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Abstract Polydopamine (PDA)/graphene oxide (GO)
multilayer was successfully constructed on the surface of
silicon substrate by a layer-by-layer self assembling process.
In order to further obtain hydrophobic outer surface, low
energy molecules of 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane
(PFDTS) were grafted thereon and the sample was coded as PDA/
GO-PFDTS. The microstructures, chemical compositions, and
morphologies of PDA/GO-PFDTS were characterized by the
water contact angle (WCA) measurements, Fourier transform
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy
(XPS), and atomic force microscopy (AFM). In particular, the
tribological performances were investigated by AFM and ball-on-
plate tribometer. Experimental results showed that PDA/GO-
PFDTS could lower the stiction and friction greatly as compared
with the bare substrate and control samples. It was indicated that the
as-fabricated film of PDA/GO-PFDTS was a very promising
candidate for solving the tribological problems in micro/nano
devices.
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1 Introduction

Recently, graphene oxide (GO) has become a hot topic not
only for its low cost and mass production but also for its
well ‘dispersion in solvent (such as water) and further
chemical modification/reduction. Based on these features,
some factors restricting the development of graphene can
be relieved.

For example, one restricting factor is that graphene is dif-
ficult to be transferred onto solid substrates with strong
adhesion due to its lack of functional groups; however, based
on their well dispersion in solvent and functional groups, GO
sheets can be easily mounted onto solid substrates by solution-
based techniques [1-4] and further be reduced or chemically
modified. In order to further enhance the interfacial bonding
strength, substrates with special properties (charged [5, 6]) or
chemical composition (amine outer groups [7, 8]) are
generally required. For instance, in our recent works, GO and
reduced GO (rGO) sheets were assembled onto the silicon
wafer pre-modified by self-assembled monolayers of
3-aminopropyl triethoxysilane with amine tail groups [7, 8].
However, it still remains a challenge to fabricate graphene-
based multilayer by such methods.

Recently, due to its prominent advantages, such as the
simplicity, universality, and thickness control at the nano-
scale level, layer-by-layer (LBL) self-assembly technique
has been introduced to fabricate such graphene-based
multilayer [9-13]. For example, based on sequential
adsorption of oppositely charged molecules (e.g., poly-
electrolyte and oxide sheets) and chemically modified rGO,
graphene-based film on silicon or glass slides have been
constructed [14, 15]. These pioneer works have set good
examples for electrostatic LBL assembling of graphene-
based architectures. In this work, a new non-electrostatic
LBL (NELBL) assembling process is proposed to construct
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GO multilayers. Besides the component of GO sheets, the
newly reported dopamine molecules are selected as the
building block, which can be adsorbed onto almost all
material surfaces and undergo oxidation-polymerization to
form polydopamine (PDA) layer; [16] more importantly,
PDA is abundant with reactive surface groups such as
amine and hydroxyl groups [17]. Taking these advantages,
a non-electrostatic LBL assembling process can be per-
formed (schematically shown in Fig. 1).

As revealed in our recent work, GO and rGO sheets
were found to possess good anti-wear resistance [7, 8].
Herein, the purpose of constructing this PDA/GO multi-
layer is also to reveal its potential application as lubricant
film in nanodevices such as micro- and nano-electrome-
chanical systems (MEMS/NEMS). It is commonly recog-
nized that a hydrophobic outer surface is quite necessary
for lubricant film to control the stiction in MEMS/NEMS
[18]. In order to construct such hydrophobic outer surface,
fluoroalkylsilane molecules of 1H, 1H, 2H, 2H-per-
fluorodecyltrichlorosilane (PFDTS) were grafted onto the
surface of PDA/GO multilayer and the consequent film was
labeled as PDA/GO-PFDTS. The tribological properties of

Fig. 1 Procedures to fabricate a
PDA/GO-PFDTS (a); proposed
microstructure and possible

interlayer interaction of the film
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the developed multilayer film of PDA/GO-PFDTS were
evaluated and compared with the controlled samples. It is
expected that the as-prepared PDA/GO-PFDTS may find
wide applications as lubricant films in MEMS/NEMS not
only for the excellent tribological behaviors of GO sheets
but also for the unique multilayer architectures.

