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ABSTRACT: The interfacial properties of epoxy nanocomposites reinforced by thermally exfoliated graphene nanosheets (TEG) and

activated thermally exfoliated graphene nanosheets (a-TEG) were compared. The specific surface area (SSA) of a-TEG with well-

defined micro-mesopore size distribution was 1000 m2/g, which was much higher that of TEG (550 m2/g). The interfacial interaction

between a-TEG and epoxy was stronger than that of TEG/epoxy owing to their higher SSA and pore size which was proved by

dynamic mechanical analysis. As a result, the tensile strength of a-TEG/epoxy was increased compared with that of TEG/epoxy for all

concentrations. In particular, the tensile and flexural strength of a-TEG/epoxy was increased up to 20 and 50% in comparison to that

of TEG/epoxy at 0.05 wt % graphene, respectively. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41164.
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INTRODUCTION

Graphene-based polymer nanocomposites have recently received

much attention due to the unique mechanical, electrical, and

thermal properties of graphene.1–4 It has been demonstrated that

the Young’s modulus and tensile strength of nanocomposites at

only 0.1 wt % graphene were increased by 31 and 40% compared

with the neat epoxy.5 However, the homogeneous dispersion and

efficient interfacial interactions are still the main challenges for

graphene nanocomposites.6,7 On one hand, much effort was

focused on the chemical functionalization of reinforcements to

improve the chemical bonding between reinforcements and

matrix.8–10 On the other hand, some researches indicated that the

proper geometrical design of reinforcements can effectively

strengthen the mechanical junctions of composites.11–13

It has been demonstrated that the large surface area of graphene

could increase the contact area with the polymer matrix and

make the stress transfer from the polymer to the nanoplatelets

effectively, resulting in a pronounced effect on the mechanical

properties and thermal conductivity of epoxy composites.13–15

Therefore, a proper geometrical design of increasing the surface

area of graphene might enhance the interfacial interaction of

graphene/epoxy composites. Recently, it has been verified that

chemical activation using alkali compounds such as KOH and

NaOH could obtain the activated graphene with higher specific

surface area (SSA), a maximum SSA of 3100 m2/g and well-

developed porosity.16–18 It is expected that activated graphene

with higher SSA and pore volume than graphene might enhance

the mechanical interaction and Van der Waals binding between

graphene and epoxy which would generate the enhanced

mechanical properties of epoxy nanocomposites.

In this work, we prepared activated thermally exfoliated gra-

phene nanosheets (a-TEG) with higher SSA and pore volume

and size than thermally exfoliated graphene nanosheets (TEG)

by chemical activation, and compared epoxy nanocomposites

with a-TEG and TEG which differed in their surface area and

pore volume and size but had similar thicknesses. The micro-

structure and morphologies of TEG and a-TEG were obtained

by X-ray diffraction (XRD) and atomic force microscope

(AFM). Brunauer–Emmett–Teller (BET) method was used to

get the SSA of TEG and a-TEG. The mechanical properties of

neat epoxy and nanocomposites were evaluated by tensile, flex-

ural, and dynamic mechanical tests.

EXPERIMENTAL

Materials

Epoxy (HS5382) based on bisphenol-A with an epoxy value of

0.45–0.50 was obtained from Guangdong Hai Xu Resin Factory,

China. The curing agent, tetrahydrophthalic anhydride was pur-

chased from Wenzhou Qingming Chemical, China. Graphite

powders with an average diameter of 10 lm were purchased from

Qingdao AoKe ShiMoCo, China. Chloroform, hydrochloric acid,

potassium permanganate, concentrated sulfuric acid, and
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potassium hydroxide were purchased from Tianjin chemical fac-

tory and used as received.

Preparation and Activation of TEG

Graphite oxide was prepared using an improved Hummers

method.19,20 A 9 : 1 mixture of concentrated H2SO4/H3PO4

(360 : 40 mL) was added to a mixture of graphite powders

(3.0 g, 1 wt equiv.) and KMnO4 (18.0 g, 6 wt equiv.), producing

a slight exothermal to 35–40�C. The mixture was stirred for 12

h at 50�C, forming a thick paste. Subsequently, it was cooled to

room temperature and poured onto ice (400 mL) with 30%

H2O2 (3 mL). The remaining solid materials were then washed

in succession with deionized water until pH was 7. At last, they

were dried 12 h by freeze drying to get graphite oxide (5.6 g).

