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Abstract: In this study, novel silane functionalized graphene oxide (PVSQ-GO) composite material
is synthesized through the hydrolysis condensation reaction of vinyl triethoxysilane monomers
occurred at the surface of graphene oxide. Results obtained from FTIR, Raman, X-ray photoelectronic
spectroscopy (XPS), XRD and TGA measurements reveal that polyvinyl sesquisiloxane microspheres
adhere to graphene oxide lamellae in the form of chemical bonds. Meanwhile, it is intuitive that
abundant polyvinyl sesquisiloxane microspheres stick to the surface of graphene oxide and increase
the thickness of the flake. Modified graphene oxide changes from hydrophilicity to hydrophobicity
were owing to the existence of polyvinyl sesquisiloxane microspheres on the surface of graphene
oxide (GO). PVSQ-GO composite exhibited good dispersion in eco-friendly waterborne polyurethane
coating. Electrochemical impedance spectroscopy manifested that the anti-corrosion performance
of waterborne polyurethane (WPU) coating embedded at 0.5 wt.% PVSQ-GO composite improved
effectively. Tafel curves reveal that 0.5 wt.% PVSQ-GO/WPU coating specimen shows the lowest
corrosion rate of 8.95 X 107> mm/year when compared with the other coating specimens. The good
anti-corrosion abilities of PVSQ-GO composite coating can be interpreted as the good compatibility
between PVSQ-GO composite and waterborne polyurethane, however, the intrinsic hydrophobicity
of PVSQ-GO composite is beneficial to inhibit the permeation of corrosive medium and thus slows
down the corrosion rate.

Keywords: waterborne polyurethane; silane functionalized graphene oxide; dispersion; hydrophobicity;
corrosion

1. Introduction

Graphene, a novel two-dimensional carbon nanomaterial with a special single-atom-thick lamellar
structure, which urges with graphene, possesses some superior properties, such as thermal stability [1],
good conductivity [2], excellent mechanical properties [3,4], high specific surface area [5] and
impermeability, [6] etc. So far, many studies have proved that graphene has enormous potential in the
application of the anticorrosion field [7,8]. The original studies had demonstrated that directly coating
graphene on metal substrate through chemical vapor deposition (CVD) could provide an effective
anticorrosion protection for the metal substrate which is mainly ascribed to the impermeability of
graphene nanosheets [9-11]. Prasai et al. [12] employed electrochemical methods to grow graphene on
a copper and nickel matrix, the result revealed that the graphene coating could restrain metal oxidation
and oxygen reduction effectively, hence, it presented good anti-corrosive performance when compared
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with bare copper and nickel, however, the metal was corroded at the cracks in the graphene film.
There are also reports that graphene grown on copper may accelerate the oxidation of copper under
ambient conditions because it provides an additional electron channel that induces the rapid formation
of oxygen ions at the air/oxide interface [7,13]. It would be a great failure for graphene coating to offer
a long period of anti-corrosion effects owing to the existence of microgalvanic corrosion once a defect
has formed [14,15].

Another strategy to apply graphene on metal anti-corrosion is adding graphene to a conventional
polymer coating. Initially, graphene nanoplatelets are directly mixed with organic coating without any
modification treatment [16,17]. However, and in fact, simply adding graphene is not common, because
the compatibility between graphene and polymer materials is not ideal, graphene has the tendency
to agglomerate and stack, and can even have an adverse effect. In addition, the electrical connection
of metal and graphene will promote the corrosion process once the coatings are destroyed and the
electrolyte penetrates the coating into a coating/metal interface, which are ascribed to the potential
differences between graphene and metal, thus leading to microgalvanic corrosion. Sun et al. [18]
encapsulated graphene sheets in insulating materials (3-aminopropyl)-triethoxysilane (APTES) to
form a reduced graphene oxide@APTES sandwich structure composite, the barrier properties of
the polyvinyl butyral coating improved remarkably by embedding appropriate amounts of the
composite in the coating and the corrosion-promotion activity of graphene was completely inhibited.
Subsequently, they also investigated the functionalization degree of graphene which would influence
the anti-corrosive performance of the composite coatings. The result revealed that there was a critical
functionalization degree of graphene that could inhibit the corrosion promotion activity, however, due
to the restrictions of the extent of reaction between graphene and APTES, the corrosion promotion
activity was difficult to suppress absolutely [19]. Liu et al. [20] succeeded in synthesizing the titanium
dioxide-decorated graphene oxide (GO) nanocomposite, then the nanocomposite was modified with
Y-(2,3-epoxypropoxy) propyl-trimethoxysilane and afterwards the final product was incorporated
into epoxy resin to fabricate an epoxy coating, and then it was painted on the surface of aluminum
alloy. The nanocomposite exhibited good dispersion in the epoxy matrix and the enhancement
of anti-corrosion performance for the coating was observed in an obvious way. Zhang et al. [21]
used four kinds of silane coupling agents to modify graphene oxide. The result demonstrated that
graphene oxide grafted by 3-methacryloxypropyltrimethoxysilane showed better dispersion stability
than 3-aminopropyltrimethoxysilane. This might be attributed to the preferential reaction of amino
groups in 3-aminopropyltrimethoxysilane with carboxyl groups on the surface edge of graphene oxide,
which inhibited the reaction between hydroxyl groups hydrolyzed by 3-aminopropyltrimethoxysilane
and hydroxyl groups on the surface of graphene oxide. Graphene oxide, when combined with the
3-methacryloxypropyltrimethoxysilaneby chemical bond could disperse uniformly in an urushiol
formaldehyde polymer (UFP) coating, and thus, presented significant enhancement in anticorrosion
performance which was ascribed as critical for 3-methacryloxypropyltrimethoxysilane to improve
the interfacial interaction between UFP and graphene oxide. Above all, a silane coupling agent
can effectively improve the compatibility between graphene and an organic polymer matrix, which
provides a new idea for the application of graphene.

