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ABSTRACT

To study the dispersity of different amine-graphene oxide (amine-GO) in

polymer matrix and the interfacial interactions between functionalized gra-

phene oxide and matrix, two kinds of modifiers—organoamine- and aminosi-

lane-coupling agents—were used to functionalize graphene nanosheets to

obtain functionalized graphene oxide/waterborne polyurethane nanocompos-

ites by in situ polymerization. The chemical structure, morphology, and inter-

layer space of amine-GO nanoplatelets were confirmed by FT-IR, Raman, TGA,

XPS, TEM, AFM, and XRD. The dispersity behaviors between different amine-

GOs and polymers were evaluated by FESEM. The thermal, mechanical, and

hydrophobic properties of the nanocomposites were investigated by TGA,

tensile testing machine, and water contact angle test, respectively. It was found

that the tensile strength of nanocomposites was increased from 10.13 to 27.79

and 28.96 Mpa after the addition of amine-GO functionalized by APTMS and

APTES, respectively. The better thermal stability and hydrophobicity of

nanocomposites were also achieved by the addition of amine-GO, especially

those modified by aminosilane-coupling agents. This study paves a new route

for designing and developing chemically converted graphene oxide nanosh-

eets/polymer nanocomposite materials by altering suitable amine-modifier to

functionalize graphene oxide nanosheets and then optimizing the interphases

between graphene oxide nanosheets and polymer matrices.
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Introduction

Waterborne polyurethane (WPU), a better versatile

environmentally friendly material, is one kind of

flexible and elastic polymer mainly synthesized by

the reaction of diisocyanates with diols, as shown in

Scheme 1i, and is widely used in coatings, adhesives,

sealants, and thermoplastic elastomers [1]. However,

some inferior properties of waterborne poly-

urethanes, such as low mechanical strength and

water resistance, have limited its available applica-

tion range, and hence, problems related to their

properties and processing can largely be resolved by

proper molecular designs and hybridization with

other materials [2–7].

Hybrid organic–inorganic nanostructure compos-

ites based on polymer matrix and inorganic matter

have attracted great interest of researchers because

they exhibit the enhanced performance properties

compared with conventional composites owing to the

maximized interfacial contact between the organic

and inorganic phases [8–10]. Graphene, as a novel

inorganic material, attracts more interest in the area

of polymer composites during the past few years

owing to excellent characteristics such as high

mechanical properties (approximately 1000 GPa)

[11, 12], excellent electrical conductivity (approxi-

mately 6000 S cm-1) [13], thermal conductivity (ap-

proximately 5000 Wm-1 K-1) [14], high surface area

(2630 m2 g-1) [15], and gas impermeability [16]; this

implies that graphene as reinforcing agents may

improve the drawback of WPU. In general, graphene-

based WPU composites are fabricated by solution-

processable blending nanofillers into polymer matrix

[5, 10, 17]. Unfortunately, the homogeneous disper-

sion and efficient interfacial interactions are still the

main challenges for this method due to the strong

tendency to aggregation of the graphene nanosheets

(GNSs). In this respect, it is imperative to develop a

facile and friendly method to efficiently vest gra-

phene with high dispersity in solvents or polymer

matrix with the assistance of simultaneous surface

modification. Covalent functionalization on the sur-

face of GNSs is an effective strategy for fabricating

GNS-based polymer composites, which is an avail-

able method for improving the interfacial interactions

between GNSs and polymer matrix [18–23]. The

graphene oxide (GO), the precursor of GNS, has

abundant functional groups on the surface including

hydroxyls, epoxides, and carboxyls, which provide

the reactive site for covalent functionalization.

Moreover, the covalent functionalization significantly

alters the Van der Waals interactions among the

nanofiller aggregates, making them easy to be dis-

persed in the polymer matrix [24, 25].

