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ABSTRACT: Taking advantage of the condensation between
Si—OH of the hydroxylated octadecyltrichlorosilane (OTS)
and C—OH on graphene oxide (GO) surface, we grafted OTS
onto the GO-based dual-layer film, which was composed of GO
outerlayer and (3-aminopropyl)triethoxysilane (APTES) self-
assembled underlayer, on a Si substrate. Thus, a hydrophobic
trilayer film coded as APTES-GO-OTS was prepared success-
fully. To confirm the chemical composition, structure, and
morphology of the trilayer film, various means including water
contact angle measurement, attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectrometry, X-ray photoelectron spectroscopy (XPS), and atomic force microscopy (AFM) were
performed. Moreover, to investigate the tribological performances, the micro- and macrotribological experiments were conducted
with AFM and a UMT tribometer. The results showed that the as-prepared trilayer film exhibited low adhesion and greatly reduced
the friction force in both the micro- and macroscale. Therefore, such a trilayer film is suitable for an application in the lubrication and

protection of nano/microelectromechanical systems (NEMS/MEMS).

1. INTRODUCTION

In recent years, chemical modification of graphene oxide
(GO) sheets has become a popular research subject."” This
popularity is mainly promoted by three aspects. First, owing to
reactive oxygen functional groups attached onto GO, it is very
easy to perform such chemical modifications.” Second, certain
properties of GO, such as the conductivity and the dispersibility
in nonpolar solvents, can be feasibly tuned by grafting with some
molecules.”* Third, such modification is a promising route to
achieve mass production of chemically modified graphene
(CMG), which has found potential applications in many fields,
such as polymer composites, energy-related materials, field-effect
transistors, and lubricant coatings, etc.’

In our most recent study, taking advantage of the chemical
reactions between epoxy/carboxyl and amine groups, GO sheets
were covalently attached onto a self-assembled monolayer of
(3-aminopropyl) triethoxysilane (APTES-SAM) covered Si substrate,”
resulting in the improved tribological behaviors. However,
owing to the hydrophilicity of the GO surface, the adhesive
force between the GO surface and an AFM tip was found to be in
relatively high level. To reduce the high adhesive force, a post-
treatment of thermal reduction was subsequently performed to
decrease the content of the surface oxygenous groups. However,
such a reduction procedure is relatively complicated and requires
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an Ar atmosphere. In this article, we aimed at developing another
easy way based on the chemical modification of GO to further
improve the tribological performances of GO-based films.

As plenty of studies show, the hydroxyl groups on solid
substrates (such as SiO,/Al,03) can induce the self-assembling
of alkylsilanes (such as alkylchlorosilanes, alkylalkoxysilanes, and
(alkylamino)silanes).6 Meanwhile, GO sheets are found to be
attached with many hydroxyl groups. Therefore, it is rational to
assume that an alkylsilane outerlayer can be formed on the GO
surface. During the past decades, octadecyltrichlorosilane self-
assembled monolayer (OTS-SAM) on Si substrate has been
intensively studied as a lubricant coating for nano/microelec-
tromechanical systems (NEMS/MEMS).””'* It has been de-
monstrated that the OTS-SAM is hydrophobic and can reduce
the adhesion/friction greatly. However, to the best of our know-
ledge, the attempt of assembling OTS on GO has not been
performed by others. Herein, OTS molecules are selected as the
grafting species and the detailed preparation procedures on GO
surface are described as follows. First, an APTES-SAM with
—NH, outer groups was covalently anchored onto the Si wafer
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Figure 1. (a) Proposed chemical structure of GO. (b) Proposed schematic view for the construction of APTES-GO-OTS trilayer film on a Si wafer.

via Si—O—Si covalent bonding (Figure 1, process IT). Then, GO
sheets were chemo-grafted onto the APTES-SAM surface through
certain chemical reactions (Figure 1, process I1, the as-deposited
sample was coded as APTES-GO). Finally, an OTS outerlayer
was assembled onto the GO surface via C—O—Si bonding
(Figure 1, process IV). The as-obtained trilayer film was coded
as APTES-GO-OTS.