Polysesquisiloxane (PSQ) microspheres are a new type of organic-inorganic hybrid material
that have a special spatial stereostructure of both an inorganic siloxane “skeleton” structure and a
side chain featuring an organic group. The special chemical composition and structure endows it
with excellent properties of inorganic/organic hybrid materials, such as excellent thermal stability,
corrosion resistance, and hydrophobicity etc. Furthermore, the functional organic groups on the
surface of PSQ microspheres play an important role in hydrophobicity and chemical reactivity of
PSQ [22]. Rabby et al. [23] coated octaisobutyl polyhedral oligomeric silsesquioxane (POSS) on
the surface of SiC nanoparticles via a sonochemistry method to manufacture a more compatible
interface between the particle and the thermoset polymer. It was found that the flexural strength,
modulus, and glass transition temperature of the polymer improved obviously after the injection
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of the nanoparticles. Yadav et al. [24] synthesized new composite material consisting of POSS and
carbon nanotubes; the processability and solubility of the composite was enhanced substantially due
to the better reactivity and solubility of POSS molecules in organic solvent. Xue et al. [25] prepared
polysesquiloxane grafted graphene oxide hybrids by the reaction of the epoxy group and the carboxyl
group on the surface of graphene oxide with the amino of amine-functionalized polyhedraloligomeric
silsesquioxane. The POSS-GO hybrids could be stably dispersed in many common organic solvents,
such as tetrahydrofuran, toluene, acetone and chloroform. The contact angle between the film prepared
by POSS-GO and water/air was 157°, which exhibited strong hydrophobicity. S. Naderizadeh et
al. [26] used a simple annealing process to fabricate superhydrophobic silica nanoparticle films over
a metal surface, and found a significant enhancement of wear resistance by using a thin graphene
nanoplatelet film as a thermal interface material between the primer and the silica nanoparticle film.
At present, there are rarely any investigations in regard to polysesquisiloxane in situ formation on the
surface of graphene nanosheets. To the best of our knowledge, polyvinyl sesquisiloxane (PVSQ) is
synthesized by a hydrolysis condensation reaction, and the reaction conditions are mild and easy to
control. Moreover, PVSQ microspheres possess the organic functional group of double bond which
will improve compatibility with the organic matrix. On the other hand, as an organic-inorganic hybrid
material, PVSQ microspheres display hydrophobicity. It is a potential for PVSQ to be applied in the
modification of graphene and anti-corrosion waterborne polyurethane.

Therefore, in this research, we choose vinyl triethoxysilane as the reaction monomer to synthesize
polyvinyl sesquisiloxane microspheres and then attach them in situ on the surface of graphene oxide.
Subsequently, the silane functionalized graphene oxide (PVSQ-GO) composite was introduced into
an eco-friendly, waterborne polyurethane coating at different amounts to investigate the corrosion
resistance performance by traditional electrochemical methods, such as electrochemical impedance
spectroscopy (EIS) and Tafel curves. The results showed that addition of 0.5 wt.% PVSQ-GO composite
coating exhibited better barrier properties.

2. Experimental

2.1. Materials

Graphene oxide powder (lateral dimension: 0.5-5 um) was purchased from Qitaihe Baotailong
Graphene New Materials Co., Ltd (Qitaihe, China). Vinyltriethoxysilane (97%) was purchased
from Aladdin Industrial Corporation (Shanghai, China) without further purification. Waterborne
polyurethane (NeoRez R-9679) was provided by Royal Dutch Dismann Group (Shanghai, China), and
the solid content was 37 wt.%, the Fourier transform infrared (FTIR) spectra confirmed it was polyester
(Figure 1). Ammonia (25%) and absolute ethanol were purchased from Shanghai Titan Scientific Co.,
Ltd (Shanghai, China). Deionized water was made in the laboratory. Q235 Steel with a dimension
of 150 mm X 75 mm X 2 mm was abraded using sand-papers with 400, 800, and 1200 grades. Then
these samples were washed with absolute ethanol and deionized water prior to coating application.
The composition of Q235 steel is shown in Table 1.

Table 1. The chemical composition of the Q235 steel specimen.

Elements Fe C Mn Si S P
Content (wt.%) 99.03 0.16 0.42 0.30 0.050 0.045
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Figure 1. FTIR spectra of pure waterborne polyurethane.
2.2. Synthesis of Silane Functionalized Graphene

Silane functionalized graphene was synthesized by the process as shown in Scheme 1. At first,
150 mg graphene oxide was dissolved in 50 mL of deionized water with continuous sonication for
30 min to prepare GO aqueous suspensions. Then, 5 mL of vinyltriethoxysilane was added into the
GO aqueous, after a reaction under magnetic stirring at 20 °C for 3 h, and then 3 mL of ammonia
was added into the above aqueous solution dropwise. The reaction was maintained at 40 °C for 4 h.
Finally, the modified GO was centrifuged and washed with absolute ethanol and deionized water
several times to remove unreacted reagents. The modified GO was named PVSQ-GO and stored for
the following experiments.