In this work, the interfacial interactions between dif-

ferent amine-GO nanosheets andWPU chains have been

investigated in-depth. Afterward, we compared the

effectsofdifferentamine-GOnanosheetsontheproperties

of nanocomposites. According to the obtained results, an

efficientdispersionof amine-GOnanosheets inWPU, and

covalent bonding with PU chains were achieved via a

better modifier to functionalize graphene. More specifi-

cally, waterborne polyurethane nanocomposites rein-

forced with two kinds of amine-GO modified by

organoamine- and aminosilane-coupling agents were

prepared by in situ polymerization, respectively, as

shown in Scheme 1ii, in which ethylenediamine (EDA)

and triethylenetetramine (TETA) were used as the orga-

noamine; likewise, 3-aminopropyltriethoxysilane

(APTES) and 3-aminopropyltrimethoxysilane (APTMS)

were chosen as the secondmodifier. Thus, we attempted

to react –NH2 featured on the surface of functionalized

graphene sheets with –NCO of PU chains by in situ

polymerization. In this way, a well-dispersed nanocom-

posite was fabricated after considering the existence of

hydrogen bonds, such as the interactions between the

remaining oxygen left on the nanosheets and urethane

linkages. Based on the above mechanism, therefore, the

effects of different amine-GO nanosheets on the physical

properties including thermal properties, mechanical

properties, and hydrophobicity of nanocomposite were

investigated.

Experiment

Synthesis of graphene oxide

Graphene oxide was prepared from graphite (44-mm

average particle diameter, Qingdao Jinrilai Graphite

Co. Ltd., Qingdao, China) by traditional Hummers’

method with a little change as reported elsewhere

[26]. In brief, 2 g of graphite and 1 g of NaNO3 were

added to a 500 mL three-necked flask. The flask was

put on an ice bath to control the temperature, 100 mL

of concentrated H2SO4 was slowly added to the flask.

Then, 6 g of KMnO4 was slowly added with vigorous

stirring for 2 h. The flask was then taken off the ice
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Scheme 1 (i) Preparation procedure of

synthesizing the WPU emulsion. (ii)

Illustration of the fabrication of amine-

GO/WPU nanocomposites.
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bath and kept at room temperature for several days

(3–6 days). 5 wt% H2SO4 aqueous solution (175 mL)

was used to dilute the mixture over 1 h, and then

stirred for another 2 h at 98 �C. After the solution

cooled to 60 �C, 30 wt% H2O2 (7.5 mL) was added,

and the mixture was stirred for 2 h again. The

resultant yellowish-brown mixture was then cen-

trifuged (6000 rpm for 0.5 h) and washed with a

3 wt% HCl aqueous (500 mL) and DI water (2L),

respectively, until the supernatant was colorless with

a pH value around 6.5. In the end, the GO was col-

lected and freeze dried for further use.

Chemical functionalization of GO

Functionalization with EDA or TETA

The prepared GO (200 mg) was initially dispersed in

200 Ml N,N-Dimethylformamide (DMF) and soni-

cated for 2.5 h, then, EDA (30 g) was added to the

resulting GO suspension, followed by N,N-Dicyclo-

hexylcarbodiimide (5 g) and sonication for 30 min.

Subsequently, the resultant mixture was transferred

to an oil bath (120 �C) and stirring for 48 h, after

which, ethanol (60 mL) was added to the mixture

obtained. After 12 h on standing, the supernatant

liquid was removed, and the resulting bottom solid

was filtrated with polytetrafluoroethylene mem-

brane. Then, it was washed with ethanol (50 mL) and

DI water (50 mL) to make sure the residue EDA was

thoroughly removed, respectively. Finally, the final

product was obtained by freeze-drying. TETA-GO

was also prepared by the same procedure.

Functionalization with APTMS or APTES

The synthesized GO (200 mg) was taken in ethanol

(150 mL) and loaded in a 250 mL round-bottom flask,

followed by stirring and ultrasonicating the disper-

sion for 0.5 h. Subsequently, APTMS or APTES

(369.6 mg, 2.0 mmol) was dropwise added into the

suspension. The mixture was stirred and refluxed for

6 h. After cooling to room temperatures, the prepared

APTMS-GO was filtrated and washed with absolute

ethanol and water three times, respectively. A black

solid was obtained after a freeze-drying procedure.

