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Preparation of graphene oxide/
waterborne polyurethane via
boric acid cross-linked dopamine
enhanced barrier and mechanical
properties

Xinxin Tian*?, Yinglu Sun®?, Haopu Xie'?, Biru Shi*?,
Jiahui Zhong'?, Dekun Sheng* and Yuming Yang'?*

Key Laboratory of High-Performance Synthetic Rubber and Composite Materials, Changchun
Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun, China, 2University of
Science and Technology of China, Hefei, China

Herein, a simple and efficient strategy was proposed to improve the gas barrier
properties of waterborne polyurethane (WPU). Graphene oxide was first
modified with dopamine and then cross-linked by boric acid (BA) to bring
the graphene sheets closer together, thereby increasing the complexity of the
gas pathway. FTIR, XPS, and SEM analyses proved that boric acid was uniformly
dispersed into WPU, meanwhile, SEM images demonstrated the defects
between the composites that were filled by the boric acid network. In
addition, the mechanical properties of the composite were also enhanced.
The tensile strength of the material increased from 25.2 to 34.2 MPa, and
Young's modulus increased from 63.3 to 93.7MPa. The helium gas
permeability of the composites was reduced by 85%, compared with the
unmodified WPU film. The arrangement structure of GO modified with
dopamine (DGO) in polyurethane is the main reason for the excellent gas
barrier performance of the material This work provides great potential with GO/
polyurethane for industrial application.

KEYWORDS

waterborne polyurethane, boric acid, cross-linked, helium permeability, gas

Introduction

Polyurethane has various advantages of good elasticity, high strength, low-
temperature resistance, wear resistance, ozone resistance and good chemical
resistance, which is widely used in textile, construction, aerospace, medical equipment
city and other fields (Ramezanzadeh, et al,, 2015; Gomez, et al., 2018; Li, et al., 2018).
Polyurethane elastomer materials have high gas permeability, and the gas barrier
properties of polyurethane can be improved by blending with high barrier materials,
to prepare polyurethane-based materials with high gas barrier properties (Kim, et al.,
2010; Ramezanzadeh, et al., 2015; Bandyopadhyay, et al., 2017).
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FIGURE 1
The synthetic route of WPU/BA/DGO.

Mussels are ubiquitous in seawater and can stick to reefs or
the bottom of ships. In recent years, there have been many studies
on mussels, effectively proving that the dopamine content and
the adhesion ability of fetal shellfish in water are excellent.
Researchers also found that dopamine hydrochloride and its
derivatives are similar to the molecular structure of the dopamine
in the
polymerization in metal, glass, polymer materials and various

mussels, in an alkaline environment through
substrate surface stable adhesion (Li, et al., 2009; Jiang, et al.,
2011; Ding, et al, 2014). Wang, et al. (2018) deposited
polydopamine nanoclusters on the surface of cross-linked
polyacrylonitrile/hyperbranched polyethylene imine film to
prepare electrospun nanofiber film with a multilayer structure.
Yang, et al. (2014) prepared the oil-water separation membrane
by co-deposition of PDA and polyethylene imine (PEI) on the
surface of the polypropylene (PP) ultrafiltration membrane.
Zhang et al. fixed TiO, particles on the surface of the
membrane modified by PDA to improve hydrophilicity
(Zhang, et al, 2013). In addition, although the application
and deposition conditions of PDA have been extensively
studied, the mechanism of polymerization and the molecular
structure of PDA have not been determined. Many research
groups have analyzed the structure of PDA through a variety of
testing methods, and the mechanism of polymerization has been
speculated and verified (Moon, et al., 2010).