\
g r '
/-o-z—g—cm " \
N Hydrolysis
VTES
20C, 3h
NH;'H,0
GO aqueous
Q
-
= 4
= >,
= =
=

Washing

l & Centrifugation

PVSQ-GO
Scheme 1. The detail schematic procedure of silane functionalized graphene.
2.3. Fabrication of the Composite Coatings

A certain amount of PVSQ-GO composite (18.5 and 37 mg) was dispersed in 8.5 g of deionized
water by ultrasonication for 30 min at room temperature. Then 10 g of waterborne polyurethane was
added into the above mixture by ultrasonication for 5 min, and then stirred for 10 min to make it disperse
uniformly. The mixture was painted onto the pretreated Q235 steel substrates via a wire bar coater with
a thickness of 30 um after being aged for 1 h. The composites coatings were cured in a vacuum oven at
110 °C for 30 min. Based on the different weight content of silane functionalized graphene, the coatings
were named as 0.5 wt.% PVSQ-GO/waterborne polyurethane (WPU) and 1.0 wt.% PVSQ-GO/WPU,
respectively. For comparison, graphene oxide was also used to prepare the waterborne polyurethane
coating according to the above procedure, which was named as 0.5 wt.% GO/WPU. Further, the pure
waterborne polyurethane coating (pure WPU) was also prepared for comparison.
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2.4. Characterization

The morphology of GO and PVSQ-GO was estimated by scanning electron microscopy (SEM,
Quanta FEG 250, FEI, Hillsboro, OR, USA), transmission electron microscopy (TEM, Tecnai G2F20,
FEI, Hillsboro, OR, USA) and atomic force microscope (AFM, Dimension Icon, Bruker, Billerica, MA,
USA). X-ray photoelectronic spectroscopy (XPS, Thermo SCIENTIFIC ESCALAB 250Xi, Waltham,
MA, USA) was utilized to evaluate the chemical structure of the GO and PVSQ-GO composite. A
Fourier transform infrared spectrum was recorded using an FTIR spectrometer (FTIR, NICOLET
iS50, Thermo Fisher Scientific) operating at room temperature. Thermogravimetric analyses (TGA,
NETZSCH STA449F3, Selb, Germany) was conducted from 30 to 800 °C under a nitrogen atmosphere
with a heating rate of 10 °C/min. Raman spectrum was measured with a confocal Raman spectrometer
(HORIBA Scientific, Kyoto, Japan) using the wavelength of 514 nm. Contact angles of graphene
and as-prepared composite coatings were characterized through DSA100 contact goniometer. X-ray
diffraction (XRD, Xpert Pro, New Delhi, India) patterns were obtained using monochromatic Cu
Ko radiation at a speed of 10°/min in the range of 5°-90°, and the interplanar distance (d) was
calculated by the Bragg equation. The morphology of surface and fracture surface of the coatings
was examined by scanning electron microscopy (SEM, Quanta FEG 250). EIS and potentiodynamic
polarization were performed on a ZENNIUM electrochemical workstation (ZAHNER MESSSYSTEME,
Kronach, Germany) with a three-electrode system in 3.5 wt.% NaCl solution. The Ag/AgCl electrode
was used as the reference electrode, a platinum plate was used as the counter electrode, and coated
specimens (exposed surface area of 1 cm?) were used as working electrodes. Before each electrochemical
measurement, open-circuit potential (OCP) was recorded to reach a steady status. At various time
intervals, EIS was carried out in the frequency range of 10° Hz to 1072 Hz with applied 100 mV
sinusoidal perturbations. ZSimDemo3.30d software was used for fitting and analyzing the EIS results.
Potentiodynamic polarization measurements were scanned from —0.50 to +0.50 V (vs. OCP) with a
scan rate of 1 mV/s. A salt spray test was done according to ASTM B117 [27]. In this test, the coating
samples were destoried and placed in the test chamber with a continuous spray of atomized 5.0 wt.%
NaCl solution (pH 7.0, temperature 40 °C).

3. Results and Discussion

3.1. Characterization of the PVSQ-GO Composite Material

A sedimentation test was used to examine the dispersion ability of GO and PVSQ-GO in deionized
water. The sedimentation test result is shown in Figure 2. GO and PVSQ-GO were well dispersed after
ultrasonication for 30 min (Figure 2a), but after 24 h storage, GO aqueous solution was partly deposited
at the bottom of the bottle, while there was no obvious stratification phenomenon in PVSQ-GO aqueous
solution (Figure 2b). It indicated that the dispersion ability of GO in water was significantly improved
after it was modified with vinyltriethoxysilane.

(a) 4 (b)
M o

Figure 2. Optical photographs of graphene oxide (GO) and silane functionalized graphene oxide
(PVSQ-GO) dispersions after 24 h. (a) just ultrasonication for 30 min; (b) storage for 24 h.
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An FTIR spectra of GO and PVSQ-GO hybrid nanomaterial was utilized to investigate the chemical
bonding between PVSQ and GO. Figure 3a shows the characteristic peaks of GO at 3400, 2357, 1728,
1626, 1358, 1207 and 1050 cm™!, which were assigned to hydroxyl vibration (O-H), stretching of
carboxyl groups on carbon skeleton (C-COOH), C=0 vibration (-COOH), aromatic C=C vibration,
stretching vibration of hydroxyl groups in carboxyl groups (-CO-OH), C-OH stretching vibrations and
epoxy C-O stretching [28]. Obviously, some new peaks were observed in the spectrum of PVSQ-GO
hybrid material. The absorption peaks at 3062 and 2960 cm~! belonged to the asymmetric and
symmetric stretching vibration of =CHj, respectively. The absorption peaks of aromatic C=C vibration
at 1626 cm™! of graphene oxide shifted slightly to 1606 cm™!, and the intensity of the characteristic
peak increased obviously, both of which were due to the vinyl functional group in vinyltriethoxysilane.
The absorption peaks at 1132 and 1132 cm™! belonged to Si-O-C symmetrical stretching vibration and
the 5i—-O-5i symmetrical stretching vibration, respectively [26]. This could be ascribed to the hydrolysis
and condensation reaction of vinyltriethoxysilane. The presence of various functional groups on GO
sheets demonstrate that grapheme oxide is successfully silane functionalized.