2 Experimental
2.1 Materials and Reagents

Expandable graphite was obtained from Qingdao Hensen
Graphite Co., Ltd. 3-Hydroxytyramine hydrochloride
(Dopamine hydrochloride, 99 %), 3-aminopropyl trieth-
oxysilane (APTES, 99 %), and tris(hydroxymethyl) ami-
nomethane (TRIS, 99.8 %) were purchased from Acros
Organics; 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane
(PFDTS, 96 %) was purchased from Alfa Aesar. All other
reagents were analytical grade and used as received. The
P-type polished single-crystal Si (111) wafer was obtained
from GRINM Semiconductor Materials Co. (Beijing,
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China). Ultrapure water (>18 MQ cm) was used in this
work.

2.2 Preparation of GO Colloid Solution

Expandable graphite was first heated at 1,050 °C in air for
15 s. The heat-treated expandable graphite powder (1 g)
was then added to 98 % H,SO,4 (23 mL) in an ice bath with
stirring, and KMnOy, (3 g) 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 15 min, the
mixture was further treated with ultrapure water (140 mL)
and 30 % H,0, solution (12.5 mL). The obtained mixture
was first washed with ultrapure water until a pH level of 7
was reached, and was then dialyzed with stirring until
SO,*~ anions could no longer be detected by the BaCl,
solution (1 M). A diluted GO colloid solution with a con-
centration of 0.4 mg mL™" was employed in the succeed-
ing process.

2.3 Fabrication of PDA/GO-PFDTS and the Controlled
Samples

Silicon wafers were cleaned in a piranha solution (a mix-
ture of 7:3 (v/v) 98 % H,SO, and 30 % H,0,) at 90 °C for
30 min. After being thoroughly rinsed with ultrapure water
and blown dry with N,, the silicon wafers were immersed
into a TRIS-HCI buffer solution (25 mL, 10 mM, pH 8.5)
of dopamine (0.05 g) for 1 h. Then, the sample was taken
out to clean in ultrapure water by ultrasonication and blown
dry with N,. Subsequently, the sample was kept in
GO aqueous solution at 80 °C for 1 h followed by an
ultrasonication and blow-drying process, The sequential
immersion in dopamine and GO colloid solution resulted in
the formation of PDA/GO multilayer. Then, PEDTS mol-
ecules were deposited onto the surface of PDA/GO by a
chemical vapor deposition (CVD) process. Specifically,
PDA/GO was introduced into a sealed vessel with a con-
tainer containing 20 pL. PFDTS and maintained at 110 °C
for 3 h. Finally, the samples were ultrasonicated in toluene,
acetone, and ultrapure water in turn to remove the physi-
sorbed molecules. The whole process was schematically
shown in Fig. 1.

The controlled samples without GO sheets, i.e., PDA
and PDA-PFDTS were prepared via the similar process by
omitting the immersion into the GO colloid solution. We
also tried to fabricate a sample without PDA component by
the similar procedure by omitting the immersion into
dopamine buffer solution; however, due to the absence of
adhesive PDA layer, it failed. Self-assembled monolayers
of PFDTS (coded as PFDTS-SAMs) were prepared on Si
substrate by the above-mentioned CVD process. The

tribological properties of the controlled samples (PDA,
PDA-PFDTS, and PFDTS) were tested and compared with
the samples of PDA/GO and PDA/GO-PFDTS.

2.4 Characterizations

Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectra were recorded with an IFS 66 V/S
FTIR spectrometer (Bruker, Germany) using a Harrick
Scientific horizontal reflection Ge-attenuated total reflec-
tion accessory (GATR, incidence angle 65°). In order 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, USA) was performed using a mono-
chromated Al-Ko irradiation. The chamber pressure was
about 3 x 10~® Torr under testing condition. Peak decon-
volution and quantification of elements were accomplished
using the software of Origin 7.0.

Water contact angle (WCA) of different samples was
determined using a DSA100 contact angle meter (Kriiss,
Germany). The averaged values of at least five repeat
measurements for each sample were obtained.

The surface morphologies of different samples were
observed by a Nanoscope Illa multimode atomic force
microscope (AFM, Veeco, USA) in tapping mode. The
micro-tribological properties of different film samples were
measured using the same AFM in contact mode. Triangular
silicon nitride cantilevers with a normal force constant of
2Nm~ ' were employed for AFM measurements. No
attempt was made to calibrate the torsional force constant,
and the same cantilever was applied in all measurements.
The output voltages were directly used as the relative
frictional force. A series of measurements of friction-load
relationship was conducted from friction loops obtained
from at least five separate locations on each sample sur-
face. In order 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,
China). The pull-off force was considered as the adhesive
force. All experiments were carried out under ambient
conditions of 20 °C and 30 % relative humidity.