Thermal reduction of graphite oxide is an effective approach

that can be used to obtain bulk quantities of graphene.21,22

Tube furnace was heated up to 1050�C and graphite oxide was

rapidly exfoliated as well as reduced to obtain TEG in 30 s.22

TEG (1 g) was then dispersed and soaked in aqueous KOH

solution for 20 h (KOH/TEG mass 5 6.5) to obtain a maximum

SSA for a-TEG.18 The solid cake obtained after vacuum filtra-

tion of the excess KOH was dried. Then the solid cake in alu-

mina combustion boat was put into the tube furnace with a

nitrogen flow of 500 mL/min.17 In addition, the activation tem-

perature was maintained at 800�C.23 At last, the a-TEG with

excess reactant was washed by deionized water and dried for 15

h by freeze drying, to get final product a-TEG (0.7 g).

Preparation of TEG/Epoxy and a-TEG/Epoxy Nanocomposites

The dispersion of carbon nanoparticles in chloroform as a route

to obtain epoxy matrix composites was reported in literature.24–26

Moreover, the technique based on the dispersion of graphene–

chloroform suspension in the epoxy monomer is more appropri-

ate.27 Therefore, TEG and a-TEG were dispersed in chloroform to

obtain epoxy nanocomposites in this study. Preparation of TEG/

epoxy and a-TEG/epoxy composites was done following the pro-

tocol: (1) the prepared TEG and a-TEG were dispersed into chlo-

roform to form a suspension of 0.1 g/100 mL followed by

ultrasonication for 2 h, respectively (2) The epoxy with 70 wt %

curing agent was mixed with the solution, following the stirring

and ultrasonication for another 5 h at 60�C respectively (3)

2-Ethyl-4-methylimidazol was added into the mixture and

degassed for 2 h in vacuum drying oven at 60�C (4) The mixture

was injected into the mould and cured at 90�C for 2 h followed

by a post-curing step at 120�C for 2 h and 150�C for 4 h (5) After

curing, the samples were cooled naturally to room temperature.

Finally, the epoxy nanocomposites containing graphene with

weight fractions of 0.02, 0.05, 0.1, 0.2, and 0.5% were prepared.

The pure epoxy sample was also prepared under the same curing

condition.

Characterizations

The phase purity of graphite oxide, TEG, and a-TEG was char-

acterized by XRD on an X-ray diffract meter with Cu Ka radia-

tion (k 5 1.5418 Å). Fourier transform infrared spectroscopy

(FTIR) was recorded using a Nicolet 6700 spectrophotometer in

KBr pellets. X-ray photoelectron spectroscopy (XPS) investiga-

tions were carried out with a PHI 5700 ESCA System with Al

Ka (1486.6 eV) radiation to characterize changes of the chemi-

cal components of TEG and a-TEG samples and the pressure in

the XPS analyzing vacuum chamber was less than 3310-9 mbar.

AFM observation of TEG and a-TEG was performed on a

CSPM 5500 scanning probe microscope. The measurement of

the nitrogen adsorption isotherms was done with a Quantach-

rome Nova 2200e at 77.4 K to obtain the specific surface area

and pore characteristics of TEG and a-TEG. The TEG and

a-TEG dispersed in acetone were dip-coated onto freshly cleaved

mica surfaces before testing, respectively. SEM images of tensile

fractured specimens were obtained on a Hitachi S-4800 field-

emission SEM system (operated at 4 kV). The samples were

coated with a conductive layer of gold. The dog-bone-shaped

specimens were prepared for uniaxial tensile testing. The flex-

ural specimens (50 mm in length, 10 mm in width, and

2.4 mm in thickness) were cut from the composites by using a

water-cooled diamond saw. The three-point flexural and tensile

tests were carried out by Instron (3369, USA) mechanical test-

ing machine. At least five samples were tested to obtain average

values. Dynamic mechanical analysis was performed on a Met-

tler Toledo 861e instrument at 1 Hz frequency in flexural con-

figuration. The loss factor (tand) and elastic modulus (E0) were

Figure 1. XRD analysis of graphite oxide, TEG, and a-TEG. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 2. FTIR spectra of graphite oxide, TEG, and a-TEG. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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measured from room temperature to 210�C. The experimental

error was below 5%.

