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A B S T R A C T   

Graphene (G) and its derivatives exhibit great potential as oil-based additives to enhance the anti-friction ca-
pacity of amorphous carbon (a-C) interface for industrial applications. However, due to the structural diversity of 
G derivatives and the limitation of experimental characterization, the difference of intrinsic G and its derivatives 
in improving the lubricity and the underlying tribochemical information is still unclear, leading to a lack of 
fundamental understanding of the friction mechanism. Here, we address these issues through the atomic-scale 
simulation and demonstrate that compared to the intrinsic G, its derivatives can further reduce the friction 
resistance at a-C surface, especially the chair-type graphane with the reduction of friction coefficient by 86%. 
Most importantly, the fundamental friction mechanism caused by G derivatives mainly attributes to the G- 
induced cross-linking and cold welding of mated a-C surfaces, although it is also affected by the passivation of the 
friction interface and the hydrodynamic lubrication of base oil. These outcomes can guide the R&D of advanced 
a-C/lubricant synergy systems for technical applications.   

1. Introduction 

Since the discovery of graphene (G) by A. Geim and K. Novoselov 
[1–3], G and G-like materials have been paid much attention in scientific 
and engineering fields because of their special 2-dimension (2D) struc-
ture and outstanding chemical, mechanical, electronic, optical, and 
thermodynamic properties [4–10]. Until now, many G-related materials 
have been synthesized experimentally or designed theoretically, such as 
hydrogenated graphene [11], graphane [4], oxidized graphene [12], 
graphyne [13], tetrahexcarbon [14], and so on, which are called G de-
rivatives. They have been widely used as dopant candidates, such as 
anti-corrosion additive in coating [15,16], conductive additive for 
lithium-ion battery [17], electrolyte additive [18], anti-shrinkage ad-
ditive [19], and anti-irradiation additive [20], to endow the materials 
with enhanced or new properties. 

Recently, due to the 2D structure and weak intermolecular interac-
tion between layers, G derivatives as friction modifier additives exhibit 
the great potential to functionalize the fluid lubricant and thus 
strengthen the tribological performance of the metal or coated surface 
[8,21–28]. For example, Zhao et al. [8] reported that after adding 0.05 

wt% polyethylene glycol-modifized G into the water solution, both the 
wear rate and friction coefficient were reduced by 81.23% and 39.04%, 
respectively, as compared to the pure water case. Similar behavior was 
also observed by Kinoshita et al. [22] when the G oxide monolayer sheet 
was introduced into the water as an additive. Liu et al. [23] found that 
compared to the intrinsic G, the system containing fluorinated G as a 
lubricant additive had 51.4% and 90.0% decrease in friction coefficient 
and wear rate, respectively, which resulted from the increased interlayer 
distance. He et al. [24,25] clarified that during the friction process, the G 
structure with regular edge and high exfoliation degree was more 
conducive to form the continuous, thick, and ordering tribofilm. 

However, in practical applications, the synergistic lubrication sys-
tem, which is composed of G nano-additive, fluid lubricant, and amor-
phous carbon (a-C) film [29–31], normally arouses widespread research 
interests [32–35]. It can overcome the friction and wear failure of me-
chanical components under inevitable oil-poor or oil-free conditions. In 
such a composite system, the a-C film as an excellent solid lubricant can 
provide additional protection against friction under instantaneously 
harsh condition; the fluid lubricant separates the mated surface against 
cold welding; while for the intrinsic G or its derivative as a lubricant 
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additive, it plays critical role in weakening the rupture of liquid lubri-
cant and also enhancing the anti-friction capacity in synergism with 
lubricant and a-C film [26–28,32]. For example, Wang et al. [26–28] 
demonstrated that at the a-C-coated surface, the G additive could stack 
to form a thick tribofilm under high applied load, which effectively 
separated the two contact surfaces against friction. 

