
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
D

ec
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 7

/1
7/

20
24

 1
0:

32
:0

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Engineering-scal
aState Key Laboratory of Solid Lubrication

Chinese Academy of Sciences, Lanzhou 730

cas.cn
bUniversity of Chinese Academy of Sciences,

Cite this: RSC Adv., 2016, 6, 115092

Received 9th October 2016
Accepted 30th November 2016

DOI: 10.1039/c6ra24933g

www.rsc.org/advances

115092 | RSC Adv., 2016, 6, 115092–11
e superlubricity of the fingerprint-
like carbon films based on high power pulsed
plasma enhanced chemical vapor deposition

Zhenbin Gong,ab Jing Shi,ab Wei Ma,a Bin Zhanga and Junyan Zhang*a

It has been a great challenge to achieve superlubricity on an engineering scale. In this study, macro

superlubricity was realized by fingerprint-like carbon (FP-C:H) films that were prepared by a high power

pulsed plasma enhanced chemical vapor deposition technique. The macro superlubricity occurred under

a wide range of test conditions, with a super low friction coefficient of 0.0016 in dry air. The unique

structure and properties of the graphene layers made it capable not only to lower the shearing stress but

also efficiently achieve superlubricity, following reorganization mechanics. High-resolution transmission

electron microscopy (HRTEM) and Raman spectroscopy revealed the nanostructure evolution of the

wear debris. Surprisingly, a kind of multistorey graphene nanoparticles were generated in the wear debris

and the humidity played an important role in the formation of these particles. Moreover, the

nanostructures of these particles directly affected the friction coefficients at different humidity values. It

can be demonstrated that the graphene nanoparticles were the major reason for the super lubrication of

fingerprint-like carbon films, achieving incommensurate and rolling contacts. An engineering applicable

method combined with the unique superlubricity properties of fingerprint-like carbon could offer an

exciting opportunity to realize long-sought applications in vehicles, turbines, and manufacturing

equipment.
1. Introduction

Both one-third of the world's primary energy consumption and
four-h of the mechanical components failures are contrib-
uted to friction.1,2 Therefore, friction reduction is particularly
important for the environment and sustainable development.3

High requirements for superlubricity materials and technology
have been put forward along with the development of vehicles,
turbines, andmanufacturing equipment. Although it is believed
that superlubricity can save energy and extend the life of the
moving parts, both technique and materials towards this have
not yet been well-developed. In the past few decades, two kinds
of materials showed an ultra-low friction coefficient and
became interesting research topics in the eld of superlubricity:
one is two-dimensional materials,4–6 such as graphene,
graphite, and graphite/C60,7–9 where the incommensurate
contact can signicantly reduce the friction and wear under
specic conditions, and this unique friction state regarding the
atomic lattice structures is called the “structural lubricity”;
other one is the carbon based thin lms, such as diamond like
carbon and ultra nanocrystalline diamond lms (friction
, Lanzhou Institute of Chemical Physics,

000, China. E-mail: zhangjunyan@licp.

Beijing, 10049, China

5100
coefficient � 0.001).10,11 However, nearly all the experimental
superlubricity has been obtained on microscope or under
specic conditions (vacuum or dry conditions), which are
obstacles towards its engineering applications since the super-
lubricity systems diminish most of its properties on the bulk
scale or under atmosphere.12–14

Graphene exhibits the potential to achieve ultra-low friction,
expected as an ideal candidate for the lubrication.15 Recently,
macroscopic superlubricity was realized by graphene and
nanodiamonds at the macroscale. The graphene sheets
exhibited self-organization behavior at the sliding interface,
forming nanoscrolls to create macroscopic scale super-
lubricity.16 A nanoscroll reduces the adhesion between the
contact surfaces and achieves incommensurate contact, greatly
reducing the friction and leading to structural superlubricity.
However, in practical applications, thin lms need to have
a comprehensive performance, with good mechanics, stability,
and high binding force. As a result, it remains an open question
to design a solid surface at the nanoscale to sustain super-
lubricity at the engineering scales.

