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ABSTRACT 

The effects of amine-modified graphene oxide on dispersion and micro-hardness of epoxy 

based nanocomposites are reported. Graphene oxide was prepared by the modified Hummers 

method followed by hexamethylenediamine functionalization. Analysis conducted through 

Fourier transform infrared spectroscopy, Raman spectroscopy, X-ray photoelectron 

spectroscopy and atomic force microscopy-based infrared spectroscopy show that the 

functionalization process effectively promoted a replacement of oxygen with amine groups 

while simultaneously creating defects in the graphitic structure. An increase in hardness was 

observed for the developed nanocomposites. 

© 2017 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/
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1 Introduction 

Graphene oxide (GO) is an important carbon-based nanomaterial and it has attracted a great 

interest from researchers due to its unique properties; high surface area (~2630 m
2
 g

-1
)
 
[1], 

high intrinsic mobility that can reach up to 200,000 cm
2
 V

-1
 s

-1 
[2], high Young modulus 

(~1 TPa) [3], high mechanical stiffness (>1000 GPa) [4], and exceptionally high thermal 

conductivity  [5]. These properties make GO a very attractive material to be used as nanofiller 

in polymer matrices leading to the development of a new class of nanocomposites [6–8]. 

These composite materials have attracted extensive attention due to observed enhancements in 

mechanical, thermo-physical and electrical properties resulting in a variety of promising 

applications [9–11]. In this context, as reported by Huang et al. [12], the reinforcement 

efficiency of the graphene oxide in the polymer nanocomposites is better than those of the 

corresponding carbon nanotubes (CNTs) or functionalized CNTs. 

Graphene oxide-based composite are viable candidates for a variety of industrial 

applications, especially for aircraft components, in particular electronics, such as 

supercapacitors, transistors, etc. [13–15]. However, although graphene/polymer composites 

have promising applications, the agglomeration of graphene sheets due to the strong van der 

Waals forces among their sheets and the weak compatibility with most of polymer matrices 

have been fundamental roadblocks that restrict its potential as a reinforcing agent [16,17]. 

Surface modification of graphene by adding functional groups is an effective way to reduce 

the tendency to agglomerate [18]. In addition, functionalization increases the graphene 

compatibility with specific polymers improving the reinforcing effect [19].  



Several studies have investigated the effect of carbon materials functionalization on 

the final properties of polymer composites [20]. Chatterjee et al. [21] observed that the 

fracture toughness of an epoxy increased 66% after addition of 0.1 wt.% of expanded 

graphene nanoplatelets modified by dodecylamine. Other researchers [22] observed an 

increase of 72% in Young's modulus and 143% in hardness with 0.5 wt.% of amino-modified 

graphene by tetraethylenepentamine. The authors attributed these results to the chemical 

modification of the graphene. Wan et al. [23] prepared epoxy composites filled with 

bisphenol-A functionalized GO (DGEBA–f–GO). They observed that the surface 

modification of GO with DGEBA improves the compatibility and dispersion of GO sheets in 

epoxy matrix, resulting in improved mechanical properties of the composites. Similar results 

were observed by other authors working with epoxy-based composites filled with silane 

functionalized GO (silane-f-GO) [24], reduced graphene oxide (TRGO) [25] and 

polyetheramine-functionalized graphene oxide (PEA-f-GO) [26].  Other authors [27] prepared 

composites chemically reduced graphene oxide (CRGO) sheets grafted with poly(methyl 

methacrylate) (PMMA-grafted-CRGO) by emulsion polymerization. The authors observed an 

efficient stress transfer in the PMMA composites filled with CRGO sheets grafted with 

PMMA polymer molecules. Alam et al. [28] have prepared hyper branched polyester coated 

multi-walled carbon nanotubes (HBPCNT) by solvent evaporation technique. HBPCNT 

loaded unsaturated polyester (UPR) nanosuspension has been cured and investigated with 

differential scanning calorimetric method. The authors observed that the HBPCNT 

remarkably reduces the curing temperature by 13°C during crosslinking in HBPCNT-UPR 

nanosuspension.   