Fabrication of amine-GO/WPU
nanocomposites

The preparation of amine-GO/WPU nanocomposites

was carried out in a 250 mL three-necked, round-

bottom flask equipped with a mechanical stirrer and

condenser at a constant temperature oil bath, under a

dry nitrogen atmosphere. First, 27 mg EDA-GO was

dispersed and sonicated in 10 mL N-methyl-2-

pyrrolidone (NMP) at room temperature for 3 h.

Then, 0.005 mol Polybutyleneglycol adipate (PBA,

number-average molecular weight of 2000) and

0.02 mol Isophorone diisocyanate (IPDI) were fed

into the flask and reacted at 80 �C for 1 h. Additional

chain extension reaction was carried out at the same

temperature with 0.007 mol Dimethylolpropionic

acid (DMPA) to form NCO terminated PU prepoly-

mer for another 3 h. Afterward, the well-dispersed

black suspension obtained at the first step above was

mixed with prepolymer and vigorously stirred with

the help of 0.05 g Dibutylbis (laurato) tin (DBTL,

catalyst) at 80 for 1 h. The purpose of taking much

higher amount of catalyst here was to make sure that

the reaction between functionalized graphene nano-

platelets and PU chains can react more easily and

durable. Subsequently, 0.007 mol Triethylamine

(TEA) and 10 mL acetone were added under contin-

uous stirring when the system was cooled to 50 �C.
The former was used for reducing the system vis-

cosity caused by the reaction between EDA-GO and

prepolymer and the latter for neutralizing the car-

boxylic acid groups stemming from the DMPA

monomer. After 45 min, the mixture was further

cooled down to 10 �C, EDA (0.007 mol), being used

for post-chain extension, dissolved in 42 mL of water

was fed dropwise into the flask at 1800 rpm for

15 min to obtain an aqueous emulsion, followed by

acetone-removing procedure. The resulting products

were aqueous emulsions of EDA-GO/WPU

nanocomposites with solid content of 28 wt%. For

comparison, GO/WPU, TETA-GO/WPU, APTMS-

GO/WPU, APTES-GO/WPU nanocomposites were

also prepared following the same procedure. Finally,

the films were prepared by casting the emulsion into

Teflon plates and dried at 30 �C firstly in a convection

oven for 12 h and then at 50 �C for 2 days.
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Characterization

ATR-FTIR spectra of the functionalized graphene

nanoplatelets were performed with a Nicolet 6700

infrared spectrometer using a DLaTGS detector. All

spectra were carried out between 4000 and 500 cm-1

with averaging 32 scans at a resolution of 4 cm-1.

X-ray diffraction (XRD) patterns were recorded on an

D8 X-ray diffractometer (Bruker AXS, German) at

40 kV and 40 mA using Cu Ka radiation

(k = 1.5406 Å), to identify the composition and phase

of sample. The 2h angle ranged from 3� to 50� at the
scanning rate of 4 min-1. Raman spectra were

obtained on a confocal microscopic Raman spec-

trometer (Renishow In-Via, USA) with 532 nm laser

light irradiation from 400 to 3000 cm-1 at a duration

time of 10 s. Thermogravimetric analysis (TGA) was

carried out using a Mettler TGA/SDTA 851 E ana-

lyzer in the temperature range of 25–700 �C at a

heating rate of 10 and 20 �C min-1 for characterizing

the graphene materials and nanocomposites, respec-

tively. The samples were pressed into slices before

analysis. Differential scanning calorimetry (DSC)

analysis was carried out with a DSC 822e (Mettler

Toledo, Columbus, Ohio, USA) in the temperature

range of -80 to 200 �C under protection of N2 with a

flow of 50 mL-1. X-ray photoelectron spectroscopy

(XPS) analysis was conducted using an ESCALAB

250 Xi (Thermo, USA) X-ray photoelectron spec-

trometer with Al Ka line as the excitation source

(hm = 1484.6 eV) to identify amine-GO samples.

