XPS spectra of O 1s with Gaussian fits of the wear tracks after the friction test at RT; (f) High-resolution XPS spectra of O 1s with Gaussian 
fits of the wear tracks after the friction test at 400 ◦C.

Table 1 
Raman scattering results of the diamond and diamond-graphene heterostructure coatings before and after sliding.

Sample D 
(cm− 1)

G 
(cm− 1)

2D 
(cm− 1)

ID/ 
IG

I2D/ 
IG

D + D‘ 
(cm− 1)

Diamond 
(cm− 1)

G band 
(cm− 1)

σ (GPa)

Before sliding test Diamond / / / / / / 1337 1563 − 2.835
Diamond- 
graphene

1357 1589 2712 0.65 1.18 2963 / / /

After sliding test at room temperature 
(center area)

Diamond / / / / / / 1326 1523 3.402
Diamond- 
graphene

1336 1574 2691 2.09 0.97 2929 / / /

After sliding test at room temperature 
(edge area)

Diamond / / / / / / 1327 1522 2.835
Diamond- 
graphene

1334 1572 2692 1.91 0.94 2936 / / /

After sliding test at 400 ◦C(center area) Diamond / / / / / / 1324 1534 4.536
Diamond- 
graphene

1332 1570 2695 7.80 3.31 2937 / / /

After sliding test at 400 ◦C(edge area) Diamond / / / / / / 1325 1526 3.969
Diamond- 
graphene

1332 1571 2697 6.39 2.17 2929 / / /
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C––O formation while suppressing C–O–C generation [79]. At high 
temperatures, oxygen permeates the diamond layer, significantly 
diminishing the sp3 C–C phases and undermining the mechanical 
strength of the diamond coating. In contrast, the graphene layer acts as a 
barrier against further oxygen infiltration and helps to maintain the 
structural integrity and load-bearing capacity of the diamond coatings 
and enhance the lubricity and wear resistance. The wear mechanisms of 
diamond and diamond-graphene coatings at different temperatures can 
primarily be attributed to oxidative wear, which proceeds in two stages. 
Initially, the surface carbon atoms chemically adsorb oxygen from air 
upon heating. This is followed by the oxidation of internal carbon atoms, 
and it is intensified by the heat and energy generated during the friction 
test.

3.5. Interfacial adhesion strength of diamond and diamond-graphene 
heterostructure coatings

To further assess the interfacial adhesion strength and plastic 
deformation behavior of the diamond and diamond-graphene hetero
structure coatings after subject to high temperature, the dynamical 
scratch tests and in situ optical microscope are performed, as shown in 

Fig. 7. Under dynamic loads from 0.3 N to 50 N, the diamond-graphene 
heterostructure coating exhibits robust interfacial adhesion strength 
compared to pure diamond coating. Specifically, the critical scratch load 
L1 and L2 of diamond coating are 3.774 N and 11.659 N, respectively, 
based on penetration depth (Pd) and acoustic emission (AE) signals 
(Fig. 7a). As shown in Fig. 7b, L1 corresponds to the initiation of cracks 
propagation and subsequent lateral spallation. With increasing load to 
L2, deep spallation begins, extending from the arc-shaped cracks and 
indicating the onset of coating failure (Fig. 7c). The diminished inter
facial adhesion strength and deformation of the diamond coating can be 
attributed to crack propagation initiated by stress concentration at the 
grain boundaries, as corroborated by Raman results. At high tempera
tures accentuates this issue by generating thermal stress, which in turn 
accelerates oxidation, triggers phase transformations, and generates 
cyclic thermal stresses, collectively amplifying crack propagation [80]. 
After graphenization, the critical scratch loads L1 and L2 of the 
diamond-graphene coating are 8.166 N and 21.140 N, respectively, 
which is twice those of diamond coating (Fig. 7d). Obviously, the 
diamond-graphene coating exhibited no significant crack propagation 
outside the scratch and only minor cracks are observed within the 
scratch under the L1 load (Fig. 7e). Even with the L2 load, the deeper 