To bridge the gap between superlubricity and practical
application, great efforts have been made to coat thin lms on
the component surfaces with various materials and structures.17

Vacuum coating is one of themost advanced technologies in the
scientic research and industrial engineering, which makes it
easy to achieve the comprehensive performance.1 Most
This journal is © The Royal Society of Chemistry 2016
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importantly, adjusting the preparation process can control the
nanostructure of thin lms, which is the prerequisite for
structural superlubricity. Generally, solid superlubricity mainly
relies on the formation of incommensurate contact, which can
be achieved by a variety of carbon nanostructures, such as
graphite,7–9 graphene,12 nanodiamonds,16 and nanotubes.18,19 To
date, it has been reported that thin lms with novel nano-
structure could be prepared with macro superlubricity proper-
ties through plasma vacuum deposition technology.20–22

However, extreme conditions or high energy preparation
methods are necessary to synthesize these nanostructures; for
example, graphene,23,24 nanotube,25,26 nanodiamonds,27 and
fullerene28 can only be fabricated at high temperature, with high
energy ions states, or with catalysts, and nanocrystallites-
embedded amorphous carbon require methods such as modi-
ed arc techniques.29–33 Thus, the growth energy greatly impacts
the formation of the nanostructured carbon. Moreover, for
graphene, high growth energy can be reached via heating or
high energy excitation and, therefore, involves high tempera-
ture (from 500 �C to more than 1000 �C) or methods such as
electron irradiation in the electron cyclotron resonance, mass
selected ion beam deposition, arc-discharge, and microwave
plasma enhanced chemical vapor deposition.23,34–41 This
demonstrates that the high energy state can promote the
formation of graphene-like sheets. High-power pulsed power
supply, exciting ions (near arc discharge) with very high power
densities and ion energy,42,43 could be used to prepare the
graphene-like nanostructures.

In this study, a type of ngerprint-like carbon lms (FP-C:H)
with curved graphene layers were deposited by a high power
pulsed-plasma enhanced chemical vapor deposition technique
(HiP-PECVD). It was proven that the lms possessed stable
superlubricity under a wide range of test conditions: counter-
part balls from Al2O3, Si4N3 to steel, load from 2 N to 20 N in dry
air or with low humidity. It is believed that the superlubricity
originates from the self-organization of graphene sheets to form
graphene nanoparticles (GNPs), which offers an incommensu-
rate and rolling contact. In addition, the simple method
combined with the unique superlubricity properties offers an
exciting opportunity to realize the long-sought applications in
vehicles, turbines, and manufacturing equipment.
2. Experimental
Film preparation

Nanostructure carbon lms were synthesized using HiP-PECVD.
The base pressure of the deposition chamber was about 1 �
10�4 Pa. The samples were deposited on Si (100) in a ow of
CH4 : H2¼ 1 : 1 in amixture of methane (99.99%) and hydrogen
(99.99%) discharge, under work pressure at 30 Pa. The power
supply (JX-HPMS, JINXIN, CHINA) operated in a constant
voltage mode under a negative voltage of �2000 V with a peak
current of 80 A (pulse frequency: 350 Hz). The duty cycle was
0.05, and accordingly, the maximum power was 160 kW,
whereas the average power was 8 kW. The samples were
mounted at a distance of 5 cm from the cathode.
This journal is © The Royal Society of Chemistry 2016
HRTEM samples preparation

The high-resolution transmission electron microscope
(HRTEM) samples were grown on freshly cleaved NaCl wafers
with a thickness about 20 nm. To avoid the metal contamina-
tion, before the TEM sample deposition, the substrate holder
and vacuum chamber wall were coated by carbon lms. The
wear debris samples were prepared using a micro grid to polish
the wear scar of the counterpart balls aer friction testing.

Thickness measurement

The thickness of the lm was obtained by a scanning electron
microscope (JEOL JSM-6701F) from their cross-section samples.