Although in our previous study [32] we have conveyed the advan-
tage of G as an oil-based additive in effectively improving the friction 
behavior when compared with the nanotube and fullerene additives, the 
tribochemical information underlying the transformation of the a-C/oil/ 
G-composited interface is still not fully understood. This is due to its 
strong dependence on the structure of intrinsic G and its derivatives 
(size, layer, content, functionalized group) [8,22–25] and the limitation 
of experimental characterization. Even less is known about the differ-
ence of intrinsic G and its derivatives in the improvement of lubricity 
from the atomic scale, leading to the lack of fundamental understanding 
of friction mechanism and also limiting the development of effective 
lubrication system without numerous heuristic experiments. So in this 
work, we fabricated the a-C/lubricant model and systematically 
demonstrated the friction dependence of intrinsic G and its derivatives 
as nano-additives through the reactive molecular dynamics (RMD) 
approach. An in-depth analysis of the structural evolution with G de-
rivatives at the friction interface was conducted to explore the under-
lying friction mechanism by comparing to that with the intrinsic G, 
which has not been reported theoretically and experimentally before. 
These can guide the selection and design of G-based lubricant additive 
and accelerate the development of the high-efficient a-C/lubricant 
synergy system for applications. The simulation models and parameters 
were given in Section 2; the change of friction results with G additives, 
including friction coefficient, width and structural evolution of friction 

interface, stress of H atoms from G and base oil molecules, interaction 
between a-C and G additive, and diffusion behavior of base oil were 
determined in Section 3, which was followed by the discussion of the 
friction mechanism. 

2. Computational details 

All simulations were performed by Large-scale Atomic/Molecular 
Massively Parallel Simulator code [36]. Similar to our previous study 
[32], the a-C/lubricant/a-C friction model was fabricated, as shown in 
Fig. 1a. It consisted of upper a-C as counterface, fluid lubricant, and 
lower a-C as substrate, Among them, the a-C model (size: 42.88 × 40.36 
× 31.00 Å3) was obtained using atom-by-atom deposition [37], which 
contained 6877 carbon atoms; the sp3 fraction, sp2 fraction, and density 
at the stable growth region of a-C model were 24 at.%, 72 at.%, and 2.7 
g/cm3, respectively. Fluid lubricant contained the linear alpha olefin, 
C8H16, as representative base oil [38] and the G fragment as lubricant 
additive, in which 45 repeated units for C8H16 molecule were used for 
each case, while the G fragment (Fig. 1b) was composed of 66 C atoms 
and its structure ranged from intrinsic G to hydrogenated graphene, 
graphane (chair-type, boat-type) [4], oxidized graphene (–O, –OH, and 
–O/–OH) [4], graphyne [4], hydrogenated graphyne [4], and tetra-
hexcarbon [14]. Previous study [32] have confirmed that compared to 
the G-free case, using such dimension of graphene-related material as 
additive (Fig. 1) could obviously reduce the friction coefficient. 

Before the friction simulation, a three-layer assumption was adopted 
in each friction system (Fig. 1a): (i) the rigid layer to imitate the semi- 
infinite system; (ii) the thermostatic layer kept at a constant tempera-
ture of 300 K using NVE ensemble with Berendsen thermostat [39] to 
avoid overheating of the system; (iii) the free layer to simulate the 

Fig. 1. Friction model and G fragments used as lubricant additives in this work. (a) Friction model composed of a-C, C8H16 as base oil, and G fragment as lubricant 
additive. (b) G fragments including intrinsic G and its derivatives. 
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friction-induced structural evolution. During the friction process, the 
geometric optimization of system was taken first at 300 K for 2.5 ps; 
then, the rigid layer of upper a-C in Fig. 1a was loaded to the constant 
contact pressure (5 GPa) during 25 ps; after that, the rigid layer of upper 
a-C moved along the x direction for 1250 ps in the sliding velocity of 10 
m/s and fixed contact pressure (5 GPa). Although these values of contact 
pressure and sliding velocity were higher than experimental ones, our 
and other previous works [32,35,40–43] have confirmed that they were 
appropriate for sufficiently sampling the phase space and examining the 
friction behavior and tribochemical reactions of a-C film on an atomic 
scale. After the friction process, the friction coefficient (μ) was calcu-
lated according to the friction force and normal force values at the stable 
friction stage. 