Macro-tribological tests were run on an UMT-2MT
tribometer (CETR, USA) in a ball-on-plate contact con-
figuration. Commercially availed steel balls (¢ = 3 mm,
announced mean roughness = 0.02 um) were used as the
stationary upper counterparts, while the lower tested
samples were mounted onto the flat base and driven to
reciprocally slide at a distance of 0.5 cm. The friction
coefficient-versus-time curves were recorded automati-
cally. At least three repeat measurements were performed
for each frictional pair. The friction coefficient and anti-
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wear life were measured at a relative error of 10 and
+5 %, respectively.

3 Results and Discussion

3.1 Formation and Characterization of PDA/
GO-PFDTS

PDA/GO-PFDTS film was constructed by mainly two
steps: NELBL self assembling of PDA/GO multilayer and
the chemo-grafting of PFDTS thereon. As shown in
Fig. la, the fabrication procedure is quite simple. How-
ever, compared with the simple process, the driving force
for such NELBL self assembling seems to be a mystery. In
order to reveal such driving force, it is quite necessary to
know the basic chemical nature and reactivity of the
components, i.e., GO sheets and PDA. It is well known that
GO is a graphite derivative with covalently attached oxy-
gen-containing groups (such as epoxy, carboxyl, and
hydroxyl groups; Fig. 1b) [19-21]. As reported by Niu
et al. and verified in our recent studies, the epoxy and
carboxyl group of GO can react with the amine group of
APTES molecules [7, 22]. Meanwhile, PDA, the other
component for the multilayer, has two characteristics: high
adhesion to substrates and highly reactive due to the active
surface groups (such as hydroxyl and amine) [16]. So, the
driving force for such LBL in this work was supposed to be
a series of surface reactions between the functional groups
of PDA and GO.

In order to clarify such reactions, ATR-FTIR and XPS
spectra for different samples were recorded. As shown
in Fig. 2, for PDA, the peaks located at 2,926/2,852
and 1,457-1,595 cm ™! emerged, which were ascribed to
CH, and benzene ring moiety in dopamine molecules,
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Fig. 2 ATR-FTIR spectra of different samples

@ Springer

respectively. For GO, signals at 1,715 and 1615 cm ™" were
ascribed to the C=O stretching of carboxyl and O-H
bending of C-OH, respectively. After incorporation to
form PDA/GO multilayer, apparent peaks at 1,632 and
1,580 cm™ ' appeared, which were typical signals for
amido or zwitterionic COO-NH;* linkages. However,
considering the absence of a coupling agent such as
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC),
the latter was more likely to be formed.

The fabrication of PDA/GO-PEDTS was monitored by
XPS. The survey spectra for PDA on silicon substrate were
depicted in Fig. 3a. It is apparent that besides the signals
for carbon and oxygen elements, N Is peak (399.9 eV)
emerged. After incorporation with GO and further grafted
with PFDTS, the N Is peak at 399.8 eV was still visible
(Fig. 3b). Compared with PDA or GO, an obvious change
after incorporation for the sample of PDA/GO is the dis-
appearance of Si 2s and Si 2p signals. This is because the
film gets thick as the assembling progressed and the pho-
toelectron can not reach the substrate. Thus, the signals
ascribed to the substrate vanished for PDA/GO and PDA/
GO-PEDTS. C Is spectra for PDA, GO, PDA/GO, and
PDA/GO-PEDTS were given in Fig. 3d—g. C Is of PDA
(Fig. 3d) was deconvoluted into three components with
binding energy at 284.7 eV (C-C in the benzene ring),
286.1 eV (C-O and C-N), and 288.1 eV (C=0O in the
structure of dopaminequinone) [23-26]. Similarly, C Is of
GO was deconvoluted into four components with binding
energy at 284.6, 285.8, 287.1, and 288.9 eV, which were
attributed to the C-C, C-0O, C=0, and OH-C O species,
respectively (Fig. 3e) [7, 27]. After incorporation with each
other to form a PDA/GO film, the signals for C-C
(284.7 eV), C-O/C-N (286.0), C=0 (287.1), and OH-C=0
(288.7 eV) were still visible (Fig. 3f). Moreover, the con-
tent of non-oxygenated carbon (C-C) for PDA/GO
(61.1 %) was lower than that of PDA (71.0 %) and higher
than that of GO (52.5 %). After grafted with PFDTS,
characteristic peak of F Is at 688.8 eV appeared (Fig. 3a,
c). Correspondingly, a signal at 291.4 eV ascribed to C-F
bond emerged in C Is spectrum of PDA/GO-PFDTS
(Fig. 3g) [28].