Fig. 7. Scratch tests of the diamond and diamond-graphene heterostructure coatings after exposure to high temperatures: (a) Curves showing changes in Pd (blue 
colored curve) and AE (green colored curve) against increasing normal load (Fn) and scratch distance for diamond coating (inset shows scratch grooves morphology); 
(b) High-magnification optical image of the diamond coating under the critical scratch load L1; (c) High-magnification optical image of the diamond coating under 
the critical scratch load L2; (d) Curves depicting variations in Pd (blue colored curve) and AE (green colored curve) against increasing Fn and scratch distance for 
diamond-graphene heterostructure coating (inset shows scratch grooves morphology); (e) High-magnification optical image of diamond-graphene heterostructure 
coating under critical scratch load L1; (f) High-magnification optical image of diamond-graphene heterostructure coating under critical scratch load L2. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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scratches did not extend beyond the scratch zone, demonstrating the 
structural stability of the coating (Fig. 7f). Based on STEM and HR-TEM 
findings, the increased interfacial adhesion strength of the 
diamond-graphene heterostructure coating is related to the 
semi-coherent interface with strong covalent bonds between diamond 
and graphene layers. Additionally, graphene serves as a barrier to 
bolster the high-temperature oxidation resistance, as supported by XPS 
and FTIR. Consequently, the diamond-graphene coating has a more 
uniform stress distribution, which reduces the stress concentration 
points that may otherwise initiate and propagate cracks. In contrast, 
insufficient adhesion and oxidation resistance of the diamond coatings 
give rise to elastic deformation and spallation.

3.6. Theoretical interfacial strength and failure behaviors

To study the effects of temperature and oxidation on the mechanical 
properties, molecular dynamics simulations are conducted to focus on 
the interfacial strength and stress-strain distribution in diamond, 
oxidized diamond, diamond-graphene, and oxidized diamond-graphene 

structures at 300 K and 600 K. Fig. 8a shows the stress-strain curves of 
diamond and diamond-graphene structures with varying initial oxida
tion levels under uniaxial tension at 300 K. The abrupt stress relief in the 
curves represents the interfacial yield strength [81] measured at 111 
GPa for diamond structure, 106 GPa for oxidized diamond structure, 
128 GPa for diamond-graphene structure, and 116 GPa for oxidized 
diamond-graphene structure. Specifically, although diamond graphiti
zation is generally believed to weaken the overall strength, the inter
facial yield strength of the diamond-graphene structure basically 
matches that of pure graphene [82]. The suggests that introducing 
graphene layers can effectively enhance the mechanical properties of 
diamond due to the strong interfacial bonding between diamond and 
graphene. Additionally, while the interfacial yield strength of the 
oxidized diamond-graphene structure is lower than its non-oxidized 
counterpart, it remains higher than that of the diamond structure, 
indicating that the graphene layers enhance the diamond’s mechanical 
properties even after oxidation. At 600 K, the interfacial yield strengths 
of diamond, oxidized diamond, diamond-graphene, and oxidized 
diamond-graphene structures decrease to 100 GPa, 103 GPa, 105 GPa, 

Fig. 8. Molecular dynamics simulation of diamond, oxidized diamond, diamond-graphene, and oxidized diamond-graphene structures: (a) Stress-strain curves 
during uniaxial tension process at 300 K; (b) Stress-strain curves during uniaxial tension process at 600 K; (c) Maximum stress statistics at 300 K and 600 K; (d1-d4) 
Atomic configurations at 0.3 strain corresponding to stress-strain curve in (a); (e1-e4) Atomic configurations at 0.3 strain corresponding to stress-strain curve in (b); 
Atomic strain distribution from 0 ps to 0.601 ps for (f1-f4) diamond-graphene structure at 300 K; (g1-g4) oxidized diamond-graphene structure at 300 K; (h1-h4) 
diamond-graphene structure at 600 K; (i1-i4) oxidized diamond-graphene structure at 600 K. A red dashed box highlights the interface region between diamond and 
graphene. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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and 123 GPa, respectively (Fig. 8b). The combined effects of high tem
perature and oxidation slightly reduce the interfacial strength of the 
diamond-graphene structure, but yet it remains superior to the diamond 
structures (Fig. 8c), aligning with the high-temperature scratch and 
friction experiment results.