Structure characterizations

Nanostructure of the thin lms and wear debris were analyzed
using a HRTEM Tecnai-G2 F30 (FEI, US) and Tecnai-G2 F20
(FEI, US), respectively. The graphene domain information was
studied using atomic force microscopy (AFM Nanoscope Mal-
timode 8.0, Bruker Co. GER). In addition, further information
regarding the structural arrangement was studied using a micro
Raman spectrometer (LABRAM HR 800) at a wavelength of
532 nm (2.3 eV). Film composition and bonding information
were analyzed by XPS (VG ESCALAB 210) using an Al-Ka (1486.5
eV) X-ray radiation.

Nanoindentation tests

The mechanical properties of the FP-C:H lms were measured
by nanoindentation (Hysitron Ti-950) with a trigonal Berkovich
diamond tip. The maximum indentation depth was controlled
at about 50 nm (1/10 of the lm thickness). The elastic recovery
R is dened as follows:

R ¼ (dmax � dres)/dmax � 100% (1)

where dmax and dres are the maximum and residual displace-
ments, respectively.

Tribological characterization

The tribological performances of the specimens were evaluated
by the ball-on-disk reciprocating friction testing machine under
dry, 10%, 20%, 30%, 40%, and 50% relative humidity atmo-
spheres. The counterpart balls were Al2O3, ZrO2, Si4N3, and steel
with a diameter of 5 mm. The loading forces of the friction tests
were 20 N, 15 N, 10 N, 5 N, and 2 N, respectively. The sliding
diameter was 8 mm, and the frequency was 10 Hz.

3. Results and discussion

Fingerprint-like carbon (FP-C:H) with a thickness of about
700 nm were deposited on the silicon substrates. The nano-
structure of the carbon lms is shown in Fig. 1. The lm has
a very attractive and unique nanostructure (Fig. 1a), which can
be described as distorted multistorey graphene arrangements
in an amorphous body. The distance between two graphene
sheets was about 0.34 nm. Note that these patterns are very
RSC Adv., 2016, 6, 115092–115100 | 115093
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Fig. 1 (a) High-resolution transmission electron images of the FP-C:H
films. Insets: carbon fingerprint and human fingerprint pattern. (b) An
AFM phase image of the fingerprint-like carbon film deposited on
a silicon wafer.
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similar to those of a human ngerprint (inset picture), so it was
named as ngerprint-like carbon (FP-C:H). Further, AFM phase
imaging under tapping mode was used to study the graphene
arrangement features and distributions. Since the phase image
of AFM can distinguish the surface stiffness variations associ-
ated with Young's modulus changes, this can be used to identify
the nanocluster domains in the lm.44 Fig. 1b shows an AFM
phase image of a ngerprint-like carbon lm deposited on
a silicon wafer. It is obvious that the lm had a special nano-
composite structure with graphene domains (so) dispersed in
an amorphous network (hard).

Raman spectroscopy, which can identify various carbon
nanostructures, bonding structure, vibration mode and order
degree, is a powerful tool to analyze the carbon-based mate-
rials.45 The FP-C:H lms (Fig. 2a) show a typical feature spec-
trum of amorphous carbon from 1000 cm�1 to 1800 cm�1 at
633, 532, and 325 nm Raman exciting laser wavelengths. The
main peak was decomposed into D and G bands by guess mode,
where 0.62, 0.79, and 0.99 are the ID/IG values for 633, 532, and
325 nm excitation wavelengths, respectively. The low values of
ID/IG indicate that the FP-C:H lms had a high sp2 content. The
size of the sp2 cluster (La) was calculated by the Tuinstra–Koenig
relation as follows:46

ID

IG
¼ CðElaserÞ

La

(2)
Fig. 2 (a) Raman spectra of the FP-C:H films with 633, 532, and 325 nm
spectra of the FP-C:H films at 532 nm from 2400 to 3500 cm�1. (c) The d
C:H films.