RESULTS AND DISCUSSION

Microstructure and Morphology of TEG and a-TEG

In the first step of this study, graphite oxide, TEG and a-TEG

were characterized. Figure 1 reported the XRD analysis of

graphite oxide, TEG and a-TEG. A relatively low peak at

2h 5 10.7� obtained for graphite oxide corresponded to the dif-

fraction of the graphite oxide plane. The d-spacing of graphite

oxide can be calculated according to the Bragg’s law:

nk 5 2d sin h (1)

where n is the diffraction series, k is the X-ray wavelength, and d

is the interlayer spacing of graphite oxide. The calculated value of

d was 0.822 nm, implying that the sample was expanded when

graphite was oxidized. However, the peak disappeared for TEG,

indicating that the TEG layers were disordered.28 In other words,

TEG was successfully exfoliated. In addition, for TEG, the peak at

26� related to a d-spacing of 0.335 nm which was similar to the

interlayer spacing of graphite, confirmed that TEG was reduced

and not in an oxidative state. The results demonstrated that TEG

with few layers was successfully prepared. In addition, the peak of

a-TEG at 26� was dramatically broadened in comparison to that

of TEG. It indicated that a-TEG displayed much less graphitic

characteristics than TEG due to the collapse and destroying of

carbon skeleton in the activated reaction23.

FTIR spectra of graphite oxide, TEG, and a-TEG were presented

in Figure 2. The results from FTIR revealed that the characteris-

tic bands of graphite oxide were observed at 1050 and

3450 cm21(CAO and OAH stretching peak, respectively),

1702 cm21 (C@O stretching in carboxylic acid group), and

1230 cm21 (CAO stretching in epoxy group).29,30 After graphite

oxide was reduced to TEG, these residual oxygenic groups were

removed, and thus the absorbance peak at 1050, 3450, 1702,

and 1230 cm21 disappeared in the TEG spectrum. In addition,

the FTIR spectrum of a-TEG was similar to those of TEG. The

results indicated that TEG and a-TEG were both reduced suc-

cessfully. The carbon level of samples was changed from 91.12%

to 91.90% after activation determined by XPS. The difference

between TEG and a-TEG on element was negligible. Therefore,

the similar elementhad no influence on the SSA of material and

the mechanical properties of nanocomposites.

AFM was employed to determine the morphology of the TEG

and a-TEG. A representative AFM image of TEG was shown in

Figure 3. (a) AFM image of TEG dispersion in acetone on freshly cleaved mica surface through drop-casting, and height profile (below) along the black

line indicating a sheet thickness of about 1.37 nm. (b) AFM image of a-TEG dispersion in acetone on freshly cleaved mica surface through drop-casting,

and height profile (below) along the black line indicating a sheet thickness of about 1.22 nm. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 3(a), which revealed the presence of TEG with uniform

thickness 1.37 nm. Figure 3(b) indicated that a-TEG was irregu-

larly shaped and endowed with many nano-scale pores and an

average thickness of around 1.22 nm.

The N2 adsorption/desorption isotherms of TEG and a-TEG

were shown in Figure 4. Compared with TEG, a-TEG was found

to have typical IV isotherm curves indicating a micromesopo-

rous structure.23 Graphene had a high SSA (550 m2/g) with the

linear relative pressure ranging from 0.05 to 0.30. Activated

TEG had a higher SSA with 1000 m2/g than TEG. However, the

SSA of a-TEG was lower than that in literature18 because of the

different methods for the preparation of graphene.

The obtained pore-size distribution of TEG and a-TEG was shown

in Figure 5. It revealed the presence of micro pores with about 1nm

size range as well as narrow mesopores centered 2–4 nm in a-TEG

compared with TEG with some less than 1 nm micro pores. The

results were in good agreement with the literature.31

The Mechanical Properties of Nanocomposites

The Tensile Properties of Nanocomposites. The uniaxial tensile

results of the neat epoxy and nanocomposite samples were

shown in Figure 6. The obvious increase in the tensile proper-

ties was observed: the tensile strength of nanocomposites

increased initially with increasing the TEG content and attained

the maximum value at the 0.1 wt % TEG content corresponding

to an increase of 42% compared with the pure epoxy. After-

wards, the composite strength decreased with further increasing

the TEG content. The results were in good agreement with the

literature.32 A possible strengthening mechanism of TEG was

the fact that the wrinkled surface of TEG at the nanoscale likely

results in an enhanced mechanical interaction with the epoxy

chains and, consequently, a strong interaction.5,33,34 However,

the excess TEG might be agglomerated, resulting in the forma-

tion of stress concentration sites in nanocomposites. Thus, the

tensile strength of nanocomposites decreased with the further

increasing of TEG content.