Transmission electron microscopy (TEM) and scan-

ning electron microscopy (SEM) images including

scanning electron microscope-energy dispersive

spectrometer (SEM–EDS) were collected on a JEM-

2100 (JEOL, Japan) transmission electron microscope

at an accelerating voltage of 200 kV and an S-4800

(Hitachi, Japan) scanning electron microscope at an

accelerating voltage of 3 kV to observe the mor-

phologies of amine-GO and nanocomposites,

respectively. Non-contact atomic force microscopy

(AFM, Multimode 8, Brooke Technology Cop., Ger-

many) was employed to determine the morphology

and thicknesses of the exfoliated GO and amine-GO.

The tensile properties of the nanocomposites were

measured at room temperature by using an Instron

5565 universal testing machine (Illinois Tool Works

Inc., Norwood, Massachusetts, USA). The dumbbell-

shaped specimens with thickness of 0.5 mm, width of

2 mm, and length of 10 mm were prepared for the

tensile tests. The crosshead speed was set at

50 mm min-1. The tensile test results were measured

as mean value of three specimens. The surface for

hydrophobicity test and the surface roughness of

nanocomposites were carried out on a DCA-315

contact angle measurement apparatus with ultrapure

water as probe liquids at room temperature and

observed with FESEM and AFM, respectively. Con-

tact angles were measured at three different positions

for one sample, and the results were expressed as

mean value.

Results and discussion

Characterization of GO and amine-GO

FT-IR and TGA analyses of GO, and amine-GO

Figure 1a shows the FTIR spectra of GO and related

amine-GO including EDA-GO, TETA-GO, APTES-

GO, and APTMS-GO. The characteristic peaks located

at 3400, 2927, 1720, 1636, and 1050 cm-1 in the GO

spectra are ascribed to –OH, –CH2–, C=O, and C–O

bonds, respectively. As for amine-GO, a dramatic

decrease in the intensity of the peak at 1720 cm-1

(C=O stretching in carboxylic acid), 1396 cm-1

(epoxide groups of the GO) is detected comparedwith

pure GO, suggesting that GO have reacted with the

modifiers. For EDA-GO and TETA-GO, the new

characteristic band appeared at 1340 cm-1 corre-

sponds to C–N stretching vibrations, suggesting the

successfully functionalization of GO [27]. Further-

more, an increase in intensity of the peak at 1050 cm-1

is also detected after grafting organoamine on GO

nanosheets. While for APTES-GO and APTMS-GO,

the upcoming new bands at 1122, 1030, 776 and

690 cm-1 indicates the formation of Si–O–C, Si–O–Si,

Si–H and Si–O–C, providing a strong evidence for the

presence of silane on the GO platelets [28].

The results of the TGA of GO and amine-GO are

shown in Fig. 1b. As can be seen, both of five TGA

curves start to lose weight upon heating under N2

atmosphere below 100 �C, due to the evaporation of

water. As the temperature increases to 230 �C, GO is

unstable and exhibits its major decomposition

behavior (40 % weight loss) because of labile oxygen-

containing functional moieties such as epoxy,

hydroxyl, and carboxyl. While at the same tempera-

ture (230 �C), the weight loss of amine-GO
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nanoplatelets undergoes is 28 % of APTMS-GO, 25 %

of APTES-GO, 20 % of EDA-GO, and 6 % of TETA-

GO, respectively, which indicates that thermally

labile O-containing functional groups are converted

to other functional groups such as Si–O–Si/Si–O–C

bands for APTES-GO (or APTMS-GO) or removed by

EDA (or TETA) because of partially chemical reduc-

tion thereby resulting in much better thermal stability

in comparison with GO [27, 28].