115094 | RSC Adv., 2016, 6, 115092–115100
where the value of the empirical constant C(Elaser) depends on
Elaser. In the visible range (390–780 nm), the constant C(Elaser)
follows the following relationship:46

CðElaserÞ ¼ 560

Elaser
4

(3)

Therefore, the equation can be simplied as follows:47

La ðnmÞ ¼ 560

Elaser
4

�
ID

IG

��1
¼ �

2:4� 10�10
�
llaser

4

�
ID

IG

��1
(4)

where Elaser (eV) is the laser excitation and llaser (nm) is the
wavelength value of the laser. For example, La at 532 nm exci-
tation wavelength is about 24.7 nm, which is much larger than
that of the pure amorphous carbon (1–2 nm).48–50 The large
cluster size indicates that the ngerprint-like graphene clusters
were present in the lm. At the same time, a broad peak at
around 3000 cm�1 in the 532 nm Raman spectrum indicates
some additional features. Based on the reports for the Raman
spectra of the defected multilayer graphene,51,52 the broad peak
can be attributed to the 2D range of the defected graphene
layers. These peaks broaden andmerge due to a large number of
defects, thereby, giving rise to the modulated 2D band in the
wrinkled graphene.53 The 2D peak was decomposed into six
peaks by Gauss calculation, as shown in Fig. 3b. The peaks
positions were 2603, 2700, 2829, 2981, 3101, and 3190 cm�1,
respectively. The bands at 2603 and 2700 cm�1 are the 2D1 and
2D2 bands of graphene, which are ascribed to the sub-bands of
the 2D band,54 and 2829 cm�1 is the D* band of the graphite
structure.55 The 2981, 3101, and 3190 cm�1 bands are for the D +
D*, G + D*, and 2D0 of graphene, respectively.52,53

To further understand the nanostructure of FP-C:H, the
elements composition and chemical structures were studied by
XPS. Fig. 2c indicates the deconvolution of the XPS spectrum of
the FP-C:H lm. The C1s spectrum consists of four features of
binding energy values obtained at 284.5, 285.2, 286.5, and
288.5 eV, corresponding to sp2, sp3, C–O, and C]O, and the full
width at half maximum (FWHM) were 1.0, 1.0, 1.4, and 2.3 eV,
respectively.56–58 The oxygen peaks were originated from the
surface contamination when the FP-C:H lm was exposed to
air.59 Combining the results of HRTEM, Raman, and XPS, it can
be concluded that graphene layers with a ngerprint-like
pattern have been formed within the as-deposited carbon lms.
Raman excitation wavelengths. (b) The corresponding fitted Raman
econvolution of the high-resolution XPS spectra of the C1s peak for FP-

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 (a), (b) and (c) The friction coefficient curves as a function of rubbing cycles at different humidity against Al2O3, Si4N3, and steel ball,
respectively. (d) Friction coefficient curves of the FP-C:H films in a dry air atmosphere under a load from 2 N to 20 N, the inset shows the friction
coefficient as a function of load.
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The mechanical properties of the carbon thin lm had a very
signicant effect on its friction performance and engineering
applications.60 As listed in Table 1, the FP-C:H lms exhibited
a super-high elastic recovery (R) of 84.6%, which indicates
a minimal plastic deformation during the indentation process.
It also exhibited a high hardness of up to 22.8 GPa. Arguably,
the three dimensions buckled and curved graphite layers gave
rise to the high hardness and elastic recovery of the FP-C:H
carbon lms.

Moreover, the attractive macroscopic superlubricity proper-
ties have been observed for the FP-C:H carbon lms. The fric-
tion behaviors were tested under dry, 10%, 20%, 30%, 40%, and
50% humidity atmospheres with different dual balls and loads
(Fig. 3). The ambient temperature was about 20 �C, and the
sliding speed was about 160 mm s�1. An extremely low friction
coefficient below 0.0016 was observed for the FP-C:H lms
sliding against the Al2O3 balls in a dry environment. Our
experimental studies also conrmed that the stable super-
lubricity regime occurred under a wide range of test conditions:
counterpart balls changed from Al2O3, Si4N3 to steel, load from
Table 1 Mechanical properties of the FP-C:H films