In brief, this work is a part of continuing efforts preparing self-
assembled multilayer films with improved tribological behaviors,
ie, low friction coeflicient and long antiwear life.>'>15722 Ag
reported in our previous work, the dual layer film of APTES-GO
is hydrophilic, possessing relatively low friction coeflicient and
good wear resistance.” In this report, to increase the hydropho-
bicity of the film, an outerlayer of OTS-SAM is introduced, which
is expected to reduce the friction and boost the antiwear life. Thus, a
film with sandwiched microstructure and desirable composition was

constructed, aiming at developing thin-film lubricants suitable for
NEMS/MEMS and other micro/nanodevices.

2. EXPERIMENTAL SECTION

2.1. Materials. Expandable graphite was obtained from Qing-
dao Hensen Graphite Co., Ltd. P-type polished single-crystal Si
(111) wafers were purchased from GRINM Semiconductor
Materials Co. (Beijing, China). (3-Aminopropyl)triethoxysilane
(APTES, 99%) was purchased from Acros Organics. Octadecyl-
trichlorosilane (OTS, 90%) was provided by Sigma-Aldrich.
Other chemicals were analytical grade and used as received. Ultra-
pure water (>18 M- cm) was used throughout the experiment.

2.2. Preparation of GO Colloid Solution. First, expandable
graphite powder was heated at 1050 °C in air for 15 s. Then, 1 g of
heat-treated expandable graphite was added to 23 mL of 98%
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Table 1. WCA for the Silica Layer and the Modified Si
Surfaces

test samples  Si/SiO, APTES-SAM  APTES-GO  APTES-GO-OTS
WCA (deg) ~0 480+£16  408+24 1004+ 3.6

H,SO, in an ice bath with stirring, and 3 g of KMnO, was
subsequently added slowly. The mixture was kept at 35 °C in a
water bath for 30 min. Ultrapure water (46 mL) was gradually
added, and the mixture was immersed in ice—water. After 20 min,
the mixture was further treated with 140 mL of ultrapure water
and 12 mL of 30% H,O,. The obtained mixture was first washed
with ultrapure water until a pH level of 7 was reached and then
was dialyzed under stirring until SO,>~ anions could not be
detected by the BaCl, solution (1 M). A diluted GO colloid
solution with a concentration of 0.4 mg-mL ™" was employed in
the succeeding process.

2.3. Fabrication of Trilayer Film. Prior to assembly, Si wafers
were cleaned and hydroxylated in a piranha solution (a mixture of
7:3 (v/v) 98% H,SO, and 30% H,0,) at 90 °C for 30 min.
[Caution: piranha solution is aggressive and explosive. Never mix
piranha waste with solvents. Check the safety precautions before
using it.] After being thoroughly rinsed with ultrapure water and
blown dry with N, the Si wafers were immersed in a freshly
prepared APTES solution (S mM, the solvent is a mixture of
acetone and water, with a volume ratio of 5:1) for 30 min. Then,
the wafers were taken out and sonicated in ultrapure water,
generating the desired APTES-SAM thereon. Subsequently, the
APTES-SAM-covered Si substrate was kept in the prepared GO
aqueous solution at 80 °C for 12 h and then ultrasonically
cleaned in ultrapure water and blown dry with N,. The obtained
sample was coded as APTES-GO. At last, APTES-GO was
immersed into an OTS solution (5 mM) of toluene for 12 h.
After that, the sample was heated in air for 1 h at 80 °C to
facilitate the anchoring of OTS molecules, followed by being
ultrasonicated in toluene, acetone, and ultrapure water by turns.
The as-prepared sample was coded as APTES-GO-OTS.

2.4. Characterization. Water contact angles (WCA) of dif-
ferent samples were determined using a DSA100 contact angle
meter (Kriiss). The reported data are average values of at least
five repeat measurements for each sample (Table 1).

Attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectra were recorded with an IFS 66 V/S FTIR spectro-
meter (Bruker) equipped with a Harrick Scientific horizontal
reflection Ge-attenuated total reflection accessory (GATR, in-
cidence angle 65°). The samples were placed in contact with the
flat surface of a semispherical Ge crystal as the optical element.
The spectrum was collected for 32 scans with a resolution of
4 cm™ ', and the background was collected using the accessory in
the absence of the samples. To eliminate the effect of H,O and
CO,, the pressure in the sample chamber and optical chamber
was kept below 6.0 x 10~* MPa.