As a

compounded with polymers to improve the performance of

two-dimensional nano material, graphene is
the material and meet higher demands. Graphene composites
can not only improve the mechanical properties of polymers, but

also exhibit other unique properties (Kim, et al., 2010), such as
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piezoelectric properties, shape memory properties, gas barrier
properties (Zhu, et al., 2010; Bandyopadhyay, et al., 2017; Kim,
et al, 2019), and optical performance. Which become one of
research hot spot in the polyurethane matrix composites in a
short period time (Zhang, et al., 2018). However, related reports
pointed that the nature of graphene with a lamellar structure is
not ideal for hydrophilicity and lipophilicity. Due to the large
specific surface area, it is difficult to obtain nanoscale uniform
dispersion in the polymer resin, and the interaction force
between graphene and polyurethane matrix is also weak (Ma,
etal, 2018). Therefore, researchers have made a lot of attempts in
the modification and pretreatment of graphene. Jiang et al. used
vacuum suction filter self-assembly and successfully synthesized
graphene oxide/MoS,/PU composite membrane by imitating the
ternary structure of pearl shells. Then they proved the high
mechanical properties of graphene oxide and MoS, of
nanometer lubricating synergistic toughening effect, at the
same time, the composites has good electrical conductivity
(Qin, et al, 2018). The ternary synthetic pearl with excellent
toughness has broad application prospects in aerospace, flexible
supercapacitor electrode, artificial muscle, tissue engineering,
and other fields (Yan, et al., 2020). Li et al. used boric acid as
a cross-linking agent to prepare PVA/GO blend film (Li, et al.,
2018). The material transmittance was less than 0.005 cc m™
day™', the permeability was less than 5.0107*° cm® cm cm > and
the transmittance was more than 85% at 550 nm, which has the
potential to be used as industrial productions. Possible reasons
for the insufficient barrier performance could be resulted from,
the aggregation of GO at high content (low aspect ratio) and the
poor adhesion between the polymer and GO sheets (interfacial
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(A) FT-IR spectra of GO and DGO, (B) XRD spectra of GO and DGO, XPS Cls spectra of (C) GO and (D) DGO.

spaces). Kim, et al. (2010) used boric acid as a cross-linking agent
to prepare the GO/boric acid/EVOH ternary structure. Through
boric acid cross-linking, a blend film with excellent barrier
properties, mechanical properties, and corrosion resistance
was successfully obtained. The gas permeability of the barrier
property was reduced by 96.1% compared with pure epoxy resin.
The corrosion rate and corrosion rate ratios are 3.43.10° mm/
year and 98.46%, respectively. This blended material can be used
in gas storage, food packaging, and anti-corrosive coatings (Yan,
et al, 2020). Seo crosslinked MXene and GO through 3-
aminopropyl  triethoxysilane =~ (APTES) by employing
carbodiimide reaction. The 10 wt% f-MXene-GO/EAA coated
layer showed a very low H, permeability coefficient
(0.03 ccmm.m™.d".atm™") and a significant 89% reduction in
the H, gas transmission rate with respect to nylon 6 (Seo, et al.,
2021).

In this study, GO was first modified and treated with
dopamine hydrochloride, then used borate ions to cross-link

WPU and DGO, which enhanced the interfacial adhesion. Bio-
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inspired cross-linking networks were produced, and then
improved the barrier properties of WPU/DGO composites. A
simple technique that combines solution blending and cross-
linking methods were used to prepare WPU/BA/DGO composite
films as shown in Figure 1.

Experiments
Materials

Graphite, boric acid, dopamine hydrochloride and potassium
permanganate were purchased from Aladdin. Sulfuric acid
(H,SO4, AR), phosphoric acid (H;PO,4, AR), hydrochloric acid
(HCI, AR) and triethylamine hydrogen peroxide (AR, 99%,
Macklin Biochemical Co. Ltd) were used without any
treatment. The type of waterborne polyurethane is 1721 (The
shi bang, Wenzhou). Other materials were used directly without
further treatment.
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FIGURE 3
AFM spectra of GO and DGO.

Synthesis of DGO

GO was prepared by the modified Hummers method. 3 g of
graphite and 18 g of potassium permanganate were stirred in a
three-mouth flask, and the mixture of concentrated sulfuric acid
and concentrated phosphoric acid (volume ratio 360 ml: 40 ml)
were slowly added to the reaction bulb. All reagents were stirred
vigorously at 50°C for 12 h. After cooling, the mixture was slowly
poured into the ice frozen with 400 ml deionized water, stirring
until all dissolved, then 22 ml of hydrogen peroxide and 400 ml
of 0.5 vol% hydrochloric acid was added. The mixture was left
overnight to remove the supernatant and wash with deionized
water several times. A brown-yellow gel was obtained after
centrifugation at 8000 rpm for 30 min. And GO solid was
obtained after freeze-drying.