Further benefits to tensile strength were realized on a-TEG and

a-TEG composites. It was clear that the reinforcing capability of

a-TEG was much higher than that of TEG for all concentra-

tions. Although the tensile strength of a-TEG/epoxy attained the

Figure 4. N2 adsorption/desorption isotherms of TEG and a-TEG. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Figure 5. Pore size distributions of TEG and a-TEG. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Tensile strength and modulus of nanocomposites at different

contents of carbon nanoparticles. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Stress–strain curves for neat epoxy, 0.05 wt % TEG/epoxy and

0.05 wt % a-TEG/epoxy. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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maximum value (87.9 MPa) at the 0.1 wt %, the difference

between the tensile strength for a-TEG/epoxy and TEG/epoxy

reached the maximum at 0.05 wt %. In detail, the tensile

strength of a-TEG/epoxy was enhanced by up to 20% in com-

parison to that of TEG/epoxy at 0.05 wt %. Figure 7 was the

stress–strain curves for neat epoxy, 0.05 wt % TEG/epoxy and

0.05 wt % a-TEG/epoxy nanocomposites. Compared with neat

epoxy, the tensile stress of 0.05 wt % TEG/epoxy and a-TEG/

epoxy nanocomposites increased while the elongation was

reduced. Such a phenomenon was also observed in other

reports.34 It indicated that the stiffness and modulus of nano-

composites were higher than neat epoxy and 0.05 wt % a-TEG/

epoxy showed a better reinforcing capability than TEG/epoxy.

The reason why a-TEG/epoxy composites exhibited higher

strength than its TEG counterpart might be attributed to two

aspects. On one hand, the higher SSA of a-TEG increased the

contact area and Van der Waals binding with epoxy, and made

the stress transfer from epoxy to the carbon nanoparticles more

effectively, compared with TEG. On the other hand, the chains

of epoxy might stretch into the pore of a-TEG, enhancing

mechanical interaction between epoxy and carbon

nanoparticles.

When the content of carbon nanoparticles was 0.05 wt %, the

disparities between the tensile strength of a-TEG/epoxy and

TEG/epoxy reached the maximum. So we investigated and com-

pared the interfacial properties of a-TEG/epoxy and TEG/epoxy

nanocomposites further at the low content, 0.05 wt %. The fol-

lowing study was focused on comparing the flexural properties

and dynamic mechanical results of a-TEG/epoxy and TEG/

epoxy nanocomposites at 0.05 wt %. To confirm the morpho-

logical features of TEG and a-TEG in the epoxy, SEM images of

the fractured surfaces for nanocomposites at 0.05 wt % were

examined, as can be seen in Figure 8. The fractured surface of

pure epoxy was quite even and smooth, indicating a typical

brittle failure [Figure 8(a)]. However, nanocomposite fractures

[Figure 8(b,c)] implied that more energy was needed to break

the sample, and it is believed that the introduction of carbon

nanoparticles leads to the change of section morphology and

influence on the mechanical properties of composites.35 In addi-

tion, the fracture surface of a-TEG/epoxy nanocomposites [Fig-

ure 8(c)] was much rougher than that of TEG/epoxy [Figure

8(b)] nanocomposites, indicating an increased interfacial inter-

action with epoxy.

The Flexural Properties of Nanocomposites. On the basis of

the experimental load–deflection curves, the flexural strength

and flexural modulus of neat epoxy and nanocomposites at

0.05 wt % could be extracted. As shown in Figure 9, the results

indicated clearly that all samples with carbon nanoparticles

showed a significant improvement in flexural properties com-

pared with neat epoxy samples. This can be contributed to the

fact that the introduction of carbon nanoparticles in epoxy

could optimize the stress transfer from the polymer, dissipate

the strain energy, prevent the failure of composites and lead to

the high value of work of fracture. In addition, the flexural

strength of a-TEG nanocomposites was increased by 50% in

comparison to TEG nanocomposites, which indicated that the

interfacial properties of nanocomposites were enhanced owing

to the high mechanical interaction and Van der Waals binding

between epoxy and a-TEG. However, the flexural modulus of

TEG nanocomposites and a-TEG nanocomposites increased

Figure 8. SEM images of the fractured surfaces (a) neat epoxy (b) 0.05 wt %

TEG/epoxy nanocomposites (c) 0.05 wt % a-TEG /epoxy nanocomposites.
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marginally in comparison to that of epoxy. This is mainly due