XRD was utilized to provide further insight into the crystalline structure of GO and PVSQ-GO.
As shown in Figure 3b, GO displayed a sharp characteristic diffraction peak at 20 = 12.42° which
corresponded to the (001) plane, indicating an interlayer spacing of 0.712 nm associated with the
existence of oxygen-containing functional groups on the basal plane and residual water molecules
trapped between the adjacent sheets. After modification with vinyltriethoxysilane, the peak at 12.43°
shifted to 9.31° (d = 0.950 nm), signifying the successful covalent attaching and exfoliation of GO.
Furthermore, a new broad peak emerged at approximately 22.68°, implying that GO was reduced by
vinyltriethoxysilane partially and the restoration of a natural graphitic structure.

The structure of GO and PVSQ-GO could be determined through a Raman spectra presented in
Figure 3c. GO exhibited two characteristic peaks located at around 1350 cm~! (D band) and 1592 cm ™!
(G band), which were attributed to the structural defects associated with oxygen-containing functional
groups and the in-plane vibration of sp? carbon atoms, respectively [29]. In addition, the relative
intensity ratio of D band to G band (Ip/Ig) was used to evaluate the disordered degree of graphene.
PVSQ-GO hybrids showed a higher relative intensity ratio (Ip/Ig = 0.921) compared with pristine
GO (Ip/Ig = 0.884). The result demonstrated a higher irregular structure of the PVSQ-GO composite.
The increased relative intensity ratio could account for the graphene oxide that was modified by
vinyltriethoxysilane [30].

TGA analysis was used to measure the thermal stability of materials. Figure 3d shows the TGA
curves of GO and PVSQ-GO. There was a conspicuous difference in weight loss which meant that the
structure and composition of GO changed after modification. There were two weight loss stages in
GO, For Stage I, the weight loss was nearly 17.2 wt.% when the temperature rose to 180 °C due to
the volatilization of residual moisture between graphene sheets. The ultimate weight loss was up
to approximately 57.6 wt.% as the temperature reached 800 °C in Stage II, which was assigned to
the decomposition of oxygen-containing functional groups. However, PVSQ-GO exhibited only one
weight loss stage, and the total weight loss (10.9 wt.%) was far less than that of GO. It was because
the PVSQ-GO composite possesses strong non-polar covalent bonds of S5i-O-C, it can better maintain
the integrity of the internal structure. When the carbon materials are effectively modified by a silane
coupling agent, the embedding of silane groups will improve the thermal stability of materials [31,32].
Meanwhile, polyvinyl sesquisiloxane has good heat resistance, inherently.

The chemical states and composition analysis of GO and PVSQ-GO hybrids were further evaluated
by XPS. The appearance of an Si element in the full XPS spectrum of PVSQ-GO compared with
GO (Figure 3e,f) was observed, which originated from the modification by vinyltriethoxysilane.
The high-resolution C 1s spectra of PVSQ-GO (Figure 3g) could be deconvoluted into five major peaks
located at 284.1, 284.7, 286.5, 287.2 and 288.6 eV, which were allocated to C-Si, C-C/C=C, C-O,C=0 and
O=C-0O bonds, respectively [33]. Two peaks were exhibited in the Si 2p spectra at 102.4 and 103.5 eV
related to Si-O-5i and Si—O-C bonds [34] (Figure 3h). The presence of an Si—-O-Si and Si-O-C peak
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further demonstrated that PVSQ microspheres attach on the surface of the GO sheet via a chemical
bond. This finding was consistent with FT-IR and Raman results.

(a) 2357 ——GO | 12420
1728 U ——PVSQ-GO i~ —"F

1050 1626

} 1207 Y

——PVSQ-GO

Transmittances

Intensity (a.u.)

752

103771132
500 1000 1500 2000 2500 3000 3500 4000 10 20 30 40 50 60
Wavenumber (em™1) 20 (°)
¢ G band d
© 100 @
— GO
— PVSQ-GO

80

Ty/1.=0.921

Intensity (a.u.)

60

40
/1;=0.88 '

800 1000 1200 1400 1600 1800 2000

Weight (%)

100 200 300 400 500 600 700 8OO

Raman shift (em™1) Temperature ('C)
(¢) ol ( ] . O1s
Element  Atomic(%) Fl "".“"“ Atomic(%)

(5 70.36 si 18.57
~ o 29.64 ~ C 48.01
3 3 o 342
a 3
= c1s S Cls
z z
z £
g
H b
1] =

0 100 200 300 400 500 600 700 800

0 100 200 300 400 500 600 700 800

Binding energy (eV) Binding erenry (eV)

h Si-O-Si .
(® Cls (h) R Si 2p
sp2 carbon

~ ) ~
P Csi 284.7¢V 3
G 284.1eV, 6l
N <
& &
5 \ co g
E 1 286.5¢V c=0 E

27.2¢V o-c.0

288.6eV
280 282 284 286 288 290 292 92 98 100 102 104 106

Binding energy (eV) Binding energy (eV)

Figure 3. (a) FTIR, (b) XRD patterns, (c) Raman spectra, (d) TGA curves of GO and PVSQ-GO. (e f)

Survey X-ray photoelectronic spectroscopy (XPS) spectra of GO and PVSQ-GO, (g,h) C 1s and N 1s
spectrum of PVSQ-GO.