Based on the above results, the addition of hexamethylenediamine functionalized 

graphene (AGO) into an epoxy resin has potential to improve the mechanical properties of 

these nanocomposites due to amino groups introduced into the graphene sheets. These amino 



groups when attached to graphene sheets may increase the crosslinking process between the 

AGO and the polymeric matrix. Furthermore, this group may decrease graphene 

agglomeration resulting in an improved dispersion and distribution of the GO sheets.  

To the best of the author’s knowledge, the effects of graphene oxide functionalization 

by hexamethylenediamine (HMDE) on the thermo-physical and mechanical properties of 

epoxy-based nanocomposites have not yet been reported. This study further contributes to the 

understanding of the relationships between surface modification of graphene and their 

interaction with polymer matrices.  Results show improved properties in the modified 

graphene-based nanocomposites.  

2 Material and methods 

2.1 Materials 

2.1.1 Matrix 

Araldite GY 260 based on diglycidyl ether of bisphenol A (DGEBA) with Aradur 972 based 

on diaminodiphenylmethane, both manufactured by Huntsman were used as the base epoxy 

resin. 

2.1.2 Preparation of graphene oxide (GO)   

The graphene oxide (GO) used in this study was prepared by a modified Hummers method 

[29]. An amount of 1.5 g of graphite powder was added to 120 mL of concentrated sulfuric 

acid (H2SO4, Merck, 98%) and the mixture was maintained at room temperature for 24 h. 

These followed by addition of 0.7 g of NaNO3 (Synth, 99%), the mixture was maintained 

under magnetic stirring at 30
o
C for 2 hours. After stirring, the temperature was decreased to 

0ºC and 7 g of KMnO4 (Synth, 90%) were added. The mixture was magnetically stirred for 

2 hours. After that, 150 mL of deionized water was added and temperature was increased to 

25
o
C. The reaction was terminated by slowly adding 5 mL of H2O2 (Synth, 30%). The 



resulting mixture was vacuum filtered and washed with deionized water until the filtered 

water reached a neutral pH. Finally, the graphene oxide was dried in a vacuum oven at 40ºC 

for 16 h.  

2.1.3 Synthesis of functionalized graphene oxide by hexamethylenediamine (AGO) 

The GO (0.3 g) was added to 150 mL of hexamethylenediamine (HMDA, NH2(CH2)6NH2, 

Aldrich, 70%). The mixture was maintained under magnetic stirring and heated at 100ºC for 

4 days. The hexamethylenediamine functionalized graphene (AGO) was filtered using a 

polytetrafluorethylene (PTFE) membrane (0.45 m pore size) and the excess HMDA was 

removed by washing with ethanol (Neon, 95%). After that, the AGO was dried in a vacuum 

oven at 40ºC for 16 h. Figure 1 shows an schematic preparation of the graphene oxide and its 

surface modification. 

2.1.4 Preparation of Nanocomposites 

The neat resin (epoxy) and composites (GO/epoxy and AGO/epoxy) were synthesized using a 

resin of diglycidyl ether of bisphenol A (DGEBA-3) and diaminodiphenylmethane (DDM). 

1 wt% of GO and AGO were dispersed in acetone for 10 minutes in ultrasound baths. The 

acetone was chosen as pre-dispersing solvent because both GO and AGO showed good 

dispersion in acetone. Other authors reported that the use of pre-dispersing solvent helps in 

the preparation of nanocomposites with stronger interfacial interactions among filler and 

polymer matrix [30]. Then, the graphene/acetone mixture was added to the resin and mixed 

using tip sonication (UP 200S, Hielscher, 200 W) at 65ºC. The mixture was degassed under 

vacuum at 80ºC for 24 hours. The mixture was then heated to 90ºC and the curing agent was 

added with a resin-to-curing agent weight ratio of 100:27.  

2.2 Characterization and measurements 

2.2.1 Fourier transform infrared (FT-IR) spectra 



FT-IR analysis was conducted in a FT-IR Spectrum One Perkin Elmer spectrometer 

(resolution 4 cm
-1

, 40 scans) using the KBr pellet technique (0.2:400 mg), in the range of 

4000-400 cm
-1

. 

2.2.2 Raman spectroscopy 

The structural characteristics of the GO and AGO were investigated by Raman spectroscopy 

on a Renishaw 2000 Micro-Raman equipped with an argon laser (514.5 nm), in the range of 

1000-2000 cm
-1

. 