Besides, the periodic boundary condition was applied along the x- 
and y-directions; the time step of 0.25 fs was used. Reactive force field 
developed by Tavazza et al. [44] was used to evaluate the interactions 
between a-C, base oil, and G derivatives, which has been fully validated 
suitable for our simulated systems [32,38,40,41]. The cut-off radius 
values were 1.85 Å for C–C, 1.20 Å for C–H, 0.85 Å for H–H, 1.63 Å for 
C–O, 1.20 Å for H–O, and 1.50 Å for O–O, respectively [45]. OVITO [46] 
was used to visualize each friction system. More Information about the 
model, simulation process and parameters could be found in our pre-
vious works [32,38,40,41,47]. 

3. Results and discussion 

3.1. Friction results under intrinsic G and its derivatives as lubricant 
additives 

The changes of friction force and normal force with sliding time are 
plotted first for each system. Taking the system with chair-type graph-
ane as lubricant additive for example (Fig. 2a), it shows that the system 
could reach the steady-state friction stage quickly without distinct 
running-in process, but the changes of friction and normal forces with 
sliding time still exhibit relatively large fluctuations, which is due to the 
presence of stick–slip interactions at the interface. This is also observed 

for other cases. In particular, compared to the lubricant-free case [40], 
the addition of fluid lubricant could significantly separate the mated a-C 
surface against the presence of cold welding (insets in Fig. 2a), but the 
corresponding evolution of interfacial structure strongly depends on the 
lubricant additives, as will be discussed later. In order to compute the 
friction coefficient, the friction force and normal force values located at 
the last 250 ps of the stable friction stage (Fig. 2a) are averaged. Fig. 2b 
shows the calculated friction coefficients with G or G derivatives, 
exhibiting strong dependence on the lubricant additives. When the 
lubricant additive is intrinsic G, the friction coefficient is 1.05. However, 
the friction coefficient can be tailored at different levels due to the use of 
the G derivatives instead of intrinsic G. Especially in the system with 
chair-type graphane as lubricant additive, the friction coefficient is only 
0.15, which is reduced by 86% compared to the intrinsic case. 

3.2. Determination of friction interface during the sliding process 

Under the solid–liquid composite lubrication, especially the bound-
ary lubrication condition, the friction behavior is closely sensitive to the 
hydrodynamic lubrication of fluid lubricant and the structural evolution 
of the friction system. In particular, the structure of friction interface, 
such as the interfacial passivation and the formation of tribolayer, 
seriously affects the friction property of a-C film, which has been 
confirmed by previous simulations [35,41,47] and experimental studies 
[26,33,48]. However, the in-situ characterization of the interfacial 
structure is not accessible in the experiment, while it can be easily 
achieved by the simulation approach. Before evaluating the structural 
evolution of the friction interface, its width should be accurately iden-
tified first. Fig. 3 gives the mapping distributions of the number of C and 
H atoms along with the film depth and sliding time, which are from a-C, 
G additive, and C8H16 base oil, respectively, in the system with chair- 
type graphane as additive. For all systems, the interfacial widths are 
determined, which change in the range of 15.0–12.0 Å with the G de-
rivative. In addition, the different width values of friction interfaces 
implies the difference in tribo-induced structural transformation and 
interactions between a-C, G derivative, and base oil molecules at the 

Fig. 2. Friction results under intrinsic G or its derivatives as lubricant additives. (a) Changes of friction force and normal force values with sliding time for the system 
with chair-type graphane as a lubricant additive, in which the white lines are the smoothed values for each case and the snapshots are the morphologies obtained at 
different sliding times. (b) Friction coefficients of a-C/lubricant systems with intrinsic G or G derivatives as lubricant additives. 
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interface. 