X-ray photoelectron spectroscopy (XPS, PHI-5702, Physical
Electronics) was performed using a monochromated Al Ko
irradiation. The chamber pressure was about 3 x 10~ ° Torr
under testing condition. Peak deconvolution with Gaussian
curves and quantification of elements were accomplished by
Origin 7.0.

The surface morphologies of different samples were observed
by a Nanoscope Illa multimode atomic force microscope (AFM,
Veeco) in tapping mode. The microtribological properties were
measured using the same AFM in contact mode. Triangular

Figure 2. ATR-FTIR spectra of GO (a) and GO-OTS (b) on bare Si
substrate.

Si;N, cantilevers with a normal force constant of 2 N-m ™ * were
employed for AFM measurements. As the lateral spring constant
of the cantilevers and the lateral sensitivity of the optical detector
were not measured, the absolute frictional force could not be
obtained directly. The output voltages were directly used as the
relative frictional force. The friction forces on various surfaces
can be compared with one another when the same AFM tip is
employed. To obtain the adhesive force between the AFM tip
and the film surface, the force—distance curve was recorded on a
CSPM 4000 AFM (Being Nano-Instrument). The pull-off force

was considered as the adhesive force. Experiments were carried out
under ambient conditions of 23 °C and relative humidity of 25%.

Macrotribological tests were run on a UMT-2MT tribometer
(CETR) in a ball-on-plate contact configuration. Commercially
availed steel balls (0.d. = 3 mm) were used as the stationary upper
counterparts, while the lower Si wafers coated with different films
were mounted onto the flat base and driven to reciprocally slide
at a distance of S mm. The friction coeflicient-versus-time curves
were recorded automatically. At least three repeat measurements
were performed for each frictional pair. The friction coefficient
and antiwear life were measured at a relative error of £10% and
£5%, respectively.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Characterization of APTES-GO-OTS
Film. The multistep assembly is facilitated by a popular material
of GO, which is abundant with many attached oxygenous groups
(such as hydroxyl, epoxy, and carboxyl) on its layer.”*** Taking
advantage of these polar groups, GO can be assembled onto
certain substrates® and served as an ideal host matrix for the
accommodation of long silane alkyl chains.*® The preparations of
APTES-SAM and APTES-GO have already been performed in
our previous studies.”** As experimental results indicate, GO
can be chemo-grafted onto an APTES-SAM (with a thickness
of 0.7 nm, which is in accordance with the reported value in
literature™") surface successfully.®

The as-prepared APTES-GO is hydrophilic with many surface
hydroxyl groups, which are expected to serve as the active
points to induce the subsequent assembly of OTS molecules. To
demonstrate the successful formation of OTS-SAM on GO,
ATR-FTIR spectra of GO and GO-OTS on bare Si substrate
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Figure 3. XPS spectra of C 1s for GO (a) and GO-OTS (b) on bare Si substrate.

Figure 4. AFM images of APTES-GO (a) and APTES-GO-OTS (c) and phase maps of APTES-GO (b) and APTES-GO-OTS (d). The scanning area
for (a) and (c) is 2.5 um x 2.5 um. The average roughness (R,) and root-mean-square roughness (R,,) for (a) and (c) are 0.476 and 1.258 nm and 1.061

and 1.666 nm, respectively. The thickness of GO sheets was estimated to be about 1.2 nm, which is in accordance with the literatures.

42,43

were recorded in the frequency range 3000—2800 cm ™' (Figure 2).
After assembling of OTS molecules on GO, some new peaks
located at 2958, 2918, and 2849 cm ™' emerge, which can be
ascribed to the asymmetric methyl [v,(CH;3)], asymmetric
methylene [v,((CH,)], and symmetric methylene [v(CH,)]
vibrations, respectively (Figure 2b). As revealed by other re-
searchers, tight packed chains in a well-ordered OTS mono-
layer exhibit a v,,(CH,) absorbance centered at approximately
2918 cm ™ *.®'2 This reference value is the same with our result, so
it is deduced that the alkyl chain of —C;3Hj is in an ordered
state. Furthermore, XPS spectra of GO and GO-OT'S on bare Si
substrate were also studied. As depicted in Figure 3a, the C 1s of
GO can be deconvoluted into four Gaussian peaks correspond-
ing to carbon atoms in different functional groups: C=C/C—C
(nonoxygenated ring carbon, 284.8 V), C—O (hydroxyl and
epoxy, 286.6 V), C=0 (carbonyl, 287.1 eV), and O=C—OH
(carboxyl, 289.1 eV).>”~*° Upon the assembly of OTS thereon,

the Cls spectrum of APTES-GO-OTS (Figure 3b) confirms an
obvious increase of nonoxygenated carbon related signals at
284.8 eV. According to the calculation of the integrated areas of
the C 1s peaks, the content of C=C/C—C portion increased
from 60.5% to 76.9%. Such increase is just attributed to the
formation of OTS outlayer.