Raman and XRD analyses of GO, and amine-GO

Raman spectroscopy is one kind of powerful and most

widely used technique to characterize the disorder and

defect structure of graphene. As can be seen in Fig. 2a,

graphene oxide shows two characteristic peaks gener-

ated at 1362, 1612 cm-1, which are ascribed to D band

(arises from the defects, edges effects, and disorder of

carbon in graphene platelets) and G band (originates

from the first-order scattering of the E2g vibration mode

and the in-plane vibration of ordered sp2-bonded carbon

atoms), respectively. After treatment with aminosilane-

coupling agents, the intensity ratio (ID/IG) values (cor-

respond to the amount of sp3 hybridized carbonatoms in

the sp2 conjugatedgraphene) of amine-GO increase from

0.92 of GO to 0.99 ofAPTES-GOand 1.03 ofAPTMS-GO,

which reveals a slightly increase in the amount of sp3

hybridized carbon atoms resulted from the reduction of

small sp2 domains. Hence, we can reasonably suppose

that the disorder domains and defect structures of gra-

phene are slightly expanded by covalently bondingwith

APTES or APTMS [28]. While for EDA-GO and TETA-

GO, the ID/IG intensity ratiovalue is found to increaseup

to 1.31 and 1.64, respectively. These results indicate the

further distortion of bonds and extensive destruction of

symmetry due to the reduction in size of in-plane sp2

domains caused by the extra grafting with organoamine

in comparisonwithGOindegreeof the functionalization

and structural imperfection. Moreover, the high degree

of reduction and disorder on functionalized graphene
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nanosheets implies that reacting sites located on GO

platelets are attacked by our modifiers such as EDA and

TETA. As a result, the new defects or edges that as a

reflection on the increase in ID/IG ratio have provided

direct evidence for our achievement in successfully

functionalizing GO.

Figure 2b gives the XRD spectra of GO, EDA-GO,

TETA-GO, and APTES-GO as well as APTMS-GO. It

is well known that for the graphene oxide sample, the

strong and sharp diffraction peak from (002) at

2h = 10.6� corresponds to the typical peak of layered

GO. However, the (002) peaks of APTES-GO and

APTMS-GO shifts from 10.6� to 6.2� and 6.7�,
respectively, after GO being treated with APTES and

APTMS. Correspondingly, the interlayer spacing

undergoes an expansion from 0.83 to 1.41 and

1.31 nm, respectively. The resulting larger interlayer

distance of these two sorts of GO can be attributed to

the wrinkling or presence of functional groups

between the interlayer structures caused by the suc-

cessful intercalation of aminosilane-coupling agents

[28]. While for GO functionalized with EDA and

TETA, the peaks of resulting functionalized graphene

nanosheets are weak and broad and appear at lower

angles of 9.5� and 9.7�, respectively, and higher

angles of 22.7� and 20.2�, respectively, the latter of

which corresponds to d-spacings of 0.39 and 0.44 nm,

respectively. This change can be attributed to the

stitching of the exfoliated graphene nanoplatelets

[27], confirming that EDA and TETA are adequately

grafted on the graphene layers. These XRD results are

well consistent with related Raman data.

TEM images, AFM images, and height profiles of GO

and amine-GO

In order to measure the thickness of before and after

treatment of GO materials, AFM observations are

conducted. The ScanAsyst-mode AFM images of GO

and amine-GO dispersed in ethanol are presented in

Fig. 3. From the cross-sectional analysis, we could

find the height of (A) GO, (C) TETA-GO, and

(E) APTMS-GO, is 1.1, 0.8 and 2.5 nm, respectively,

which corresponds well to the above XRD results that

the interlayer spacing of TETA-GO and APTMS-GO

is decreased and increased, respectively. Therefore,

the change of amine-GO in thickness can be attrib-

uted to the presence of functionalized groups grafted

on graphene sheets [27, 28]. Likewise, similar result

has also been observed in the images of TEM which is

employed to determine the morphology of graphene

nanosheets. Figure 3b, d, f shows the morphology of

GO, TETA-GO, and APTMS-GO, respectively. As can

be observed from them, the whole parts of GO in

Fig. 3b are obscure due to the overlapped sheets

consist of 2–3 layers. Different from GO, the mor-

phology of TETA-GO (Fig. 3d) presents a transparent

and wrinkled nanoplatelet shape, which coincides

much well with the results of XRD, AFM mentioned

above. Such structure probably guarantees the ther-

modynamic stability for partially reduced and mod-

ified graphene by TETA. However, the TEM

micrographs of APTMS-GO not only resembles the

vivid (black) parts shown in TETA-GO but also

retains the multiple layers kept by GO, which is

substantially caused by the intercalation of APTMS. It

again confirms that our APTMS is successfully

covalent bonding with graphene.