3.3. Evolution of interfacial structure during the sliding process 

Due to the relatively low normal force [41], C8H16 oil interacts with 
the mated a-C surfaces, intrinsic G, or its derivatives through intermo-
lecular interaction instead of chemical bonding. There is almost no 
dissociation of C8H16 molecules occurred. However, the covalent bonds 
are observed between a-C and intrinsic G or its derivatives, as shown in 
Fig. 4, being consistent with the previous study [32]. Most importantly, 
it can be seen that compared to the intrinsic G, the G derivatives exhibit 
different structural transformations and bonding states with mated a-C 
surfaces during the sliding processes (Fig. 4). This could not only result 
in the rehybridization of friction interface to affect the fractions of 
dangling bonds, but also aggravate the cross-linking of a-C substrate 
with counterface and thus raise the friction resistance. 

The evolution of the C hybridization structure of friction interface for 
each system is depicted in Fig. 5, which is contributed by the a-C and 
intrinsic G or its derivatives only. Note that although the intrinsic G or its 
derivatives show different existing states during the friction processes, 
such as the step-by-step rupture of intrinsic G and the almost intact 
structure of hydrogenated graphene (Fig. 4), the friction-induced 
transformation of interfacial hybridization structure with sliding time 
is similar for each system. With increasing the sliding time to 1250 from 
0 ps, the fractions of 4- and 3-coordinated C atoms at the friction 
interface increase first and then become stable, which are contrary to the 
1- and 2-coordinated C atoms (Fig. 5). This originates from the change of 
interfacial stress according to the P-T phase diagram [38,41,49]. Due to 
the very low fraction of 1-coordinated C atoms at the interface and its 
slight difference between all systems, its effect on the friction behavior 
can be ignored. However, the un-passivated atoms, including the 3- and 
2-coordinated C atoms could exert strong intermolecular interaction on 

the base oils. Their quantitative values after the sliding time of 1250 ps 
are calculated to comparatively analyze the contribution of un- 
passivated C atoms to the friction behaviors of systems under different 
G derivatives, as will be discussed later. However, it should be noted that 
the difference in interfacial hybridization structure (Fig. 5) is closely 

Fig. 3. Mapping distributions of the number of C and H atoms from a-C, G additive, and C8H16 base oil, respectively, in the system with chair-type graphane as 
lubricant additive during the sliding process. 

Fig. 4. Interfacial snapshots of all friction systems after sliding time of 1250 ps, in which the C8H16 oil molecules are neglected for view. The surface mesh caused by 
C atoms in a-C is marked as green color. 

Fig. 5. Change of hybridized structure of friction interface with sliding time, 
which is contributed by a-C and G additive only. 
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affected by the original structure and dissociation of G additive, the 
bonding of G additive with a-C surfaces, the bonding between mated a-C 
films, and the stress evolution of H atoms. In particular, previous studies 
[47,50] revealed that the tensile stress state of H in oil molecules could 
promote the self-passivation of contacted a-C surfaces to improve the 
mobility of base oil molecules. 

3.4. Distribution of the stress of H atoms from oil molecules 

Fig. 6 and Fig. S1 of Supplementary Data show the stress distribu-
tions of H atoms from C8H16 base oil molecules during the sliding pro-
cess for each case. It is observed that for the system with intrinsic G as a 
lubricant additive (Fig. 6a), the H atoms in C8H16 oils give the tensile 
stress state. Besides, the stress mainly distributes at the center of the 
friction interface, which is almost unchanged with sliding time. How-
ever, when the intrinsic G is substituted by chair-type graphane (Fig. 6b) 
and other G derivatives (Fig. S1 of Supplementary Data), this has slight 
effect on the stress state (tensile stress) and value of H atoms in the C8H16 
base oil, suggesting that the H stress in base oil exhibits similar effect on 
the passivation of the interfacial structure under different G additives. 
Hence, the difference in hybridization structure of friction interface in 
Fig. 5 is mainly dominated by the interaction between a-C and a-C or G 
additive. 