The morphology and microstructure of GO and PVSQ-GO were investigated by SEM, TEM, AFM
and contact angle. As shown in Figure 4a, the surface of GO was wrinkled and uneven, and the contact
angle of GO was about 70.2°. It exhibited a hydrophilic property because there were amounts of
oxygen-containing functional groups on the surface of the GO sheet, but after being modified, a large
number of microspheres covered the surface of the prepared PVSQ-GO hybrids (Figure 4b), which
was attributed to the hydrolysis and condensation reaction of vinyltriethoxysilane which took place
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on the surface of GO. The rough surface made it possess a hydrophobicity structure and the contact
angle was up to 95.8°. For the TEM image, the GO exhibited a slight aggregation state (Figure 4c),
however, a great amount of organosilica microspheres stuck to the surface of GO which varied in
size, and the PVSQ-GO nanosheets were transparent with less aggregation (Figure 4d). This meant
that the Van der Waals interaction force between the interlayer of GO was weakened by the modified
vinyltriethoxysilane. The thickness of GO and PVSQ-GO were further analyzed by AFM. GO exhibited
a thin layer structure and the average thickness was about 2.652 nm (Figure 4e), while the average
thickness of PVSQ-GO was about 18.62 nm (Figure 4f). It was much larger than the average lamellar
thickness of GO, this was because a lot of organosilica microspheres covered the surface of the GO
sheet which thus increased the thickness of graphene sheet. To summarize all the above analyses, the
possible reaction mechanism between vinylriethoxysilane and graphene oxide is shown at Scheme 2.

70.2°

Toema. .. S5ed

: 26nm (e')

Height (nm)

.0 0.2 0.4 0.6 0.8 1.0 1.2
-2.1nm Distance(um)

Height(nm)

-5.7nm Distance(nm)

Figure 4. (a,b) SEM and contact angle of GO and PVSQ-GO; (c,d) TEM of GO and PVSQ-GO; (e, f) atomic
force microscope (AFM) image of GO and PVSQ-GO; (eq,f;) thickness of GO and PVSQ-GO.



Coatings 2019, 9, 587 9 of 20

\é . OH 7\ —COOH
i Hydrolysis | H
/—O—?i—ﬁ=CH2 _— HO—?i—ﬁ:c&-i2 + \)/T /T
Ok H,0 OH HoOC oo
OH
g
zls -
- P
- | 2 R
""" ~§ £ ?
g e 5. :15
| HO-Si-O -Si-CH=CH,
/ Nl © &
/ . OH ' —(C-0-Si-CH-CH
! ‘: Cross-linked g
‘ HooC '\ >N
(O b5oH!
HO-2.0.5 O
ECe
BB

Scheme 2. The schematic diagram of the reaction mechanism of synthesizing silane functionalized

graphene.
3.2. Surface Properties and Section Morphology

In order to study the dispersion and interfacial interaction of graphene nanofillers in waterborne
polyurethane coatings, the surface and cross-sectional morphologies of coating specimens are shown
in Figures 5 and 6, respectively. As it can be seen from Figure 5a, pure WPU coating showed a smooth
surface, after the incorporation of the GO and PVSQ-GO composite, the surface became rougher
than pure WPU. But it was notable that there were many small protuberances distributed uniformly
on the surface of the 0.5 wt.% PVSQ-GO WPU coating specimen which were ascribed to the good
dispersion of the PVSQ-GO composite, while the small protuberances agglomerated together for the
1.0 wt.% PVSQ-GO WPU specimen, corresponding to the excessive PVSQ-GO composite agglomerated
in the WPU matrix. The contact angle of the coating surface would have affected the anticorrosion
performance of the coating. The pure WPU coating specimen exhibited a contact angle of 71.4°, but
while inserting the hydrophilic GO into the WPU coating, the value of the contact angle dropped to
65.3°. The 0.5 wt.% PVSQ-GO WPU coating specimen exhibited a maximum contact angle value up
to 83.6°, which was to account for the inserting of the hydrophobic PVSQ-GO composite. With the
increase of the PVSQ-GO composite additional amount, the contact angle value showed a downward
trend which was attributed to the excessive PVSQ-GO composite which was difficult to disperse well
in the WPU matrix.

Figure 5. SEM images of surfaces and contact angle for (a;—as) pure WPU, (b;-by4) 0.5 wt.% GO/WPU,
(c1—c4) 0.5 wt.% PVSQ-GO/WPU, and (d;-dy4) 1.0 wt.% PVSQ-GO/WPU coatings.



Coatings 2019, 9, 587 10 of 20

Figure 6. Cross-section morphology of all as-prepared coatings; (a;—az) pure waterborne polyurethane
(WPU), (b;-b3) 0.5 wt.% GO/WPU, (c1—c3) 0.5 wt.% PVSQ-GO/WPU, and (d;—d3) 1.0 wt.%
PVSQ-GO/WPU.

The cross-section morphology of the as-prepared coating specimens are shown in Figure 6. A large
number of cracks and holes were observed for the pure WPU coating specimen (Figure 6a), which were
ascribed to the evaporation of water during curing of the waterborne polyurethane. After the addition
of 0.5 wt.% GO, the holes slightly decreased, but numerous cracks were still displayed (Figure 6b),
which owed to the poor compatibility between GO and waterborne polyurethane. However, for the
0.5 wt.% PVSQ-GO/WPU coating specimen, the cracks and holes almost disappeared and displayed a
smooth fracture surface (Figure 6¢c), demonstrating that the good dispersion of the PVSQ-GO composite
in the WPU matrix and excellent compatibility with waterborne polyurethane. With the filler content
being increased up to 1.0 wt.%, the fracture surface was uneven and rough (Figure 6d), thus, it could
be inferred that excessive PVSQ-GO composite agglomerated existed in the WPU matrix.