XPS analyses of GO, APTMS-GO, and TETA-GO

X-ray photoelectron spectroscopic (XPS) measure-

ments are performed for GO, APTMS-GO, and

TETA-GO, and the results are presented in Fig. 4.

Only C1s and O1s peaks are observed in the XPS

survey spectrum of GO, but the N1s (399.5 eV) peaks

appear in the XPS spectrum of both APTMS-GO and

TETA-GO, while the Si2p (101.8 eV) peaks appear in

the APTMS-GO. The high-resolution C1s spectra for

GO, APTMS-GO, and TETA-GO are reproduced in

Fig. 4b–d. Figure 4b shows four peaks at 284.8, 286.8,

287.8 and 288.6 eV, which represents the carbon

bonds of C–C, C–O, C=O and O=C–C, respectively.

Compared with GO, the C1s XPS spectra of APTMS-

GO and TETA-GO shows a significantly decrease in

the peak intensities of C–O and C, together with the

appearance of C–Si peak (283.5 eV) [29] in Fig. 4c and

C–N peak (285.7 eV) [27] in Fig. 4d. These results

indicate that both of APTMS and TETA are success-

fully attached on the surfaces of graphene oxide via

the reaction of silane groups, terminal amines with

alkylcarboxyl groups in GO during the modification.

Characterization of nanocomposites

Dispersion, morphology of GO, and amine-GO in WPU

matrix

Analyses of the fractured surfaces of neat WPU (A),

GO/WPU (B) and amine-GO/WPU (C-D) in Fig. 5

8302 J Mater Sci (2016) 51:8296–8309



discloses the microdispersion of inorganic nano-

fillers. In Fig. 5b, the untreated graphene oxide

nanosheets are well dispersed in WPU matrix, due to

the relatively strong hydrogen covalent interaction

with the matrix. However, few agglomerates and

some easy-to-aggregate nanoplatelets are observed

on the fracture surface, which is caused by the fact

that overlapped layers of GO cannot separate from

Figure 3 TEM images, AFM images, and height profiles of a, b GO; c, d TETA-GO; and e, f APTMS-GO.
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Figure 5 FE-SEM images of neat WPU (a), GO/WPU (b),

TETA-GO/WPU, (c) and APTMS-GO/ (d). Inset photographs in

(b–d) are TEM micrographs of GO/WPU, TETA-GO/WPU, and

APTMS-GO/WPU, respectively. The scale bars for the inset TEM

images are all 200 nm.
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each other, thus tend to restack and attract. Whereas

the amine-GO nanosheets in Fig. 5c, d are dispersed

more uniformly and embedded deeper than GO in

the WPU matrix, which can be explained by the

strong interfacial covalent bonding between polymer

and nanofillers [19]. Figure 5c, d reveals the differ-

ence between TETA-GO/WPU and APTMS-GO/

WPU nanocomposites. The thickness and morphol-

ogy of TETA-GO finely dispersed in WPU matrix

shows small and paper-like, thereby achieving good

compatibility and interfacial contact with the poly-

mer. However, in the case of APTMS-GO, it partially

projects outside from fracture surface of WPU indi-

cating the better embedding and combining in the

polymer matrix, which to a great extent can be rea-

soned by the mechanism that silane molecules are

covalently attached on the GO surface by the

hydrolysis of silane after functionalization. Mean-

while, their amino end-groups react with PU chains,

resulting in the better embedding and dispersion of

amine-GO in the matrix [20]. The inset TEM pho-

tographs of GO/WPU, TETA-GO/WPU, and

APTMS-GO/WPU are shown in Fig. 5b–d, respec-

tively, the dispersion of which agrees well with the

FE-SEM images shown above.