3.5. Interaction between a-C and intrinsic G or its derivatives 

Fig. 7a shows the distribution of bond numbers between intrinsic G 
and a-C at the friction interface, which can be used to describe their 

bonding interaction. Fig. 8a gives the corresponding structural snap-
shots of friction interface and intrinsic G during the sliding process. Note 
that with increasing the sliding time to 1250 from 0 ps, the side atoms of 
intrinsic G tend to covalently bond with two mated a-C surfaces. Under 
the friction-induced shearing effect, this initial G structure is seriously 
ruptured step-by-step following the high tensile stress of C atoms in 
intrinsic G (Fig. 7b), which contributes to the fraction of 2-coordinated C 
atoms at the interface (Fig. 5). Although the G-induced cross-linking can 
serve as a supporting site against the applied normal load, which is 
favorable for the mobility of base oil molecules, the dissociation of 
intrinsic G structure also increases the roughness of the a-C surface 
significantly. Hence, the friction interface cannot be wetted by C8H16 
oils uniformly, resulting in the presence of serious cold welding, as 
confirmed by Fig. 7c. 

Compared to the case with intrinsic G, the similar interaction of G 
with a-C and the corresponding rupture of G structure are also observed 
for the oxidized graphene (–O, –OH, and –O/–OH), graphyne, and tet-
rahexcarbon, respectively (Figs. S2–S6 of Supplementary Data). How-
ever, in the system with oxidized graphene (− O) or oxidized graphene 
(–O/–OH), there are still small G fragments remained. Especially for 
three oxidized structures (Figs. S2–S4 of Supplementary Data), the C-O 
bonds are preferentially dissociated and the generated -O or –OH groups 
bond with a-C, thus leading to the fast reduction of 2-coordinated C 
atoms at the interface during the short running-in process (Fig. 5). This is 
consistent with Moseler’s report [35]. Moreover, for the system with 
graphyne (Fig. 4 and Fig. S5 of Supplementary Data), most of C atoms 
dissociated from graphyne passivate the a-C surface rather than cross- 
link with mated a-C surfaces and thus there is no obvious increase of 

Fig. 6. Distribution of the stress of H atoms from C8H16 oil molecules for the systems with (a) intrinsic G and (b) chair-type graphane as lubricant additives, 
respectively. 
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interfacial roughness, accounting for the weak cold welding between 
mated a-C surfaces. 

Moreover, for the systems with hydrogenated graphene, boat-type 
graphane, chair-type graphane, or hydrogenated graphyne, the addi-
tion of H can suppress the activity of side atoms of G structure signifi-
cantly against cross-linking, so these initial G structures are almost 
preserved after the sliding processes, as illustrated in Fig. 8b, Fig. 9a, and 
Figs. S7–S9 of Supplementary Data, respectively. However, they also 
exhibit different bonding interactions between a-C and G: anchoring to 

one a-C surface for hydrogenated graphene (Fig. S7 of Supplementary 
Data) and chair-type graphane (Fig. 9a), free-standing for boat-type 
graphane (Fig. S8 of Supplementary Data), and transformation from 
anchoring to cross-linking for hydrogenated graphyne (Fig. S9 of Sup-
plementary Data), respectively, which induce the different friction be-
haviors. Besides, the C atoms in these four G derivatives show the 
compressive stress state, while the H atoms give the tensile stress state 
(Fig. 9b and Figs. S7–S9 of Supplementary Data). 

In particular, due to the high H content in the boat-type graphane 

Fig. 7. Interaction of a-C with intrinsic G additive or a-C during the friction process. (a) Distribution of bond numbers between intrinsic G and a-C at the friction 
interface. (b) Stress distribution of C atoms in intrinsic G. (c) Distribution of bond numbers between mated a-C surfaces at the friction interface. 