The EDS map scanning was also utilized to further investigate the dispersion of PVSQ-GO
composite in waterborne polyurethane matrix. Figure 7 shows the EDS map scanning of the surface
and cross-section for 0.5 wt.% PVSQ-GO/WPU coating specimen. The results revealed that Si elements
were detected and distributed uniformly in both the surface and cross-section which suggested good
dispersion of the PVSQ-GO composite in the WPU matrix.
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NKal_2

Figure 7. The EDS map scanning of surface (a) and cross-section (f) for 0.5 wt.% PVSQ-GO/WPU
coating specimen, (b,g) C element, (c,h) O element, (d,i) N element, (e,j) Si element distribution.

3.3. Mechanical Performances

The adhesion strength between the coatings and the metal substrate directly affected the corrosion
resistance of coatings. The coatings tended to foam and delaminate in the process of immersion which
may be attributed to the weak adhesion strength between coatings and metal substrate, thus resulting
the failure of the coating [35]. It was considered that the coating system with strong protective ability
should have a high adhesion strength. The adhesion strength of these as-prepared specimen was
measured by a pull-off test. The result was presented in Figure 8a. For pure WPU specimen, it showed
that the smallest adhesion strength (1.79 MPa), indicated the poor adhesive strength between the
pure WPU coating and the metal substrate. After incorporating 0.5 wt.% GO into WPU, the adhesion
strength increased slightly to 2.26 MPa. The specimen which incorporated 0.5 wt.% PVSQ-GO showed
the largest value of adhesion strength up to 2.97 MPa, suggesting the best reinforcement effect. While
the adhesion strength value of 1.0 wt.% PVSQ-GO/WPU specimen showed a downward trend, this
may be imputed to the agglomeration of excessive graphene. The results showed that the PYSQ-GO
composite could effectively enhance the adhesion strength of the coating and prevent the delaminating
of the coating from the steel surface, so that the composite coating was predicted to exhibit excellent
protection performance.
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Figure 8. Adhesion strength (a) and hardness (b) of all as-prepared coating specimens.

The hardness of the coating is an important parameter in detecting the mechanical properties of
the coating. The ability of the coating to resist crushing and scratching is stronger when the coating has
high hardness. Figure 8b showed the hardness of four kind of coating specimen, the hardness of pure
WPU specimen was about 9.8 HV. When inserted 0.5 wt.% GO into WPU, the hardness of the coating
increased slightly, this could be interpreted as the inserting of GO nanosheets with high hardness.
The well-dispersed PVSQ-GO in WPU increased the hardness of coating up to 11.9 HV, which was
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21.43% higher than pure WPU specimen. The organosilica microspheres attached on the surface of GO
may also enhance the hardness of the coating, the existing of PVSQ-GO will increase the structural
density of waterborne polyurethane. While the mass fraction of PVSQ-GO nano-additives increased
to 1.0 wt.%, the hardness of coating decreased by contrary, illustrated that the distribution state of
nano-additive in the coating matrix was an important factor affecting the hardness of coating specimens.

3.4. Anticorrosive Performances

Open circuit potential (OCP) was considered as a reference for corrosion tendency to some
extent [36,37]. Generally, high OCP value implied a low corrosion trend. The evolution of OCP value
for coating specimen in 3.5% NaCl solution at different immersion times was recorded, as shown
in Figure 9. In the initial immersion, all coating specimens exhibited relatively high potential value
at —0.040 to —0.120 V because the corrosive medium had not yet reached the interface between the
coating and the metal matrix. With the prolongation of immersion time, open-circuit potential showed
a downward trend which demonstrated that the corrosive medium permeated through the coating and
metals were corroded. It was notable that the open circuit potential of pure WPU coating increased
slightly after 10 days immersion which was owed to the corrosive medium blocking the micropores
formed in the curing process of the coating. For 0.5 wt.% GO/WPU coating, the OCP value dropped by
0.35V from one to five days immersion which could be interpreted as the negative effect of hydrophilic
graphene oxide. As a whole, the 0.5 wt.% PVSQ-GO/WPU coating specimen exhibited relatively high
potential value in the all immersion times and showed the lowest rate of declination compared with
any other coating.
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Figure 9. Evolution of open circuit potential (OCP) value for the coating specimens with continuous
immersion.

The anti-corrosive performance of the coating was investigated by electrochemical impedance
spectroscopy (EIS). Figure 10 depicts the EIS date of coating specimens during the immersion of 30 days.
For Bode plots, the impedance modulus at a low frequency of 0.01 Hz (|Z| g 0111,) was regarded as a
semi-quantitative indicator of the coatings barrier performance [38,39]. The Bode plots of pure WPU
showed a high |Z] ¢ 9111, value (1.68 x 107 Q-cm?) at the initial immersion. However, the |Z| ¢ o151, value
of pure WPU gradually decreased to 7.42 x 10® Q-cm? after 30 days of immersion, which indicated
that the penetration of the corrosive solution caused the coating to lose efficacy. For the 0.5 wt.%
GO/WPU coating specimen, its impedance modulus was much lower than pure WPU and failed to
protect metal from corrosion after five days of immersion. It was observed that the coating with
1.0 wt.% PVSQ-GO composite exhibited a higher |Z] ¢ 9111, value than the 0.5 wt.% PVSQ-GO/WPU
coating at the onset of immersion. This was because more fillers could prevent water molecules from
penetrating into the coating, but the impedance modulus declined quickly after 10 days of immersion.
In all immersion times, the 0.5 wt.% PVSQ-GO/WPU coating specimen maintained a higher |Z] ¢ 9111,
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value which indicated its optimal protection behavior. From the Nyquist plots, all coatings exhibited a
shrinkage capacitance loop during immersion time, indicating the declining corrosion resistance of
coatings [40]. Generally, larger capacitive arcs and diameters of a coating system denoted superior
protective performance. The 0.5 wt.% PVSQ-GO/WPU coating specimen exhibited a large capacitive arc
radius during all immersion times, which was owed to the good barrier performance of the PVSQ-GO