2.2.3 X-ray photoelectron spectroscopy (XPS) 

XPS analysis of the samples was performed on a commercial spectrometer (UNI-SPECS 

UHV), with Mg K line (h =1253.6 eV) and a pass energy set at 10 eV. The composition of 

the surface layer was determined from the ratio of the relative peak areas corrected by 

Scofield sensitivity factors of the corresponding elements. The width at half maximum 

(FWHM) varied between 1.2 and 2.1 eV and the accuracy of the peak positions was + 0.1. 

2.2.4 Atomic Force Microscopy-based infrared spectroscopy (AFM-IR) 

Nanoscale infrared analysis (AFM-IR) was performed on a NanoIR2s Anasys Instrument. The 

samples were subjected to pulses at a repetition rate of 180 kHz from a tunable infrared 

source (Quantum Cascade Lasers - Daylight) with an 1800–1600 cm
−1

 spectral range. All 

AFM topographic images were obtained in contact mode with resonance frequency of 13 ± 

4 kHz and a spring constant of 0.07–0.4 N/m. 

2.2.5 X-ray diffraction (XRD) 

X-ray diffraction patterns were recorded on a high resolution X-ray diffractometer (Philips 

X'Pert), equipped with CuK radiation tube, at 45 kV and 25 mA, with 2 scans ranging from 

3
o
 < 2 < 90

o
, and a scan rate of 0.42 

o
/s. The distance layer (d(002)) of the samples GO and 

AGO was calculated based on Bragg’s law (equation 1) [31]. 



                                    (1) 

where  is the wavelength of the X-ray,  is the scattering angle, d is the interplane distance 

of the lattices. The crystallite size (D) of the samples was determined using the Scherrer 

equation (equation 2): 

  
    

     
                        (2) 

where  is the integral full widths at half maximum in radians. 

2.2.6 Scanning electron microscope (SEM)  

SEM images were obtained using a field emission gun-scanning electron microscope (Tescan 

VEGA3 XMU). The samples were fixed in the sample holder with the aid of conductive 

carbon tape. 

2.2.7 Dynamic mechanical analyses (DMA)  

Dynamic mechanical analysis measurements were carried out using a DMA Q 800 (TA 

Instrumental Company) with a constant frequency of 1 Hz, a temperature range between 30 

and 220 ºC, and a heating rate of 3 
o
C/min. The sample dimensions were 60 x 12 x 3 mm

3
. At 

least three samples of each composition were tested to ensure data reproducibility.  

2.2.8 Hardness test 

Hardness was measured with 1.96 N of load applied for 10 s using a Diamond Vickers 

indenter Tester FM-700. Thirty two indents were made on each surface (keeping the 

appropriate distance from sample edges and between indentation marks) to ensure data 

consistency. The hardness value HV (in GPa) was calculated from the indentation load and 

the diagonal of the Vickers imprint. The HV data set was analyzed using the statistical 

computational and graphical environment program, R with a 95% confidence interval. 

 



3 Results and discussion 

3.1 Fourier transform infrared (FT-IR) spectra  

FT-IR was conducted to analyze the surface functionalization of the samples graphite, GO 

and AGO. The graphite spectrum (Figure 2a) showed a strong band at 3400 cm
-1

,  and double 

bands at 2924 and 2861 cm
-1

, assigned to hydroxyl (OH) stretching vibration [32], and 

asymmetric (a CH2) and symmetric (s CH2) stretching vibrations of methylene group, 

respectively [33–35]. The spectrum also showed a band at 1639 cm
-1

, attributed to C=C 

stretching [36,37]. The spectrum of the GO sample (Figure 2b) showed the appearance of a 

band at 1730 cm
-1

, which is due to the carbonyl (C=O) stretch of the carboxylic acid group 

[38–40]. Additionally, bands at approximately 1222 and 1049 cm
-1

 were observed in the 

spectrum, corresponding to epoxy (C-O) stretching and the alkoxy (C-O) stretching [41,42]. 