Fig. 8. Corresponding structural evolutions of the interface and (a) intrinsic G or chair-type graphane during the sliding processes, in which the base oil molecules 
are neglected. 
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and chair-type graphane, high tensile stress of H atoms (Fig. 9b and 
Fig. S8c of Supplementary Data) leads to the low 2-coordinated C frac-
tion at the friction interface [47], as illustrated in Fig. 5. Furthermore, 
for the graphane with the chair-type distribution of H atoms, this can 
weaken the mutual interference among H atoms in the G structure. So on 
the one hand, the stronger repulsive force is obtained as compared to the 
boat-type structure. On the other hand, it is favorable to the regular 
stress distribution of H atoms at the two lateral sides of C atoms. The 
strong repulsive force between H atoms from both the G structure and 
C8H16 molecules can effectively prohibit the two mated a-C surfaces 
from cold welding (Fig. 9c). 

3.6. Diffusion behavior of C8H16 base oil 

Except for the interfacial structure, the contribution from the hy-
drodynamic lubrication of used base oil molecules also plays a critical 
role in the friction behavior of the a-C/lubricant system. In order to 
reveal the effect of the mobility of base oil on the friction behavior, the 
mean square displacement (MSD) is estimated for each system [38,41]. 

It is an effective approach to quantify the diffusion of C8H16 oil along the 
sliding direction. Fig. 10 shows the MSD curve for C8H16 base oil mol-
ecules in each system during the friction process, which increases 
gradually with sliding time. 

As well know that the mobility of C8H16 base oil lubricant can be 
affected by the structural properties (viscosity, chain length, et al.) and 
content of base oil [38,51], temperature [52,53], and structure of fric-
tion interface [41]. First, in the present work, the same structure and 
content of base oil are used for each case. In addition, the flash tem-
perature between both surface asperities is estimated (Fig. S10 of Sup-
plementary Data), which is kept at about 304 K for each system because 
of the small contact pressure [38]. Therefore, the mobility of C8H16 base 
oil molecules should be mainly dominated by the complicated structure 
of friction interface, including the fraction of dangling bonds at a-C 
surface, cross-linking of mated a-C surfaces, and surface roughness. 

For the system with intrinsic G, it shows the highest MSD value of 
C8H16 molecules compared to other cases, attributing to the direct and 
indirect cross-linking of mated a-C surfaces which take over most of the 
applied load. This can be confirmed by the lowest value of the real 
contact area (451 Å2 only). This is similar to the cases with graphyne or 
oxidized graphene (–OH), respectively. Although the passivation of a-C 
surface caused by dissociated G fragments and the smoothing of a-C 
surface caused by the anchoring of G structure (or G fragments) are 
favorable to the shearing motion of friction interface, they also increase 
the normal load exerted on C8H16 molecules and thus weaken the 
diffusion of oil molecules along the sliding direction, such as oxidized 
graphene (–O, –O/–OH), chair-type graphane, boat-type graphane, and 
hydrogenated graphene. But for the hydrogenated graphyne, the high 
fraction of dangling bonds (Fig. 5) causes the slowest increase of MSD 
value with sliding time. It should be mentioned that for most cases, the 
mobility of C8H16 lubricant is affected by the abovementioned factors in 
synergism. It is hard to give an accurate explanation for the different 
MSD values of C8H16 lubricant between these friction systems. Further 
calculations are required, but it will be discussed elsewhere and the 
present work mainly focuses on the friction mechanism induced by 
different G derivatives. 

3.7. Friction mechanism 

As we all know that the friction, especially the a-C/liquid composite 
lubrication, is a very complicated process, which is closely sensitive to 

Fig. 9. Interaction of a-C with chair-type graphane additive or a-C during the friction process. (a) Distribution of bond numbers between chair-type graphane and a-C 
at the friction interface. (b) Stress distribution of C and H atoms in chair-type graphane. (c) Distribution of bond numbers between mated a-C surfaces at the 
friction interface. 