Thermal properties

The (A) TGA and (B) DSC profiles for GO/WPU and

amine-GO/WPU composites as a function of tem-

perature are shown in Fig. 6. From the TGA curves,

we can see that the incorporation of amine-GO

including EDA-GO, TETA-GO, APTES-GO, and

APTMS-GO can effectively enhance the thermal sta-

bility of WPU material. At loading of 0.15 wt% (the

weight of amine-GO to the total weight of raw

materials for preparing WPU before emulsifying)

amine-GO or GO, the temperature of 10 % weight

loss of amine-GO/WPU is 295 �C for EDA-GO/

WPU, 291 �C for TETA-GO/WPU, 315 �C for

APTMS-GO/WPU and 289 �C for APTES-GO/WPU,

respectively, which shows a little big increase com-

pared with 265 �C of pure WPU and 280 �C of GO/

WPU. These results indicate that amine-GO/WPU

composites have better thermal stability than pure

WPU and can be explained by the reaction between –

NH2 grafted on graphene nanosheets and –NCO

from PU chains, which in turn introduces the good

heat resistance of graphene [19, 30]. Furthermore, the

improvement in thermal stability can also be attrib-

uted to the so-called ‘‘tortuous path’’ effect of gra-

phene platelets, which delays the escape of volatile

degradation products and retards the diffusion of

heat and mass transfer of products of pyrolysis [30].

Figure 6b shows the differential scanning calorimeter

thermograms of the nanocomposites. The glass tran-

sition temperature (Tg) of GO/WPU and amine-GO/

WPU nanocomposites shows almost no change

compared with pure WPU. Such no difference in Tg is

related primarily to the lower loading of amine-GO

and can be explained by two aspects. First, the

motion of soft-segment might be hindered by rigid

graphene nanophase mediated by hydrogen bonding

or chemical grafting onto active functionalized gra-

phene platelets surface. It could result in the shift of

Tg to high temperature. However, in the opposite

way, incorporating amine-GO nanoplatelets might

cleave the original interaction between hard- and

soft-segments and hence change the microphase

structure in WPU matrix, which will lead to the shift
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Figure 6 a TGA analyses of pure WPU and nanocomposites; b DSC thermograms of pure WPU and nanocomposites.
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of Tg to low temperature. Therefore, the change of

nanocomposites in Tg compared with pure WPU is

not obvious base on the above reciprocal inhibition

mechanism [31].

Mechanical properties

The stress–strain curves of the pure WPU and com-

posites are shown in Fig. 7. The tensile strength

increases from 10.13 Mpa of the pure WPU film to

15.43, 20.43, 23.38, 27.79 and 28.96 Mpa for the GO/

WPU, EDA-GO/WPU, TETA-GO/WPU, APTMS-

GO/WPU, and APTES-GO/WPU, respectively. This

result implies that the amine-GO/WPU composites

have higher tensile strength than the pure WPU film

and GO/WPU composite, in which the APTES-GO-

treated composites show the largest increase in ten-

sile strength. It indicates that the functional groups

introduced by our modifiers play a vital role in

increasing the interaction energy between inorganic

nanomaterials and polymer matrix [17, 30, 32]. In

addition, the increase in stress can be attributed to the

well dispersion of amine-GO in polymer matrix, due

to the strong hydrogen bond induced by the

unpaired electrons on the amine group which in turn

transfer the interfacial stress transfer, thereby serving

as a dispersion aid for engineering interfacial com-

patibility and stability between amine-GO and the

matrix. However, the elongation at break of four sorts

of amine-GO/WPU films is decreased with the

incorporation of 0.15 wt% amine-GO due to the

reduction of elastic deformation. That can mainly be

attributed to the fact that nanofillers will attract stress

from the polymer and generate stress-focusing effect

after the formation of the covalent bonding between

the amine-GO and the PU polymer matrix, in addi-

tion, the rigid nanoplatelets cannot produce large

elongation deformation, thus reducing the elastic

deformation. In addition, it can be seen that the ten-

sile stress of the APTMS-GO/WPU and APTES-GO/

WPU is greater than that of EDA-GO/WPU and

TETA-GO/WPU. This reveals that amine functional

group on the aminosilane-coupling agents is more

active than on the organoamine owing to the partially

reduction reaction occurs on the surface of graphene

modified by EDA or TETA. That can be confirmed by

the EDS results (Fig. S1) that present the detailed

elemental distributions of C, N, O, and Si, in which

the percentage of element N incorporated in the

matrix by aminosilane-coupling agents is higher than

that of organoamine, verifying the more effective

interfacial interaction between aminosilane-coupling

agents and polymer, which coincides well with the

analyses of XRD, AFM, and TEM.