To further determine the failure behaviors, snapshots of the struc
tural evolution at a strain of 0.3, corresponding to 0.601 ps, are shown in 
Fig. 8d1-e4. The snapshots indicate that diamond failure originates from 
the loss of the C atoms, which is further exacerbated under the influence 
of the O atoms (Fig. 8d1-d2 and Fig. 8e1-e2). The snapshots also indicate 
that robust bonding modulates the diamond-graphene interfacial in
teractions and alleviates the structural damage to carbon atoms at 
various temperatures (Fig. 8d3-d4 and Figs, 8e3-e4). To more clearly 
demonstrate the failure behaviors of the diamond-graphene structures 
under varying temperatures and oxidation conditions, the strain distri
butions at the interfaces of both diamond-graphene and oxidized 
diamond-graphene during the tension process are presented in Fig. 8f1- 
i4. As the strain increases from 0 to 0.3, corresponding to the time period 
from 0 ps to 0.601 ps, the structure gets slightly elongated in the 
interlayer region due to the breakage of C–C bonds. In the early stage of 
the time rising from 0 to 0.310 ps, no bond breaking is observed at the 
interface region, but local strain enhancement first occurs in the gra
phene region. At the later stage of 0.601 ps, different levels of bond 
breaking and crack generation indicate that the critical yield strength 
has been surpassed, leading to damage not confined to the interface 
region but also spread to the interior of the diamond and graphene 
lattices in the form of dislocations and tears. Notably, graphene priori
tizes its own fracture internally in a self-sacrificial manner to delay the 
propagation of cracks within the diamond lattice. Compared to pure 
diamond-graphene structures (Fig. 8f1-f4 and Fig. 8h1-h4), oxygen 
atoms in oxidized diamond-graphene structures (Fig. 8g1-g4 and 
Fig. 8i1-i4) exacerbate graphene crack expansion with rising 

temperature, indicating high-temperature oxidation as the primary 
failure factor that undermines mechanical properties and thermal sta
bility of the diamond-graphene coatings, consistent with high- 
temperature friction and scratch test. Specifically, the robust interface 
between diamond and graphene facilitates energy and stress transfer, 
enabling the flexible graphene to adjust elastically and dissipate stress 
before the brittle diamond succumbs to catastrophic failure. This en
hances the overall resistance of the diamond-graphene structure to high- 
temperature oxidation and friction.

3.7. Theoretical surface oxidation resistance properties and mechanisms

To elucidate the critical mechanisms by which graphene affects the 
antioxidative properties of diamond surfaces, the interactions between 
carbon and oxygen atoms on defective diamond and diamond-graphene 
surfaces are investigated by DFT calculations (Fig. 9). To investigate the 
bonding stability of O atom adsorbing on the surface of defective dia
mond and diamond-graphene structures both with specific C atomic 
vacancy, the Eads values are calculated and the adsorption structures 
shown in Fig. 9a. Single O atom preferentially adsorbs on the C atom in 
defective diamond structure, whereas in defective diamond-graphene 
structure, O atom tends to adsorb at central vacancy sites surrounded 
by three C atoms, indicating the formation of stable epoxy groups. A 
larger absolute Eads means stronger oxidative bonding stability [83]. The 
defective diamond and diamond-graphene structures exhibit absolute 
Eads values of 0.1211 eV and 0.2702 eV, respectively, indicating 
enhanced surface carbon-oxygen bonding interaction in the defective 
diamond-graphene structure. Graphene defects act as preferential sac
rifice sites for capturing and adsorbing oxygen atoms and form stable 
carbon-oxygen bonds, thereby preventing additional oxygen diffusion 
into the interior. In line with the XPS results, this interaction forms a 
stable graphene oxide layer with epoxy groups on the surface, which 