After surface modification by hexamethylenediamine (Figure 2c), the bands at 1730 and 

1222 cm
-1

 almost disappeared and a new band at 1570 cm
-1

 appeared, which may be related to 

the N-H bending stretching [41]. Further confirmation of the functionalization process are the 

bands appearing at 3425 and 1116 cm
-1

 attributed to the NH2 stretch of the amine group 

overlapped with O-H stretching and C-N stretching vibrations, respectively [41,43]. The 

assignments of the infrared peaks are summarized in Table 1. These results suggest that the 

amine group was attached to GO surface. 

3.2 Raman spectroscopy  

Raman spectroscopy (Figure 3) was used to characterize the crystalline structural changes 

after surface modification. Raman spectrum of graphite-like materials exhibits two strong 

bands at D (∼1352cm
−1

) and G (∼1590cm
−1

). D band is associated to the disordered graphite 

structure (sp
3
 diamond-like carbons), while G band is related to concentric cylinders of the 

graphene layers (C-C sp
2
) [44]. Generally, the increase of the ratio of the intensities of the D 



and G bands (ID/IG) indicates a decrease in the average size of the C-C sp
2
 [45]. The results 

showed that the ID/IG value increased from 0.86 to 0.89 after surface modification, indicating 

a decrease in the average size of the sp
2
 carbon domains (loss of aromaticity). Moreover, an 

increasing of full width at half maximum (FWHM) in the G band was observed confirming a 

loss of aromaticity after the modification process. Surface modifications involving a strong 

oxidant have a significant effect on the aromaticity of the carbon materials, resulting in loss of 

aromaticity. During the functionalization, the unsaturated -bonds in the GO structure are 

destroyed by covalent linkage of functional groups and therefore topological defects and 

vacancies are created [46,47]. These vacancies are assigned to 5-7-7-5 rings (called Stone-

Wales defects) and 5-8-5 defects, composed of two pentagonal rings and one octagonal ring 

[44,48]. Other authors studying covalent functionalization of graphene oxide [49], carbon 

nanotube [50], and carbon black [51] have also observed a loss of aromaticity after surface 

modification. Thus, the Raman results indicate that functionalization of GO with HMDE 

induces some defects in the GO surface, changing the sp
2
 hybridized C-C bond to a sp

3
 

hybridized C-C bond. 

3.3 X-ray photoelectron spectroscopy (XPS)  

XPS analysis was employed in order to quantitatively identify the surface chemistry of GO 

and AGO (Figure 4a). The GO contains 69.1 atom% of carbon and 28.5 atom% of oxygen. 

After surface modification by hexamethylenediamine, the carbon content increased up to 

76.0 atom%, while oxygen content decreased to 11.7 atom% (O/C ratio of 0.41 for GO and 

0.15 for AGO). Additionally, the survey spectrum of AGO shows 10.4 atom% of nitrogen, 

which is due to the HMDA functional group attached to the graphene oxide surface (N/C ratio 

of 0.01 for GO and 0.14 for AGO). The C1s peaks were deconvoluted to effectively reveal the 

functionalization process (Figure 4b), peaks corresponding to graphitic C-C (~284.5 eV), C-H 

(~285.2 eV), C-N (285.8 eV), C-O epoxy group (~286.6 eV), C=O (~287.8 eV), and O-C=O 



(289.5 eV) were observed [52,53]. Results of high resolution XPS spectra analyses for C1s 

are summarized in Table 2. A comparison of the C1s spectrum of the GO to the C1s spectrum 

of the AGO showed a decrease for the C-C sp
2
, indicating a loss of aromaticity after surface 

modification. The functionalization using strong oxidants induces some defects in the GO 

surface, as observed in Raman spectroscopy. Simultaneously, the peaks assigned to 

oxygenated carbon (C-O, C=O, O-C=O) decreased and a new peak at 285.8 eV assigned to 

nitrogenated functional group appeared, suggesting that the amine group was covalently 

linked to the AGO surface by replacement of oxygen of the oxygenated carbons. The XPS 

results are in agreement with the FT-IR and Raman analysis, all depict that HMDA has been 

successfully grafted onto GO surface via covalent bonds. 