After chemo-grafting with OTS, the sample becomes hydro-
phobic with a WCA of 100.4°, which is much higher than that of
APTES-GO (40.8°) but still lower than that of a compact OTS-
SAM on the hydroxylated Si substrate (112°).*° The relatively
lower WCA value is supposed to be related to the incomplete
coverage of OTS molecules. The AFM morphology in Figure 4a
shows that the APTES-SAM modified Si substrate is discontinu-
ously spread with irregular GO sheets. After the assembling of
OTS, the surface becomes rougher and some narrow gaps as well as
voids among GO sheets still exist (Figure 4c). Moreover, the
phase maps were also given, indicating that the topological
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Figure S. (a) Typical force—distance curve for Si/SiO,. Adhesive force
(b) and friction-versus-load curves (c) for different samples.

structure of the samples obtained from the topographic maps
(Figure 4a,c) is in accordance with that obtained from the phase
maps (Figure 4b,d). The structure and morphology of APTES-
GO-OTS (Figure 4c) can be simulated by a simple model, as
schematically illustrated in Figure 4e. It is rational that OTS
cannot be grafted onto the gaps among GO sheets due to the
mismatch between Si—OH (head groups of hydroxylated OTS)
and —NH, (tail groups of APTES-SAM) groups. In other words,
the Si wafer is not fully covered by OTS because of the discrete
spreading of GO sheets. Consequently, the WCA of APTES-GO-
OTS is lower than that of a compact OTS SAM on the Si
substrate (Figure 4f).

3.2. Microtribological Behaviors. Stiction generated in
NEMS/MEMS has been a mag'or failure mode due to the large
surface area-to-volume ratio.'® To estimate the antistiction
behaviors of the synthesized films, the adhesive forces between

AFM tip and different surfaces are detected by an AFM. A typical
force—distance curve of the Si/SiO, substrate was provided in
Figure Sa. The pull-off force is reckoned as the adhesive force,”**
which was given by

F =K. xZ, x (Ky/Ky)

where K_ is the force constant of the cantilever, K, and K; are the
slopes of the corresponding lines as indicated in Figure 5a, Z, is the
vertical displacement of the piezo tube, ie., the deflection of the
cantilever. In Figure Sb, it was observed that strong adhesion was
generated on the surfaces of hydrophilic Si/SiO, (197.7 nN),
APTES-SAM (140.5 nN), and APTES-GO (1462 nN). Upon
the construction of APTES-GO-OTS, the surface became hydro-
phobic and the adhesive force decreased to 85.8 nN. This indicates
that the OTS outerlayer exhibits low adhesion due to its hydro-
phobicity (100.4°). In other words, the adhesive force can be greatly
reduced with increasing hydrophobicity of the surface. Such a
phenomenon has also been observed in many researches and
suggests that the modification of surface with long alkyl chain molec-
ules can obviously lower the interfacial energy as well as the cagi]lary
force between the AEM tip and the surface >'>!5™ 18223033736