Fig. 9. DFT calculations for defective diamond and diamond-graphene structures: (a) Adsorption energy (top views of the structures are depicted in the insert); (b) 
Charge distribution of the adsorbed oxygen atom and adjacent carbon atom; (c) PDOS characterization of the C-2s, C-2p, O-2s, and O-2p orbitals for C and O atoms in 
the defective diamond structure; (d) PDOS characterization of the C-2s, C-2p, O-2s, and O-2p orbitals for C and O atoms in the defective diamond-graphene structure; 
Calculated diffusion energy barriers for one O atom diffusing from reactant to product states in (e) the defective diamond structure and (f) the defective diamond- 
graphene structure (side views of the reactant and product are shown in the insets). (A colour version of this figure can be viewed online.)
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only undergoes further chemical reactions under specific conditions. To 
understand the surface adsorption enhancement, the electronic struc
ture perspective is shown in Fig. 9b. A higher Mulliken population sig
nifies stronger polar bonds [84]. The charges of the adsorbed oxygen 
atom are 0.164|e| in the defective diamond structure and 0.228|e| in the 
defective diamond-graphene structure, while for the adjacent carbon 
atom, they are 0.399|e| and 0.558|e|, respectively. The greater charge 
accumulation on the oxygen atom in the defective diamond-graphene 
structure is key evidence of strengthened carbon-oxygen bonding 
resulting from increased electron cloud overlap.

The density of states (DOS) is calculated to further assess the inter
action between O atoms and C atoms, as shown in Fig. 9c–d. The 
overlapping of multiple orbitals signifies covalent bond formation, while 
the energy fluctuations represent substantial hybridization among these 
orbitals [85]. In the defective diamond structure, overlapping regions 
occur between the C-2s, C-2p, O-2s and O-2p orbitals, indicating inter
action within the carbon-oxygen bonds (Fig. 9c). There is more extensive 
overlapping between the O-2s and O-2p orbitals and the C-2s and C-2p 
orbitals from graphene compared to those from diamond, suggesting 
stronger carbon-oxygen bond interactions in defective graphene layer 
but weaker interactions in defective diamond (Fig. 9d). This phenome
non arises due to the highly electronegative O atoms readily form strong 
bonds with the unpaired electrons and high electron density areas at 
graphene defect sites before bonding with C atoms in defective diamond. 
Further calculations on the oxygen diffusion energy barrier in the 
defective diamond structure with and without defective graphene layer 
are performed to evaluate the effects of defective graphene on the 
oxidation resistance of defective diamond during the later stage of 
oxidation. As shown in Fig. 9e–f, the arrows in the inset depict the 
diffusion path of the O atom from stable reactant to product. In the case 
of the defective diamond, the energy barrier for the O atom permeation 
into the diamond interior is 3.135 eV (Fig. 9e), whereas it increases to 
13.029 eV when a defective graphene layer is covered (Fig. 9f). The 
elevated diffusion energy barrier suggests that O atom diffusion in the 
defective diamond-graphene structure is significantly more difficult 
than in the defective diamond structure. The graphene surface, char
acterized by its active defect sites and lower surface energy, effectively 
captures O atoms and forms strong carbon-oxygen bonds. Disrupting 
these bonds requires substantial energy, highlighting the stability of the 
bonding. Consequently, oxygen diffusion on the graphene-covered dia
mond surface encounters a significantly higher energy barrier compared 
to the defective diamond structure. According to the calculation results, 
the significantly improved oxidation resistance of the 

diamond-graphene structure can be attributed to the restricted diffusion 
of O atoms on the graphene-covered surface.