composite in the WPU matrix.
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Figure 10. Nyquist and Bode plots of the specimens with different coatings. (a) Pure WPU, (b) 0.5 wt.%
GO/WPU, (c) 0.5 wt.% PVSQ-GO/WPU, and (d) 1.0 wt.% PVSQ-GO/WPU.
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To further investigate the anti-corrosive performance of coating specimens, EIS date were fitted
with ZSimDemo3.30d software, and the corresponding equivalent electrical circuits were displayed
on Figure 11. In the equivalent electrical circuit, Rs, R¢, Qc, Rcy and Qg; were used to represent the
solution resistance, coating resistance, coating capacitance, charge transfer resistance and double-layer
capacitance, respectively. Warburg impedance element (Zyy) represented the diffusion process of the
electrolyte solution through the coating, resulting in the increase of the cathodic reaction [41]. In the
initial immersion time, the corrosive solution had not penetrated the coating system yet, and the
corresponding equivalent electrical circuit is shown in Figure 11a. With the penetration of the corrosive
solution into the interface between coating and substrate, corrosion began to occur (Figure 11b). Owing
to the existence of impermeable graphene nanosheets, the transfer procedure of corrosive solution
in the coating system became the control step, the circuit is shown in Figure 11c. In the ultimate
immersion time, the coating system lost the protective effect, and the circuit is shown in Figure 11d.
)
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Figure 11. Electrical equivalent circuit models for composite coatings. (a) initial immersion,
(b,c) midterm immersion, (d) coating lose efficacy.

R. was used for evaluating the barrier performance of coating specimens [42]. In general, the
R value of all coating specimens decreased with the prolongation of immersion time (Figure 12a).
The 0.5 wt.% PVSQ-GO/WPU coating exhibited a superior Ry, value when compared to other specimens
during the test time, and its R. value decreased from 7.652 X 107 to 9.424 x 10° Q-cm? after the
immersion of 30 days. The R. value was an order of the magnitude higher than the pure WPU coating.
The Rt value indicated the corrosion resistance of the metal matrix [43]. The R appeared for the
0.5 wt.% PVSQ-GO/WPU coating when immersed at 10 days, and it maintained at approximately
7.326 x 107 Q-cm? when the immersion time increased to 30 days, which suggested that the steel matrix
was well protected by the WPU coating added 0.5 wt.% PVSQ-GO composite(Figure 12b).
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Figure 12. Variation of the electrical parameters (a) Rc, (b) Rt obtained from the fitting results for
different coating systems at various immersion times under 3.5% NaCl solution.
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The protective properties of composite coatings were also studied by the potentiodynamic
polarization test, and the result is shown in Figure 13 and Table 2. The corrosion potential (Ecorr), the
corrosion current density (Icorr), anodic Tafel lope (b,), and cathodic Tafel slope (b.) were calculated
by Tafel extrapolation using electrochemical analysis software (CorrView-2). Generally speaking,
the lower corrosion current density (Icorr) and higher corrosion potential (Ecorr) indicated coatings
with better corrosion resistance. It was clearly shown that there was a negative shift in the trend of
the Ieorr from 2.404 x 1077 A/cm? for pure WPU coating towards 7.079 X 10~ A/cm? for 0.5 wt.%
PVSQ-GO/WPU coating specimen which manifested the enhancement barrier performance of the
PVSQ-GO composite.

2
AL
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\ i —— Pure WPU
% r,f —— 0.5% GO/WPU
-4r 3% i 0.5% PVSQ-GO/WPU
P, A —— 1.0% PVSQ-GO/WPU
a ) :
5 o
<«
=
D
20
=
o8
-10 +
1 1 1 1 1 L 1 L 1 1 1
-1.0 -0.8 -0.6 -0.4 -0.2 0.0

Potential (V vs.Ag/AgCl)
Figure 13. Tafel curves of bare substrate and bare substrate with coatings.

Table 2. Potentiodynamic polarization parameter values for coated Q235 metal.

b b R v,

2 a C P 0, corr
Sample Ecorr (V) Icorr (A/cm?®) (mV/dec) (mV/dec) (thmZ) IE (%) (mm/year)
Bare steel -0.791 7.921 x 1075 143.46 -198.25 456 x 102 — 0.921

Pure WPU -0.614 2.404 x 1077 246.74 —-180.31 1.88 x 10° 99.69 279 x 1073
0.5 wt.% B — B 5 3
GO/WPU 0.539 4.366 x 10 194.64 236.84 1.06 x 10 99.44 5.07 x 10
0.5 wt.% B 9 B o s
PVSO-GO/WPU 0.325 7.079 x 10 233.41 160.39 5.83x 10 99.99 8.96 x 10
1.0 wt.% B g _ 5 -4
PVSO-GO/WPU 0.442 4875 % 10 216.25 184.56 8.87 x 10 99.93 5.76 x 10

The Rp of the coating was calculated based on the Stearn—-Geary Equation [44];

babc
R, = 1
P 2.303(ba + be)leorr @
where, b, b, was the Tafel slope of anode and cathode, respectively.
The corrosion rate veorr (mm/year) was calculated by the following Equation [45];
o Alcorr
Vcorr (Mm /year) = ——— X 87600 )

npF

where A and p were the molecular weight and the density for Q235 steel, respectively. The corrosion
reaction of iron would release two electrons and the chemical valence (n) is 2; and F is the Faraday
constant (F = 96,485 C/mol = 26.8 A-h).