The friction-versus-load curves for different surfaces were
plotted in Figure Sc. It is apparent that the curves can be fitted
by straight lines with nonzero intercepts. A similar result has been
observed by Tsukruk, and the nonzero intercept is believed to be
generated from the jump-to-contact instability caused by attrac-
tive forces during the approach of the tip to the sample
surface.”?” As the sample becomes hydrophobic, the adhesive
force between AFM tip and sample surface decreases and such
jump gets weak. For APTES-GO-OTS film, the smallest inter-
cept was presented. To quantitatively evaluate the lubricity, a
friction coefficient is generally necessary. However, it is hard to
obtain the absolute value of the friction coefficient of the films in
Figure Sc because the measured frictional force is expressed in
raw voltage signal. To simplify this problem, relative friction
coefficient (RFC), i.e., the slope of the fitted line, is introduced to
compare with each other.”'*>* As shown in Figure Sc, relative
to Si/Si0,, both APTES-GO and APTES-GO-OTS could
reduce the friction force. Specifically, the lowest friction force
(signal) for Si/SiO, is about 1560 mV, while the highest friction
forces for APTES-GO and APTES-GO-OTS are about 1060 and
289 mV, respectively. Meanwhile, the trilayer of APTES-GO-
OTS exhibited the lowest RCF. The excellent lubricity is
attributed to the nature of the ordered OTS monolayer. On
one hand, due to the hydrophobicity, the adhesive force as well as
the interaction between AFM tip and OTS outerlayer is small.
Such low interaction can reduce the dissipation of the accumu-
lated energy during sliding and result in a low RCE."**** On the
other hand, the ordered long alkyl chains of OTS with high
packing energy would also decrease the energy dissipation and
yield a low friction force.>***!

3.3. Macro-Tribological Behaviors. The wear resistance
capability is an important factor for lubricant films used in
NEMS/MEMS. Figure 6 presents the curves of friction coeffi-
cient-versus-sliding time for different samples obtained by a ball-
on-plate tribometer. Compared with APTES-SAM (Figure 6a),
APTES-GO (Figure 6b) exhibited much lower friction coeffi-
cient (0.24) and longer antiwear life (~1520s) at an applied load
of 0.1 N. With increasing the applied load to 0.2 N, the anti-
wear life was shortened to ~180 s (Figure 6c). Once the OTS
outerlayer was assembled, a much lower friction coefficient
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Figure 6. Variation in friction coefficient with time for various samples
at different applied load and a sliding frequency of 1 Hz: (a) APTES-SAM,
0.1 N; (b) APTES-GO, 0.1 N; (c) APTES-GO, 0.2 N; (d) APTES-GO-
OTS, 0.2 N; (e) APTES-C18, 0.2 N. The average friction coeflicient
(FC) was given above the corresponding curve.

(0.17) and a much longer antiwear life (>3600s) were achieved
(Figure 6d). From these results, it can be concluded that the OTS
outerlayer plays an important role in ameliorating the tribological
behaviors. These improvements may be ascribed to the special
structures of the OTS outlayer. Specifically, owing to the high
flexibility and low surface energy of the OTS outerlayer, the
friction coefficient for the trilayer decreases. Moreover, the OTS

monolayer possesses high elasticity and can endure larger stress,
compression, and shear, without significant lateral displacement.””
So, the wear-resistance of trilayer APTES-GO-OTS film is
enhanced greatly.

In our previous work, the dual-layer film of APTES-C18 was
also fabricated and the wear resistant performances were found
to be good at an applied load of 0.1 N.'> While, in the present
study, raising the applied load to 0.2 N, APTES-C18 dual-layer
only exhibits an antiwear life ~240 s (Figure 6e), which is much
shorter than that of APTES-GO-OTS. The obvious improve-
ment in wear resistance is attributed to the composition differ-
ence between APTES-GO-OTS and APTES-C18. In other
words, GO interlayer takes another main responsibility for the
improved wear resistance. The enhancement mechanism might
be attributed to the disordered structures of the GO sheets.
Specifically, overlapped GO sheets (Figure 4a) tend to glide, just
as the graphite lubricant, during the tribological tests.

From above discussions, it can be summarized that the as-
prepared trilayer of APTES-GO-OTS possesses low friction and
excellent wear-resistance due to the joint effect of GO and OTS
molecules.

4. CONCLUSIONS

OTS molecules were chemo-grafted onto the surface of
APTES-GO and correspondingly a hydrophobic trilayer film of
APTES-GO-OTS was constructed successfully. The microstruc-
tures and tribological behaviors were investigated. Results indicate
that the trilayer film exhibits much better tribological behaviors as
compared with APTES-GO or APTES-C18, both of which were
studied as lubricant films in NEMS/MEMS in our previous studies.
So, this novel and feasible strategy is more suitable for construc-
tion of NEMS/MEMS lubricant coatings. Moreover, such mod-
ification is supposed to be applied in many other areas, such as to
boost the hydrophobicity of graphene based biomaterials.
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