GO was evenly dispersed in an aqueous solution and added
100 ml PH = 8.5 10 mM Tris-HCI buffer solution. After fully
stirring, an aqueous dopamine hydrochloride solution was slowly
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added and the reaction was carried out for 24 h. The resulting
solution was centrifuged at 15000 rpm for 3 times to obtain the
lower solid. The GO modified by dopamine was obtained after
freeze-drying, which was denoted as DGO.

Synthesis of WPU/BA/DGO

Preparation of WPU/DGO blend and WPU/BA/DGO blend:
DGO of 0.1wt%, 0.5wt%, 1wt%, and 2wt%, respectively was
added in the WPU (solid content 30%), stirring at 70°C for
6 h. All mixtures were put in the refrigerator after freeze-drying,
and then further hot-pressing film for characterization. At the
same time, 7g WPU (solid content 30%) was immersed in
polyurethane film with 2wt% DGO, 0.5 mg/ml boric acid
solution and 1mg/ml boric acid solution, respectively. The
surface was cleaned with deionized water and then put into
the oven at 50°C to dry.
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FIGURE 4
WPU/BA/DGO.
Characterizations

The infrared test of the polyurethane film adopts the total
reflection mode, the range
4000 cm =500 cm™!, the and the
instrument is Vertex 70 of Bruker Company, Germany. GO

test wave number is

resolution is 4cm™,
and dopamine-modified graphite oxide powders were tested by
an X-ray diffractometer (model D8Advance, Bruker, Germany)
with a wavelength of 1.54 angstroms, Cu target, and test Angle of
1°-40°. The dried naturally formed graphene oxide film was used
as the test sample. We use TEM (JOEL-1400, Japan) to observe
the microstructure and morphology of GO and DGO. The
Thermo ESCALAB 250

spectrometer. The sample was prepared with a concentration

instrument model is electron
of 0.01 mg/ml of GO deionized aqueous solution, which was
drip-coated on a quartz sheet, dried to form a film, and AFM
(Bruker MultiMode-V) was tested tapped mode with
MikroMasch Tap probe (NAC15/ALBS). The blend sheet was
quenched in liquid nitrogen and after drying, the cross-section
was sprayed with gold. SEM (JAK-8400fJEOL, Japan) was used to
observe the cross-section morphology of the samples. Stress-
strain testing was performed using a universal tensile testing

machine (Instron 1121). The samples were cut into dumbbell-

Frontiers in Materials

05

shaped splines with a standard cutter, and the tensile rate was
50 mm/min, and each sample was tested at least 5 times. The gas
permeability coefficient of the film was measured by a gas
permeability meter (Labthink VAC-V,). According to GB
1038-2000. Three parallel samples were tested for each sample.

Results and discussions
Chemical structure of DGO

The FTIR spectra of GO and DGO are shown in Figure 2A.
3000 cm™'-3500 cm™" is the stretching vibration peak of the
hydroxyl group (O-H) on the GO surface, 1730 cm™ is the
stretching vibration peak of the carbonyl group, 1620 cm™ is
the vibration peak of the C=C bond, and 1048 cm™ is the
stretching vibration peak of C-O bond. The comparison
between the two shows that the N-H bending vibration peak

1

appears at 1500 cm™', the C-N vibration peak appears at
1379 cm™, and the disappearance of the carb-based peak at
1734cm™" indicates that dopamine is successfully grafted to
GO. To further demonstrate that polydopamine coats the GO

surface, XPS characterization was performed. Figures 2C,D
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TEM spectra of (A) GO and (B) DGO, (C—F) TEM spectra of WPU, WPU/0.5% DGO, WPU/2% DGO, and WPU/BA/2% DGO.

shows the Cls spectra of GO and DGO. As can be seen from the
figure, the C-O peak at 286.7 eV has a significant decrease, while
a new C-N peak appears at 285.5eV, which proves that
polydopamine is grafted on DGO lamellae and contains
amino groups (Ni, et al., 2010).