Fig. 10. MSD curve for C8H16 base oil molecules in each system during the 
friction process. 
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the Hertzian contact pressure [41], sliding velocity [54], temperature 
[52,53], structure of mated a-C film [55,56], evolution of interfacial 
structure to form the graphitized transfer layer [8,26,28] or to passivate 
the surface dangling bonds [38,41], structural properties of fluid lubri-
cant (mobility, viscosity, chain length, et al.) [38,57], and interaction of 
a-C with lubricant [35]. Due to the limitation of experimental charac-
terization in-situ, most of the factors, especially the structural evolution 
of friction interface, cannot be accurately evaluated in experiment, 
while they can be undertaken by the RMD simulation approach. 

For each system simulated in this study, the same a-C film is used. 
The friction parameters, including contact pressure and sliding velocity, 
remain at 5 GPa and 10 m/s, respectively. The rise of flash temperature 
at the friction interface is also same (304 K). Therefore, in order to shed 
light on the difference in friction mechanism induced by intrinsic G and 
its derivatives, the fractions of both 3-coordinated and 2-coordinated C 
atoms at the friction interface, bond number between intrinsic G or its 
derivatives and a-C, and bond number between mated a-C surfaces after 
the friction time of 1250 ps are counted (see Table S1 of Supplementary 
Data). Besides, the MSD values of C8H16 oil (last 200 ps in Fig. 10) are 
also fitted to obtain the diffusion coefficient (Table S1 of Supplementary 
Data) in each system according to the following equation [58]: 

MSD = 6Dt (1)  

where D is the diffusion coefficient; t is the diffusion time. Moreover, the 
shearing strength in Table S1 of Supplementary Data is also calculated 
for each case as follows [41]: 

μ =
S
σ (2)  

where σ is the Hertzian contact pressure (GPa) which is 5 GPa in the 
present work; μ is the friction coefficient; S is the shearing strength 
(GPa). 

Fig. 11 plots the relationship of shearing strength with the 3-coordi-
nated C fraction, the 2-coordinated C fraction, the bond number be-
tween intrinsic G or its derivatives and a-C, the bond number between 
mated a-C surfaces, and the diffusion coefficient for C8H16 oil, which can 
be described as follows: 

S = m ×
Ba− C/G∙Ba− C/a− C∙B1∙B2

D
(3)  

where m is a constant value, D is the diffusion coefficient for C8H16 oil, 
B1 is the 2-coordinated C fraction at the interface, and B2 is the 3- 

coordinated C fraction at the interface; Ba-C/G is the bond number be-
tween a-C and intrinsic G or its derivatives, which is contributed via the 
anchoring or cross-linking of G with a-C and the re-bonding of a-C with 
dissociated G fragments; Ba-C/a-C represents the bond number between 
mated a-C surfaces, corresponding to the cold welding. It can be seen 
that when the intrinsic G is introduced into base oil as a lubricant ad-
ditive, there is a high bond number between a-C and G because of the 
dissociation and re-bonding of G with mated a-C surfaces, which causes 
the presence of strong cross-linking (Fig. 7a, Fig. 8a, and Fig. 11). 
Although it shows the maximal diffusion coefficient of C8H16 oil 
(Fig. 11), this strong cross-linking prohibits the sliding of friction 
interface (see Supplementary Movie 1) and thus results in the high 
shearing strength following the high friction coefficient (Fig. 2b). The 
high friction coefficient is also contributed by the cold welding between 
mated a-C surfaces (Fig. 11). 