to the fact that the modulus of graphene nanosheets was much

higher than epoxy, but the content of carbon nanoparticles was

limited.36,37

Dynamic Mechanical Analysis of Nanocomposites. Viscoelastic

characterization, glass transition temperature and damping val-

ues, of neat epoxy, and nanocomposites at 0.05 wt % were car-

ried out by DMA analyses. Figure 10 showed the tand curves as

a function of temperature for the different prepared materials.

It is possible to observe that nanocomposites showed always

higher Tg values in comparing to the neat cured epoxy, evi-

denced by the shift of the maximum of tand peaks, together

with a decrease of the damping. It is well known that in

particulate-filled polymers, the addition of rigid fillers can

hinder the polymer chain movements and improve the crosslink

density, leading to a damping decrement and a shift of Tg values

to higher temperatures.32,38 In this study, a significant reduction

of damping (here evaluated as tandmax) was observed in the

nanocomposites, together with a strong increment in Tg values.

These changes in both Tg and damping are generally attributed

to a strong filler-matrix interface. The interface bonding

strength can be indirectly shown by a parameter a which was

calculated according to the formula:

a5 ððtandmaxÞm— tandmaxð ÞcÞ=Vf (2)

where Vf is the volume fraction of reinforcement, and

(tandmax)m is the maximum tand peaks of epoxy matrix, and

(tandmax)c is the maximum tand peaks of composites.39 In this

formula, we considered TEG and a-TEG as the same Vf because

of the similar density and the same weight. Thus, the a value of

a-TEG/epoxy nanocomposites would be higher than that of

TEG/epoxy nanocomposites in this formula due to the fact that

the (tandmax)c value of a-TEG/epoxy nanocomposites was lower

than that of TEG/epoxy nanocomposites as shown in Figure 10.

The results indicated that the interfacial interaction of a-TEG/

epoxy was stronger than that of TEG/epoxy because of the

mechanical bonding and Van der Waals binding between a-TEG

and epoxy chains.

As shown in Figure11(a), the storage modulus of nanocompo-

sites at glassy region (50�C) was increased in comparison to

neat epoxy owing to the addition of carbon nanoparticles.38

Moreover, the storage modulus of a-TEG/epoxy nanocomposites

was higher than TEG/epoxy nanocomposites and neat epoxy.

The results were in agreement with the results of Young’s mod-

ulus and flexural modulus. In addition, a slight increase in the

Figure 9. Flexural strength and modulus of neat epoxy and nanocompo-

sites. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 10. Damping factor (tand) and glass transition (Tg) of neat epoxy

and nanocomposites. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 11. Storage modulus (E0) of neat epoxy and nanocomposites. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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rubbery modulus (between 160�C and 200�C) of nanocompo-

sites [Figure 11(b)] was found compared with neat epoxy, and

this increase effect of rubbery modulus for a-TEG/epoxy was

more evident than that of TEG/epoxy. This can be attributed to

the fact that carbon nanoparticles have a much higher modulus

than epoxy matrix, resulting in a relatively higher molecular

motion and higher amplitude of this motion in the rubbery

region.40

CONCLUSIONS

In summary, a-TEG with higher SSA (1000 m2/g) and more

2-4 nm mesopores than TEG was prepared by chemical activation

successfully. In addition, a-TEG/epoxy nanocomposites was pre-

pared by solvent methods and compared with TEG/epoxy nano-

composites and neat epoxy. The tensile strength of a-TEG/epoxy

was increased by 20% in comparison to TEG/epoxy at 0.05 wt %.

The flexural strength of a-TEG/epoxy nanocomposites was

increased by 50% compared with that of TEG/epoxy nanocompo-

sites at 0.05% graphene content. The results might be related to

the fact that the interfacial interaction of a-TEG/epoxy nanocom-

posites was enhanced owing to their higher SSA and pore size

compared with those of TEG. Consequently, the activation for

pore introduction in graphene plane is a promising method for

enhancing the mechanical properties of carbon nanoparticle/

epoxy composites.
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