WCA measurement is a simple, useful, and sensitive
tool to gain insights into the chemical nature of material
surface. The variation of WCA for PDA/GO multilayer is
depicted in Fig. 4. Obviously, WCA varied regularly as a
result of the alternate deposition of the PDA and GO layer.
WCA for PDA is 54.9°, well consistent with the value
reported in the literatures [16, 29, 30]. Upon the comple-
tion of GO deposition, WCA decreases to about 39.6°.
After grafted with PFDTS, WCA increases sharply to 105
(£1.4)°, which is close to that of PDA-PFDTS
(102.3 £ 1.4°) but still a little lower than that of PFDTS-
SAMs on Si substrate (109 £ 1.5°). This difference is most
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likely due to the distinct chemical nature of the sublayer. In
other words, compared with the PDA/GO or PDA sublayer,
it is expected that the hydroxylated Si substrate is abundant
with more surface hydroxyl groups, which are the reactive
points to induce the self assembling of PFDTS. Conse-
quently, PFDTS on bare Si substrate tends to pack more
densely and yield a higher WCA.

AFM morphologies of GO sheets and PDA on Si sub-
strates have been well discussed in our previous studies
[7, 8, 29]. Herein, to obtain further information about the
surface microstructures of PDA/GO and PDA/GO-PFDTS,
samples were examined by AFM in tapping mode.
As shown in Fig. 5a, GO sheets were still faintly visible
after incorporated with PDA. Under larger magnification
(Fig. 5b), nanoparticles with diameter of 30 nm were

Binding Energy (eV)

observed, which were ascribed to the deposited PDA
component. After grafted with PFDTS, GO sheets were not
so easy to differentiate from the matrix (Fig. 5c), while the
nanoparticles at larger magnification were still clearly
visible (Fig. 5d).

3.2 Adhesive and Nano-Tribological Investigation

Due to the large surface-to-volume ratio of MEMS/NEMS,
surface force such as adhesion and friction increased
greatly. Consequently, two major design limitations, i.e.,
stiction and wear, emerged. It was widely observed that a
hydrophobic nanofilm, such as self-assembled monolayers/
multilayers, could reduce such surface forces [31]. In order
to estimate the anti-stiction and wear-resistant behaviors,
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the adhesive (Fig. 6a) and micro/macro-tribological (Figs. 6b,
7) performances were investigated.

As depicted in Fig. 6a, strong adhesion of 152.5 nN was
observed on PDA/GO surface. Once PFDTS was generated
thereon, the adhesive force reduced to 60.8 nN. Similar
variation was also observed for the sample pair of
hydroxylated Si (201.7 nN)/PFDTS-SAMs (57.8 nN) and
PDA (130.5 nN)/PDA-PFDTS (62.4 nN). It can be conclu-

Fig. 5 AFM images of PDA/
GO (a, b) and PDA/GO-PFDTS
(c, d)

@ Springer

ded that the adhesive force for the hydrophilic samples
(i.e., hydroxylated Si substrate, PDA, and PDA/GO) is in a
high level; after grafted with PFDTS (i.e., PFDTS-SAMs,
PDA-PFDTS, and PDA/GO-PEFDTS), adhesive force
decreases correspondingly. This obvious variation can be
attributed to the change in the hydrophobicity of the sur-
faces. In other words, the adhesive force is greatly sup-
pressed with increasing hydrophobicity of the surface.
Such phenomenon indicates that PFDTS outer layer can
obviously lower interfacial energy on silicon wafer and the
capillary force between the tip and surface [28].

The nano-scale friction force-versus-applied load curves
measured in an AFM are depicted in Fig. 6b. It is obvious
that these curves can be fitted by straight lines. There are
two important parameters for such lines, i.e., the slope
(0y/0x) and the intercept. The former is generally viewed
as friction coefficient. However, as shown in Fig. 6b, the
Y axis (frictional force signal) is expressed in raw voltage
signal. So, the slope can just be taken as a “relative coef-
ficient of friction” (RCF) to compare with each other to
evaluate the lubricity [7, 8]. Based on the magnitude of
RCF, the tested samples can be roughly divided into two
groups, i.e., hydrophilic and hydrophobic ones. For
hydrophilic ones, RCF is in a high level. It can be seen
from Fig. 6b that the hydroxylated silicon wafer records a
highest RCF of 2.25, which decreases slightly to 1.96 or
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1.63 after deposition of PDA or PDA/GO, respectively.
The RCF difference between PDA and PDA/GO suggests
that the exposed GO sheets endow the sample with better
nano-lubricating properties. After grafted with PFDTS, the
samples (PFDTS-SAMs, PDA-PEDTS, and PDA/GO-
PFDTS) become hydrophobic and the RCF values decrease
to a relatively low level (in the range from 0.55 to 0.64).
The excellent lubricity can be attributed to the hydropho-
bicity of the PFDTS outer layer, which can lower the
interaction between the tip and film; consequently, the
dissipation of the accumulated energy generated by
the sliding of AFM tip on sample surface is smaller and a
lower RCF is obtained. Besides, the low friction of the
hydrophobic sample also can be ascribed to the nature of
the PFDTS outer layer. Namely, the outer long chains have
a significant freedom to swing and rearrange along the
sliding direction under shear stress, and consequently yield
a smaller resistance [32]. From above discussions, it can be
seen that the RCF values of the hydrophobic samples are
dependent on the microstructures of the PFDTS outer layer.
Due to the tiny WCA difference as discussed in Sect. 3.1, it