3.4 Morphological investigation 

SEM micrographs (Figure 5) were taken from the GO and AGO to investigate the integrity of 

the graphene oxide after surface modification. GO shows a thin rippled morphology similar to 

a tissue paper. After functionalization, more irregular and rough texture was observed, which 

can be indicative of structural defects on the AGO surface. As discussed earlier, the small 

increase of the ID/IG intensity observed in the Raman spectra is related to topological defects 

and vacancies. This interpretation can be confirmed by SEM.  

3.5 Atomic Force Microscopy-based infrared spectroscopy (AFM-IR) 

AFM-IR spectroscopy is a new and powerful way to characterize surface modification of 

nanomaterials due to a combination of the spatial resolution of AFM with the chemical 

analysis capability of spectroscopy [54]. This method consists of detecting the local thermal 

expansion of the absorbing region of the sample in response to infrared excitation [55]. In our 

study, the IR laser was tuned to a wavelength at 1730 cm
−1

 (corresponding to the stretch of 

the carboxylic acid group). Thus, the samples with a higher concentration of carboxylic acid 



groups absorb light at this wavenumber and the thermal expansion of the absorbing region is 

identified. Figure 6a and Figure 6b show the folded and/or overlapped nanosheets of GO and 

AGO, respectively. The chemical image simultaneously obtained at 1730 cm
−1

 is showed in 

Figure 6c and Figure 6d.  The blue region indicates low infrared absorptivity, while yellow 

and pink indicate areas of greater absorptivity. Only the GO sample shows a distinct 

absorption at 1730 cm
−1

. Since this band is related to C=O (1730 cm
−1

) and the thermal 

expansion signal detected in AFM-IR is in proportion to the sample absorption, it is fair to 

consider that the AGO has fewer C=O groups than GO. The decrease of the intensity of this 

band can be attributed to an amine group covalently linked to the surface of the graphene 

oxide through the reaction with the carboxylic acid group. It is important to note that the 

AFM-IR technique presents a limited performance given that the N-H bending stretching of 

the HMDA group occurs at 1570 cm
−1

 and the amplitude was recorded at a wavenumber 

range of 1800-1600 cm
−1

. Despite this, the AFM-IR results showed good correlation with 

FT-IR and XPS results and confirm the surface modification of the GO.  

3.6 X-ray diffraction (XRD) 

The XRD patterns of graphite, GO and AGO are shown in Figure 7. The graphite sample 

(Figure 7a) shows a sharp peak at 2 = 26.7º assigned to the diffraction of the (002) plane of 

the well-ordered graphene [56,57]. Graphene oxide (Figure 7b) exhibits a strong peak at 

2 = 10.1º (002), which may be attributable to an increase in the interlayer spacing (from 0.34 

to 0.87 nm) due to oxygen-containing functional groups on the graphene oxide surface 

[41,56]. After functionalization with the amine groups (Figure 7c), the typical sharp peak of 

graphene oxide at 2 = 10.1º disappeared and a broad peak at 2 = 22.1 º (002) appeared, 

suggesting that graphene oxide was reduced to graphene and the interlayer spacing of 

graphene sheets was decreased (0.40 nm) due to a decrease of oxygenated carbon [57,58]. 

Moreover, the crystallite size of the samples decreased after surface modification from 11.0 to 



1.4 as result of loss of aromaticity due to functionalization process (as previously discussed). 

This means that the GO was reduced to graphene.   

3.7 Analysis of nanocomposites   

Samples from the neat epoxy, GO/epoxy and AGO/epoxy composites were cryogenically 

fractured to be analyzed under scanning electron microscopy. Neat epoxy (Figure 8a-b) shows 

a flat and smooth surface, while composites presented rough and rugged surface. The 

nanocomposite containing GO (Figure 8c-d) exhibited large agglomerates due to the Van der 

Waals interaction between the planar structures of the graphene [16]. These agglomerates 

weaken the composite, decreasing the mechanical performance of the polymer [59,60]. On the 

other hand, AGO shows better homogeneity within the polymeric matrix, the fracture surface 

was homogeneously coated by epoxy (Fig. 8e-f), indicating that AGO was effectively 

dispersed. This can be attributed to the existence of amine groups on the surface of graphene 

oxide. Addition of the amine groups on the graphene oxide prevents agglomeration due to 

steric factors while can effectively promoting interactions (anchor points) between the 

modified graphene and the polymeric matrix through crosslinking process [16].  