XRD is an effective method to study the spacing of nano
lamellae. It can be judged by the change of diffraction angle
corresponding to the change of the crystal plane spacing. The
Figure 2B shows the WAXD spectra of GO and DGO. According
to the Bragg equation: 2d sin® = n\ (A = 0.154 nm, #n = 1), the
layer spacing of graphite oxide is 0.90 nm. The diffraction peak of
DGO shifted to a low Angle and was located at 5.2°. The DGO
layer spacing is 1.6nm. This is due to the fact that the
polydopamine coating limits the aggregation of graphite oxide
lamellae and therefore increases the graphite oxide lamellae
spacing.

AFM was used to characterize the morphology and
thickness of synthesized GO and DGO. The Figure 3
shows the morphology and height of the lamellae of GO
and DGO. The thickness of the prepared GO lamellae is
1.48 nm and the roughness is 0.214. The layer thickness of the
synthesized DGO is 1.52 nm and the roughness is 3.535. The
thickness of the material increases slightly and the roughness
increases significantly at the same time. The AFM results
successfully demonstrated the synthesis of GO lamellae and
DGO lamellae.
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Chemical structure of WPU/BA/DGO

The FTIR spectra of WPU and WPU/DGO/BA are shown in
Figure 4. It can be seen that the stretching vibration peak of O-H
and the peak of hydrogen bond appear in 3000cm '-3500 cm™
(Mondal, et al., 2005; Li, et al., 2011). The peaks at 1411 cm ™ and
1085 cm™ are the bending vibration peaks of B-O-C, which
indicates that surface boric acid successfully cross-linked
polydopamine and polyurethane on DGO.

In order to further verify the cross-linking of boric acid in
modified GO and WPU, the XPS test was performed on the
material. The Figure 4B shows the XPS spectra of WPU/BA/
DGO samples. As can be seen from the Figures 4A,C new
characteristic peak Bls appears at 193 eV, and the peak of
Cls is divided as shown in the Figure 4D. It can be seen that
the C-O bond of the material is significantly reduced, which
demonstrated boric acid has been successfully cross-linked to
modify GO.

Morphology of WPU/BA/DGO

The TEM images of GO and DGO are shown in Figure 5. By
comparison, it can be seen that the thickness of GO has
the has
significantly changed, proving that polydopamine was grafted

significantly increased and surface roughness
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TABLE 1 Mechanical properties of WPU and its composite.

WPU

WPU/0.5% DGO
WPU/1% DGO
WPU/2% DGO
WPU/2% DGO/0.5% BA
WPU/2% DGO/1% BA

Stress (MPa)

252+ 1.5
27.7 + 1.7
292 +23
30.0 £ 1.5
33.1£22
342 +13

TABLE 2 Conversion of mass fraction to volume fraction.

wt% 0.005 0.01
vol% 0.0027 0.0056

Frontiers in Materials

0.02 0.03
0.011 0.0166

Strain (%) Young’s modulus (MPa)
890 + 20 633 +23
940 + 35 713 £ 5.6
950 + 30 753 + 1.9
1000 + 25 82.8 £2.5
940 + 30 849 + 35
990 + 25 937 + 4.2

on the surface of GO. As can be seen from the Figure 5, with
increasing in the amount of GO, the defects and gullies of the
section also increased significantly. Moreover, there was no
aggregation phenomenon until the solid content reached 2%.
After cross-linking with boric acid, it can be seen that the defect
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TABLE 3 Go volume fraction and experimental relative permeability by
calculation.

Volume fraction  Experimental relative

of GO permeability
(9) (P1/P,)
WPU 0 1
WPU/ 0.27% 0.889
0.5% DGO
WPU/ 0.56% 0.794
1% DGO
WPU/ 1.1% 0.661
2% DGO
WPU/ 1.66% 0.563
3% DGO

of the membrane section has been significantly reduced and even
disappeared. This is due to the reaction of boric acid with
dopamine on GO while forming hydrogen bonds with
polyurethane to form a cross-linking network.