is assumed that PFDTS on bare Si substrate is packed more
densely and consequently the RCF is the lowest.

The non-zero intercept, which is believed to be gener-
ated from the jump-to-contact instability caused by attrac-
tive forces during the approach of the tip to the sample
surface, is the other important parameter to estimate the
nano-tribological behaviors [33]. For the hydroxylated Si
wafer, a highest intercept of 838 mV was observed, which
decreases to 301 and 264 mV for the samples of PDA and
PDA/GO, respectively. Once the sample becomes hydro-
phobic, the adhesive force between AFM tip and sample
surface decreases and such jump gets weak. So, for the
hydrophobic samples of PFDTS-SAMs, PDA-PFDTS, and
PDA/GO-PFDTS, the intercept was 40.6, 54.7, and
47.6 mV, respectively.

3.3 Wear Resistance

In order to evaluate the wear resistance, the curves of
friction coefficient-versus-sliding time for different sam-
ples obtained by a ball-on-plate tribometer are presented in
Fig. 7. The PDA (Fig. 7a) exhibited high friction coeffi-
cient (0.29) and short anti-wear life (~50 s). After GO
sheets were incorporated to form a multilayer film of PDA/
GO (Fig. 7c), the anti-wear life increased sharply to
~2,850 s. Comparing the structure difference between
PDA and PDA/GQO, it is inferred that the interlayered GO
sheets account for the excellent anti-wear performances. In
other words, the nice lubricity of GO sheets (as proved in
our recent works [7, 8]) and the nanocomposite structures
lead to a lengthened anti-wear life. Once PFDTS was
grafted onto PDA (Fig. 7b) or PDA/GO (Fig. 7d), the wear
resistance was enhanced further; moreover, the friction
coefficient decreased. These improvements were most
likely to be related with the chemical composition and
microstructures of the PFDTS outer layer. Specifically,
owing to the high flexibility and low surface energy of the
PFDTS outer layer, the friction coefficient for the multi-
layer decreases; moreover, the PFDTS monolayer pos-
sesses high elasticity and can endure larger stress,
compression, and shear, without significant lateral dis-
placement [34]. So, the wear resistance is correspondingly
enhanced for the samples of PDA-PFDTS and PDA/GO-
PFDTS. However, the lengthened anti-wear life for PDA/
GO-PEDTS [>700 s, i.e., the difference between antiwear
of PDA/GO-PFDTS (>3,600 s) and PDA/GO (~2,900 s)]
is much longer than that of PDA-PFDTS [~ 100 s, i.e., the
difference between antiwear of PDA-PFDTS (~ 150 s) and
PDA (~50 s)] and anti-wear life of PEFDTS-SAMSs on bare
Si substrate [several seconds, as shown in Fig. 7g]. In other
words, the enhancement of PFDTS in wear resistance is
sublayer dependent. Sublayer with better wear resistance
endows the PFDTS outer layer with better enhancement.
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Fig. 7 Variation in friction
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This is probably because the sublayer with better wear Acknowledgments The authors would like to thank the financial

resistance can share larger stress, compression, and shear
with the PFDTS outer layer during sliding, and conse-
quently yields a better enhancement.

4 Conclusions

A hydrophobic multilayer abridged as PDA/GO-PFDTS
was constructed on the silicon substrate by a process
combining the non-electrostatic LBL assembly and chemo-
grafting. The microstructures and tribological behaviors
were investigated. Results indicate that the multilayer
possesses excellent tribological performances, i.e., high
load affording capacity and low friction coefficient. The
good friction reducing and wear resistance performances of
such developed multilayer imply potential applications in
NEMS/MEMS as lubricant coatings.
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