Indentation depth, nm Hardness, G

Test 45–52 20.2–24.6
Average 49 22.8

This journal is © The Royal Society of Chemistry 2016
2 N to 20 N, and atmosphere from dry air to low-humidity air.
For example, the Al2O3/FP-C:H friction couple had a super low
friction coefficient under low-humidity air (friction coefficient
was less than 0.01 when the humidity was below 30%). At the
same time, macroscale superlubricity could be achieved under
a load ranging from 2 N to 20 N. From the friction curves
(Fig. 3a–c), it was found that for all the friction pairs, an increase
in the humidity led to an increase in the friction. The friction
mechanism is very important for understanding the super-
lubricity properties of the thin lms. Previous studies have
shown that superlubricity can be achieved by the hydrogenated
and sulfur-doped hydrogenated carbon lms, where the ultra-
low friction originates from the passivation species in the test
environment, such as H or S–H bonding.61,62 However, for FP-
C:H lms, there is no highly passive H bonds due to the
oxygen enrichment41 and though O–H has a higher bond energy
than that of S–H63 because the oxidation of carbon is preferred.
Therefore, it seems reasonable to surmise that the special
nanostructure in the FP-C:H lms greatly enhanced the tribo-
logical properties.
Pa Elastic module, GPa Elastic recovery, %

140.1–162.2 82–87
154.2 84.6

RSC Adv., 2016, 6, 115092–115100 | 115095

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra24933g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
D

ec
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 7

/1
7/

20
24

 1
0:

32
:0

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
To explore the ultra-low friction mechanism of the FP-C:H
lms, the wear debris and wear scar were monitored by
Raman spectroscopy. The Raman spectra were obtained at
different positions at one time for each sample, as shown in
Fig. 4a. The results (Fig. 4b) indicated that the structural
transformation of the freshly exposed surface was not obvious;
however, the wear debris showed signicant structural changes
reected by the Raman spectra red shi, and the area ratio of
I2D/ID+G + I2D increased with a decrease in the humidity.
According to the abovementioned discussion, the area of 2D
range can be regarded as the contents of graphene structure.
Fig. 4c shows the friction coefficients and 2D range proportion
as a function of humidity. The results of Raman spectroscopy
demonstrated that the wear scar had a similar structure as the
intrinsic lms, whereas the interface structure evolution and
bonding recombination mainly occurred in the wear debris. For
the same friction experiment, the more dry the environment,
the more its conducive for the formation and accumulation of
graphene structure.

The FP-C:H lms suffered from signicant wear during
sliding, however, the structural changes occurred mainly in
the wear debris (Fig. 4a and b). It was found that the super-
lubricity could be achieved under a wide range of test condi-
tions, but was inuenced by the related humidity (HR).
Therefore, an understanding of the humidity-controlled wear
debris evolution could further explore the underlying mecha-
nism of the superlubricity. To study the nanostructure of the
wear debris on the Al2O3 balls under different humidity values,
a more detailed analysis of the wear debris formed during the
superlubricity regime in dry air was carried out by HRTEM.
Fig. 5 shows the nanostructure transformation of the wear
debris. Surprisingly, multilayer graphene nanoparticles
(GNPs) were observed in the wear debris. This unique
Fig. 4 (a) Microscopic images of the wear debris and wear scar. (b) Rama
10%, 20%, 30%, 40%, and 50% related humidity, respectively). (c) Friction

115096 | RSC Adv., 2016, 6, 115092–115100
phenomenon is likely to be a key to understanding the origin
of an ultra-low friction coefficient of the FP-C:H lms. In dry
environments, the GNPs indicated a perfect spherical shell
structure with fewer defects (Fig. 5a). Under the 10% relative
humidity (Fig. 5b), the multilayer shell structure could still be
maintained, but with more defects. When the humidity was
increased to 20% (Fig. 5c), the laminated shell structure
distortion and lamella spacing distribution became wider and
was mixed with an amorphous structure (Fig. 5d). Under 30%
humidity, the shell structure of the GNPs was broken, the
defects increased, and an amorphous structure was intro-
duced. At 40% humidity, the multilayer shell structure dis-
appeared in the wear debris and only short curved graphene
sheets could be observed (Fig. 5e). When the humidity was
increased to 50%, the GNPs showed a typical amorphous
structure with short-range ngerprint-like graphene sheets
(Fig. 5f). The wear debris was composed of spherical nano-
particles, which originated from the multilayer graphene. The
decrease in the particle radius (Fig. 5, inset table) was
accompanied by the destruction of the shell structure, which
increased the resistance of friction. The graphitic layers with
a lamellar spacing of 0.32–0.40 nm were not perfectly
conformal and did not have a continuous structure. Obviously,
the nanostructure transformation of wear debris along with
humidity was in well accordance with the friction coefficients.
By analyzing the Raman spectra and HRTEM images, it was
determined that the superlubricity of the FP-C:H lms origi-
nated from the evolution of GNPs.