Hydrophobicity behavior

Figure 8a shows contact angles of pure WPU and its

nanocomposite films incorporated by GO, EDA-GO,

TETA-GO, APTMS-GO, and APTES-GO, respec-

tively. Contact angle values for WPU films were

increased with the introduction of amine-GO and

exhibited a slight increase from 70.3� of pure WPU to

82.65� of EDA-GO/WPU, 84.45� of TETA-GO/WPU,

86.2� of APTMS-GO/WPU, and 92.6� of APTES-GO/

WPU, respectively, indicating that the hybrid WPU

films form a hydrophobic surface. That can be ascri-

bed to the partially reduction of EDA-GO and TETA-

GO and the introduction of Siloxane (Si–O–Si) net-

work structure originated from APTMS and APTES,

removing the oxygen functionalities located on the

basal plane of graphene oxide and introducing Si

element into the structure of graphene nanosheets,

respectively. Therefore, the hydrophobic of the films

was improved to some extent by bringing the above

hydrophobic substance such as platelets or Si element

into the nanocomposites via in situ polymerization

[33].

To further probe the enhancement in the

hydrophobic of WPU films, FE-SEM and AFM are

used to observe and analyze the surface roughness of

amine-GO/WPU films. From the pictures of FE-SEM,

we can see that pure WPU film is smooth (Fig. 8b),

whereas the surface of amine-GO/WPU polymeric

composite film in Fig. 8c, d clearly shows a structure
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modified with layered amine-GO flakes that create a

number of peaks and cavities thereby easily trapping

large amount of air within them and making the

liquid droplets to rest on a layer of air. While the

results of AFM for analyzing the detail roughness are

disclosed in supplementary information, we find that

the value (Fig. S2) for the roughness of APTMS-GO/

WPU is higher than that of TETA-GO/WPU and

pure WPU, which keeps good agreement with the

results of FE-SEM and hydrophobicity test.

Conclusions

In this article, the covalently functionalized graphene

oxide nanosheets with two kinds of modifiers

including organoamine- and aminosilane-coupling

agents were successfully prepared and confirmed by

FTIR, TGA, Raman, XRD, XPS, AFM and TEM. These

amine-GO nanoplatelets were covalently incorpo-

rated into WPU matrix, forming EDA-GO/WPU,

TETA-GO/WPU, APTMS-GO/WPU, and APTES-

GO/WPU nanocomposites. SEM analyses and TEM

images indicated that amine-GO nanosheets achieved

homogenous dispersion in the matrix. The TGA

analyses revealed that the amine-GO/WPU

nanocomposites, especially the APTMS-GO/WPU,

attained better thermal stability, with more than 24 �C
higher than pure WPU and 9 �C higher than GO/

WPU at 10 % weight loss. The glass transition tem-

perature of amine-GO showed almost no change,

compared with pureWPU. Owing to the homogenous

dispersion in the matrix and the covalent bonding

between the amine-GO and the polymer matrix, ten-

sile strength was increased by 101–185 % and

132–187 %, compared with pure WPU and GO/WPU,

respectively, in which APTES-GO/WPU achieved the

largest increase. Additionally, the amine-GO/WPU

composites also exhibited better hydrophobic behav-

ior than the untreated WPU. These results indicated

that the amine-GO exhibited great potential to yield

high-performance graphene/WPU nanocomposite. In

Figure 8 Contact angle of pure WPU and hybrid WPU (a), FE-

SEM images of pure WPU (b), TETA-GO/WPU (c) and APTMS-

GO/WPU (d) polymer films coated on silicon wafer. h1–h5WPU in

a represents GO/WPU, EDA-GO/WPU, TETA-GO/WPU,

APTMS-GO/WPU, and APTES-GO/WPU, respectively.
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addition, covalently functionalized graphene sheets

with the silane-coupling agent will provide a more

promising and better method to fabricate graphene-

based polymer composites with effective reinforced

performance than the organoamine, with all the

properties above considered.
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