Helium permeability and mechanical
properties of WPU/BA/DGO

The tensile strength, tensile modulus, elongation at break
with content of WPU/DGO and WPU/BA/DGO films are shown
in Figure 6A; Table 1. With the increase of DGO, the tensile
strength and modulus of the material increase. After boric acid
was introduced, the tensile strength increased to 34.2 MPa and
the tensile modulus increased to 93.7 MPa. Because there is a
strong hydrogen bonding interaction between DGO and the hard
segment of WPU, the addition of boric acid further enhances the
hydrogen bond interaction and cross-links the whole network.

As can be seen from the Figures 6B,C, along with the increase
of the content of DGO, WPU relative helium permeability
coefficient decreases gradually. When the content of DGO is
above 2 wt%, the blend of the relative coefficient of permeability

FIGURE 7
Mechanism of gas barrier in composites.
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of helium into balance. This is likely to be higher DGO gathered
in the WPU matrix, prompting gases to trap properties of the
blend is not increased with the increase of nanofiller content.
When boric acid content increases, boric acid reacts with
modified GO and forms hydrogen bonds with polyurethane at
the same time. The path of gas through the material is extended,
thus increasing the gas barrier ability of the material.
(Choudalakis, et al., 2009; Liu, et al., 2016; Choi, et al., 2017).
The permeability of the material decreased from 4198.3 to
1538.6, while the permeability coefficient decreased from
16.0 to 2.7. Helium permeability was reduced by 85%
(Figures 6B,C).

The gas barrier properties of PU/DGO can be described by
the Nielsen model, which takes into account the dispersion and
orientation of the modified graphene sheets in the matrix (Yang,

et al., 2013):
P

P0

1-¢
1+ (x(S’-;O,S)w M

The gas permeability of P and P, blends and polymers,
respectively; ¢ is the volume fraction of nano-filled particles;
a = L/W is the specific surface area of the lamellae; S’ stands for
orientation. When the lamellae are parallel to the direction of gas
penetration, S’ = 0.5, S’ = 1 when the lamellae are perpendicular
to the direction of gas penetration, and S’ = 0 when the lamellae
are disordered (Layek, et al,, 2014) (Wang, et al., 2016).

The width ratio a measured by AFM is about 270, and the
modified Nielsen model is:

@

By comparing the data obtained with the pseudo-
cooperation diagram, it can be seen that the introduction of
boric acid makes the two-dimensional materials orderly
arranged in the polyurethane matrix, and then makes the
path length of the gas through the material, and the gas
barrier ability of the material is enhanced. As shown in
Figure 6D; Tables 2, 3 The principle of the gas barrier is

e
s —\\ ==
-y ===
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shown in the Figure 7. When there is no filler in the matrix, the
gas has the shortest path through the material vertically. When
fillers are randomly distributed in the matrix, the path of the gas
is slightly prolonged. When the filling in the matrix is orderly
and parallel to the direction of the gas, the path taken by the gas
increases greatly, and the barrier performance of the material
also significantly increases.

Conclusion

In this work, GO was prepared by the modified Hummers
method and then was modified by dopamine. The WPU/DGO
and WPU/BA/DGO nano blends were prepared by the solution
blending method. The dispersion, gas barrier, and mechanical
properties of DGO and boric acid in the WPU matrix were
studied. SEM results showed that the dispersion of DGO in the
WPU matrix was better with the introduction of boric acid. This
is mainly due to the strong hydrogen bond interaction between
DGO and the hard segment of WPU, and the addition of boric
acid further enhances the hydrogen bond interaction and cross-
links the whole network. The results of the gas permeability
experiment show that with the increase of GO and DGO content,
the gas barrier performance of WPU improves. When the
content of GO and DGO is 2 wt%, the permeability of WPU
decreases from 4198.3 to 1538.6, and the permeability coefficient
decreases from 16.0 to 2.7. Helium permeability was reduced by
85%. The addition of BA and DGO promote the tensile strength
and modulus of the blend. Due to the strong hydrogen bond
between DGO and TPU hard segment, the WPU/BA/DGO blend
exhibits high tensile strength and tensile modulus. In essence, the
study revealed that dopamine modified GO or other high aspect
ratio nanofiller would be promising for aircrafts and food
packaging. Seo and Saha, 2021.
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