Based on the results of tribology, HRTEM, and Raman, it was
concluded that under a certain contact pressure, humidity
controls the formation of GNPs, which further inuence the
friction behavior. In other words, the superlubricity of the FP-
C:H lms is related to the formation of GNPs at the
n spectra of the original films, wear scar, and the wear debris (under dry,
coefficient and 2D peak as a function of humidity.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 HRTEM images of the wear debris: (a), (b), (c), (d), (e) and (f) under 0%, 10%, 20%, 30%, 40%, and 50% humidity, respectively, at 10 N and
10 Hz. Inset table, the average diameter of the graphene nanoparticles at different humidity values.
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counterparts interfaces, thus, revealing that the formation
mechanism can help us to better understand the superlubricity.

In the present study, we proposed that the formation
mechanism of GNPs is the self-organization of graphene sheets,
which can be divided into two steps, nucleation and growth.
The nucleation of the GNPs core is similar to the reaction
pathway for the transformation of graphene-to-fullerene since
the molecular cage of fullerene is more stable than that of
graphene.63–65 However, the driving force of the process is not
high temperature but the friction shear force. A possible
nucleation and growth mode is given in Fig. 6. The nucleation
process can be divided into four stages: (1) at the initial stage,
the dual surface and the lm have strong coupling, resulting in
a strong wear and a large number of wear debris. The graphene
layers (Fig. 6a) peeled off from the bulk body and directly con-
tacted with the dual surface (Fig. 6f); (2) subsequently, these
graphene sheets (Fig. 6b) (1) are folded and coiled under the
shear stress (Fig. 6g); (3) with the development of a friction
This journal is © The Royal Society of Chemistry 2016
process, these short-range graphene fragments are coiled to
form a cage-like structure under the action of periodic shearing
forces (Fig. 6h); and (4) aer more friction cycles, the carbon
cage-like structure becomes more regular (Fig. 6i), where the
positions 2 and 3 (Fig. 6c) mark a monolayer and a double layer,
respectively. The single wall carbon cage diameter was about
0.7 nm, which has a radius similar to that of C60 (0.71 nm).

The growth mechanism can be inferred from the HRTEM
images of the wear debris. The defected graphene layers (so)
are easy to package a fullerene core (hard), which is similar to
the mechanism reported by A. V. Sumant et al.16 The growth
model of the GNPs was similar to that of the snowball effect.
When the friction process tends to reach a balance, the ther-
modynamic non-equilibrium state of the FP-C:H lms tends to
reach an equilibrium state. A large class of GNPs could be
formed aer 3000 friction cycles (Fig. 6d). Few GNPs layers
(position 4) could be found on the edge of a big particle, which
can be seen as an evidence for this form of nucleation and
RSC Adv., 2016, 6, 115092–115100 | 115097
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Fig. 6 (a) HRTEM images of the original FP-C:H films. (b)–(d) Wear debris of 600, 1200, and 6000 friction cycles, at 10 N and 10 Hz. (e) Raman
spectra of the original films and wear debris of 600, 1200, and 6000 friction cycles, respectively. (f)–(m) Schematic of the nucleation and growth
model for GNPs.
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growth pattern. Raman spectra of the original lms and wear
debris of 600, 1200, and 6000 friction cycles also conrmed this
growth model (Fig. 6e) since the I2D/ID+G + I2D values increased
accordingly. Fig. 6j–m are a possible growth model. Due to the
spontaneous reduction of the surface energy, the graphene
sheets tended to wrap around the carbon cage core to reduce the
surface area (Fig. 6j and k). Under the effect of shear stress, the
bonding recombination occurred at the interface, which nally
leads to the formation of multilayer GNPs (Fig. 6l and m).