The schematic diagram in Fig. 10 illustrates the inherent relation
ships between the diamond-graphene heterostructure coatings and their 
friction and oxidation resistance properties. Graphene forms a robust 
interface with the underlying diamond, enabling the flexible graphene 
layer in a self-sacrificial manner to transfer and dissipate energy before 
the brittle diamond experiences crack propagation and catastrophic 
failure. This maintains the high load-bearing capacity and excellent 
mechanical properties of diamond to enhance the wear resistance. 
Defective graphene serves as sacrificial sites that preferentially capture 
and facilitate the adsorption of oxygen atoms from frictional heating and 
the ambient environment. This results in the formation of a lubricative 
graphene oxide layer with stable carbon-oxygen bonds on the surface, 
which effectively prevents direct contact at the friction interface and 
enhances lubrication [86]. Specifically, strong carbon-oxygen bonds 
create diffusion barriers to inhibit oxygen atoms from bonding with 
internal diamond carbon atoms and prevent oxygen penetration into the 
bulk of the diamond. This contributes significantly to the outstanding 
oxidation resistance of the diamond-graphene heterostructure coatings. 
Therefore, the diamond-graphene heterostructure coatings demonstrate 
superior friction and oxidation resistance at elevated temperatures, 
attributed to the synergistic enhancement of interfacial strength and 
oxygen diffusion energy barrier.

4. Conclusions

Friction and oxidation resistance are demonstrated for the diamond- 
graphene heterostructure coatings with semi-coherent interface. 
Experimental and theoretical calculations results reveal the interfacial 
interaction between diamond and graphene and their friction and 
oxidation behavior. The semi-coherent interfaces marked by regions of 
robust bonding interspersed with dislocation defects are in situ fabri
cated in diamond-graphene heterostructure coatings. The robust 
bonding interfaces facilitate effective energy and stress transfer, thereby 
allowing the flexible graphene in a self-sacrificial manner to adjust 
elastically and stress dissipation before the brittle diamond undergoes 
crack propagation and catastrophic failure. In addition, the engineered 
defects within graphene layers serve as active sites for oxygen adsorp
tion, resulting in a high-energy barrier against oxygen diffusion into the 
deeper diamond matrix. Furthermore, the graphene oxide layer with 
stable C–O bonds prevents direct contact and enable interlayer shear 
sliding at the friction interface. Benefiting from the enhanced adhesion 

Fig. 10. Schematic illustration of the diamond-graphene heterostructure coating mechanisms showing the robust interface formation between diamond and gra
phene layer for improved friction resistance, and the preferential oxygen adsorption on graphene surface sites for enhanced oxidation resistance. (A colour version of 
this figure can be viewed online.)
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strength and oxygen resistance, diamond-graphene heterostructure 
coatings demonstrate over 35 % improvement in the friction properties 
at various temperatures compared to diamond coatings. This study 
elucidates the mechanisms for the enhanced friction and oxidation 
resistance in diamond-graphene heterostructure coatings and reveal a 
promising strategy for high-temperature friction applications.
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Fig. S1 Tribological properties of the diamond-graphene heterostructure coating under 

varying loads and rotation speeds: (a) Scratch test curves showing the evolution of 

friction coefficient (μ) with increasing normal load (Fn), demonstrating stable friction 

coefficient with minimal variation across the load range; (b) and corresponding 

average values measured at different rotation speeds (200, 382, and 1146 rpm), 

revealing a consistent decrease in friction coefficient with increasing rotation speed. 
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Fig. S2. Structural configurations showing front and top views of the diamond, 

oxidized diamond, diamond-graphene, and oxidized diamond-graphene structures. 
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Fig. S3. Time evolution curves of temperature and total energy during both the 

heating and temperature maintenance stages in (a) diamond, (b)oxidized diamond, (c) 

diamond-graphene, and (d) oxidized diamond-graphene structures. 

  

Heating Maintenance

(a) (b)

(c) (d)

Heating Maintenance

Heating MaintenanceHeating Maintenance



5 

 

 

 

Fig. S4. Structural configurations showing side views of (a) defective diamond and 

(b) oxidized diamond-graphene structures with adsorbed oxygen atom. 
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