Coatings 2019, 9, 587 16 of 20

The protection efficiency was calculated using the following equation:

bare
corr

-1

PE% = <%
bare
corr

x 100% 3)

where 1537 and I.or represent the corrosion current density of blank sample and coating samples.
As shown in Table 2, the maximum Ry, (5.86 10° Q)-cm?) could be observed in 0.5 wt.% PVSQ-GO/WPU
compared with other coating specimen. All the protection efficiency (PE) values of the coating specimens
were much higher than 95% and it was noted that the PE% of 0.5 wt.% PVSQ-GO/WPU (99.9%) was
the highest, which might be ascribed to the well-dispersed PVSQ-GO composite in coating matrix
that increased the tortuosity of the diffusion path for corrosive medium penetrating into the interface
of the substrate and coating. The corrosion rate of bare steel exhibited an extremely high value of
0.921 mm/year. After incorporating 0.5 wt.% PVSQ-GO composite, the corrosion rate reduced to
8.96 x 10~ mm/year, it was two orders of magnitude lower than pure WPU. The corrosion rate (vUcorr)
was consistent with the result of protection efficiency (PE) and polarization resistance (Rp).

In order to verify the corrosion resistance of the composite coatings, a neutral salt spray test was
carried out and the failure process of the composite coatings was studied. The neutral salt spray test
was a usual method to test the accelerated corrosion resistance of coatings. The as-prepared coating
specimens were exposed in a salt-fog chamber with continuous spray (5 wt.% NaCl solution, pH ~ 7),
and the spray ambient temperature was kept at 40 + 2 °C. Figure 14 shows the photographs of coating
specimens immersed in salt spray chambers for different exposure times. For pure WPU, red rust
appeared near the scratch of the coating after 24 h of exposure. With the increase of the exposure time
up to 200 h, the corrosion became more serious and a large quantity of red rust accumulated near
the scratch area. This phenomenon was attributed to the penetration of corrosive medium through
scratches and micropores into the coating matrix, which indicated the poor barrier properties of pure
WPU coatings. For 0.5 wt.% GO/WPU specimen, there were obvious rust near the scratch area, and
the undamaged area was covered with plenty of blistering during all exposure time. This could
be explained as the hydrophilicity of graphene oxide which could induce the penetration of water
molecule into the interface of the coating/metal substrate. However, almost no obvious rust was
observed after 24 exposure time for 0.5 wt.% PVSQ-GO/WPU specimen and 1.0 wt.% PVSQ-GO/WPU
specimen. At the ultimate exposure time, the specimen contained 1.0 wt.% PVSQ-GO composite
corroded more seriously than 0.5 wt.% PVSQ-GO/WPU specimen and the corrosive area spreads from
scratches area to the undamaged area. This is because agglomerated graphene accelerated the corrosion
process. The 0.5 wt.% PVSQ-GO/WPU coating specimen showed better anti-corrosive performance
among these specimens, the hydrophobicity of PVSQ-GO composite inhibited the penetration of
corrosive media. The graphene nanosheets with good dispersion in organic polymer matrix could also
effectively improve the barrier properties of the coatings.

Based on the above analysis results, the possible anticorrosion mechanism of composite coating
was shown by a schematic drawing in Figure 15. In terms of the pure WPU coating, the corrosive
medium quickly passes through the defects and pores in the coating formed by solvent evaporation
during the coating curing process, and the corrosion of the substrate happened when the corrosive
medium reached the coating/substrate interface. For the 0.5 wt.% GO/WPU coating, hydrophilic
graphene oxide promotes the penetration of water molecules into the interior, thus it accelerated the
corrosion of the metal substrate. In case of the 0.5 wt.% PVSQ-GO/WPU, the improvement of corrosion
resistance could be attributed to the following reasons: (1) Because of the impermeability of graphene
to small molecules, it would provide a tortuous pathway for the penetration of corrosive media; (2) the
well-dispersed PVSQ-GO composite could improve the integrity of coatings by blocking defects and
pores; and (3) the hydrophobic PVSQ-GO composite inhibited the penetration of water molecules, thus
delaying the corrosion process of metal substrate.
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Figure 14. The pictures of different coating systems (a) pure WPU, (b) 0.5 wt.% GO/WPU, (c) 0.5 wt.%
PVSQ-GO/WPU, and (d) 1.0 wt.% PVSQ-GO/WPU immersed in salt spray chamber after 200 h.
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(a) | GOWPU

FemFe*+2e¢ 0,
4Fe* +80H+0, —2Fe,05+4H,0

Figure 15. The possible corrosion protection mechanism of pure WPU (a), GO/WPU (b), and
PVSQ-GO/WPU (c) composite coatings.
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4. Conclusions

In summary, we have successfully synthesized novel silane functionalized graphene oxide
composite material through the hydrolysis and condensation reaction. The chemical structure and
morphology of the as-prepared PVSQ-GO composite was confirmed by FTIR, Raman, XPS, XRD
and TGA measurement. Further, the as-prepared PVSQ-GO composite presented a hydrophobic
nature and showed good dispersion after being incorporated into waterborne polyurethane coating.
The anti-corrosion performance of composite coating was evaluated by electrochemical impedance
spectroscopy, Tafel curves and neutral salt spray test. The results showed that the composite coating
incorporated with 0.5 wt.% PVSQ-GO composite possessed superior anti-corrosion abilities. Meanwhile,
the adhesion strength and hardness of the composite coating increased in an obvious way. Furthermore,
the anti-corrosion mechanism was also discussed. The superior anti-corrosion performance might
originate from impermeable graphene sheets prolonged by the permeation path of the corrosive
medium and good compatibility between the hydrophobic PVSQ-GO composite and the waterborne
polyurethane matrix.
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