Theoretical study of the graphene–fullerene transformation
conrmed that the formation of defects at the edge of graphene
is the crucial step.63 To understand why water molecules can
control the self assembly process, its molecular structure on the
graphene edges should be further explored. The water mole-
cules are made up of oxygen and hydrogen, with respective
electro negativities of 3.44 and 2.20 (Fig. 7a). The dipoles from
each of the two bonds (black arrows) add together to make the
overall molecule polar (gray arrow) with a dipole moment of
magnitude p ¼ 6.20 � 10�30 C m.66 Graphene is always found to
be p-doped as a result of H2O adsorption from air.67 Water
molecules exhibit higher activation energies than those of the
115098 | RSC Adv., 2016, 6, 115092–115100
non-polar adsorbates (O2, N2, and Ar) and tend to form
hydrogen bonds, which can be attributed to stronger adsorbate–
adsorbate interactions.68 Under dry environments, unsaturated
dangling bonds of graphene had a high reaction activity, and
the hybridization was easy to occur on the edge of graphene
fragments (Fig. 7b). When water molecules are involved in the
friction process, some of the dangling bonds are saturated by
the water molecules, which blocks the hybridization of the
graphene fragment (Fig. 7c). Under high humidity conditions
(Fig. 7d), the water molecules almost saturate the dangling
bonds of the lamellar surfaces, which limits the nucleation and
growth of GNPs.

It is expected that the multistorey spherical nanostructures
would provide wonderful tribological properties compared to
those of the amorphous form of the solid lubricants.16,18

Combined with the HRTEM results, it is speculated that the
GNPs in the debris could constitute an incommensurate contact
surface because the number of atoms in the GNPs are not the
same as in the FP-C:H carbon surfaces. Furthermore, it is
known that the coefficients of rolling friction are generally 102

to 103 times lower than those of the sliding friction for the
This journal is © The Royal Society of Chemistry 2016
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Fig. 7 The structure of water molecules: (a) molecular adsorption models of the graphene fragments at different humidity values: (b) dry
atmosphere, (c) low humidity, and (d) high humidity.
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corresponding materials.69 This is obvious because most of the
nanoparticles obtained through the friction process have
a regular spherical shape. In addition, these particles have
a chemically inert surface, which reduces the couple of the dual
interface. Actually, even under high humidity values up to 30%,
wear debris can only form a multilayer structure, and the low
shear-strength properties can be maintained during the tribo-
logical testing. This is due to the creep deformation of the
curved layered structure in the wear debris. The frictionless
property disappears only when the wear debris tends to be
amorphous (humidity reaches 40% or more).
4. Conclusions

In summary, FP-C:H lms were fabricated by the HiP-PECVD
technique at room temperature. The lms have ngerprint-
like structures, which endow high hardness, high elastic
recovery, and an ultra-low friction coefficient (m ¼ 0.0016) both
in dry atmosphere and low humidity. The FP-C:H lms could
meet the requirements of the engineering scales for super-
lubricity, such as load, humidity, and dual materials, which
overcome the shortcoming of the existing technology that
superlubricity can only be acquired at microscale or under
special conditions (vacuum or dry atmosphere). At the same
time, the mature method (PECVD) reduces the cost and tech-
nical difficulty in the industry applications and enhances the
stability and reliability of this superlubricity technology. For
friction mechanism, it is believed that the superlubricity origi-
nates from the self-organized GNPs in the wear debris, with
lower shear-strength properties, and offers incommensurate
and rolling contact. The stress-induced GNPs formation by the
interface is the possible reason for the existence of super-
lubricity in the dry and low humidity conditions. The FP-C:H
lms with superlubricity properties obtained under various
conditions and the mature PECVD technology could promote
the application of the superlubricity technology.
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