Compared to the intrinsic G, hydrogenating the G structure (such as 
hydrogenated graphene, boat-type graphane, and chair-type graphane) 
reduces the number of active C atoms. These G derivatives can anchor to 
one a-C to smooth the friction interface, which effectively suppresses the 
occurrence of G-induced cross-linking (Fig. 9a, and Fig. 11) and the 
dissociation of G structure (Fig. 8b and Figs. S7–S8 of Supplementary 
Data). Hence, the shearing strength (Fig. 11) is reduced obviously 
following the low friction coefficient (Fig. 2b, see Supplementary Movie 
2). In particular, when the chair-type graphane is selected as lubricant 
additive, the shearing strength is decreased by 86% as compared to the 
case with intrinsic G. It mainly attributes to the drops of G-induced 
cross-linking and cold welding between mated a-C surfaces. Besides, it is 
also caused by the high repulsive force of H atoms in hydrogenated G 
structure and C8H16 base oil (Fig. 11 and Fig. 9b), decreasing the fraction 
of interfacial dangling bonds, as confirmed by previous reports [47,50]. 

For the OH-functionalized G or tetrahexcarbon as lubricant additive, 
they also show the high friction coefficients, close to the case with 
intrinsic G, which is also due to the existence of serious cold welding and 
G-induced cross-linking between mated a-C surfaces (Fig. 11, see Sup-
plementary Movie 3). However, when the –OH groups inG structure are 
fully or partially replaced by -O, the friction coefficient can be reduced 
obviously (Fig. 2b), as confirmed by the drop of shearing strength. This 
change originates from the significantly decreased cross-linking of a-C 
with both G and mated a-C surface (Fig. 11). In addition, partial G 
structure, which is still remained during the friction process (Figs. S2 
and S4 of Supplementary Data), also smooths the friction interface 
(Fig. 4), promoting the sliding of mated a-C surfaces (see Supplementary 
Movie 4). Moreover, for the graphyne as additive, the G-induced cross- 

Fig. 11. Relationship between shearing strength and five potential factors including fraction of 3-coordinated C atoms at the interface, fraction of 2-coordinated C 
atoms at the interface, bond number between intrinsic G or its derivatives and a-C, bond number between mated a-C surfaces, and diffusion coefficient for C8H16 base 
oil, after the friction processes. 
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linking and cold welding are weakened significantly (Fig. 11, see Sup-
plementary Movie 5). Combined with the high mobility of C8H16 mol-
ecules, it can account for the low friction coefficient. But when the 
graphyne is hydrogenated as lubricant additive, there is a slight increase 
of friction coefficient compared to the graphyne case (Fig. 2b), which is 
related to the increase of 2-coordinated C fraction at the interface and 
the aggravated cold welding (Fig. 11). 

4. Conclusions 

In summary, at the atomic scale, we elucidated the friction behavior 
and corresponding transformation of interfacial structure in the systems 
of a-C films composited with different fluid lubricants. The evolution of 
interfacial structure during the sliding process and underlying friction 
mechanism with G derivatives were discussed with respect to their 
structures and properties by comparing with the intrinsic G. The results 
highlighted the critical role of G-based lubricant additive in the forma-
tion of an anti-friction interface. Compared to the intrinsic G, G de-
rivatives as oil-based lubricant additive exhibited more potential in 
reducing the friction coefficient at a-C surface. Especially for chair-type 
graphane, it resulted in an 86% decrease in friction coefficient. By the 
systematical analysis of the mobility of base oil and the transformation 
of interfacial structure, the friction mechanism was unveiled, which 
mainly depended on the G-induced cross-linking and cold welding be-
tween mated a-C surfaces, but it was also contributed by the hydrody-
namic lubrication of base oil and the interfacial dangling bonds. It 
should be mentioned that it is still a big challenge to take the experi-
mental validation for this work due to the limitations of a-C structure, 
friction parameter, and in-situ characterization of the evolution of 
interfacial structure. But these findings do disclose the effect of different 
G derivatives on the friction performance of the a-C interface and the 
fundamental mechanism to foster the theoretical and experimental 
works of the lubricant-carbon systems. Most importantly, they can 
effectively promote the technical selection and design of advanced 
lubrication systems for engineering applications. 
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