3.8. Dynamic mechanical analyses (DMA)  

Dynamic mechanical analysis (DMA) was performed in order to assess the information on the 

viscoelastic properties of the composites. The variation of the storage modulus (E') and the 

damping factor (tanδ) of the samples are presented in Figure 9 and the values of storage 

modulus, tan and glass transition temperature (Tg) are summarized in Table 3. The 

nanocomposites exhibited higher storage modulus than neat resin, given the reinforcing effect 

of graphene on the matrix (Figure 9a). Additionally, small differences are observed in the 

values of storage moduli for GO/epoxy and AGO/epoxy. The addition of graphene (modified 

or not) to polymer matrix leads to a phase formation at interface between filler-matrix which 



contributes to dissipate energy from external stresses by frictions between particle-particle 

and particle-polymer at interface [61–63]. Tan is a measure of the damping properties of 

materials and can be determined by the ratio between the loss modulus and the storage 

modulus [64,65]. Tan value of nanocomposites GO/epoxy decreased slightly when 

compared to the neat epoxy, and the lowest value for the tan was for the AGO loaded epoxy 

system. This behavior probably occurs because the addition of fillers affects the damping 

behavior of the polymer owing to stress concentrations [66]. Additionally, a good adhesion 

between graphene and epoxy resin limits the mobility of the polymer chains reducing the 

values of tan  [64,67].  Tg shifts to a lower temperature range when the composites are 

compared with pure epoxy Figure 9b. The reduction in the Tg may be attributed to the 

enlarged free volume between the epoxy chains due to the introduction of the nanofiller into 

the polymer [58].  

3.8 Hardness test  

Figure 10 shows the results obtained from Vickers hardness testing. The hardness increased 

from 17.1 to 19.0 HV after adding of GO in epoxy resin whereas for the AGO composites the 

Vickers hardness increased to 25.3 HV, about 33% higher than the GO based composites and 

about 48% higher than the neat epoxy. The increase of hardness observed in the AGO/epoxy 

suggests that amino groups attached on graphene oxide surface decreased the strong self-

interaction of graphene sheets (as observed in SEM images) therefore promoting better 

dispersion and more homogenous distribution of forces throughout the carbon structure and 

epoxy matrix. Furthermore, the amino groups served as anchor points for polymer chains, 

increasing the interaction between filler and matrix. The addition of graphene with uniform 

dispersion and strong interaction promotes a more effective dissipation of energy from 

external stresses. Similar improvements on hardness were observed in other studies working 

epoxy based composites reinforced with carbon nanotubes functionalized with 



hexamethylenediamine [68], graphene nanoplatelets modified by dodecylamine [21] and 

amino-modified graphene by tetraethylenepentamine [22].  

4 Conclusions  

This study reported the functionalization of graphene oxide and its effect on the mechanical 

properties of epoxy based composites. The results provide evidence that GO was effectively 

functionalized by HMDE through replacement of oxygen groups. The functionalization 

process also generated defects in the graphitic structure of the samples. Surface modification 

improves the dispersion and interaction between modified graphene oxide and the selected 

epoxy resin. Hardness testing showed a 33% increase for the AGO reinforced epoxy 

composites when compared to the GO reinforced epoxy composites. The surface modification 

presented in this study shows to be an efficient method for the production of high 

performance graphene-based nanocomposites.  
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Figures  

 

 



Figure 1 - Schematic of the preparation of graphene oxide by the Hummers method (GO) and 

surface modification using hexamethylenediamine (AGO). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 2 - FTIR transmission spectra of (a) graphite, (b) GO and (c) AGO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 3 - Raman spectra of GO and AGO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 4 - (a) XPS survey spectra of GO and AGO. (b) Deconvoluted peaks of C1s XPS 

spectrum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 5 - Typical SEM micrographs of (a) GO and (b) AGO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 6 - Height mode AFM images (a and c) and chemical images (b and d) simultaneously 

obtained at 1730 cm
−1

 for the GO and AGO samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 7 - XRD patterns of (a) graphite, (b) GO and (c) AGO.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure 8 - Fracture surface micrograph of (a-b) neat epoxy, (c-d) GO/epoxy and (e-f) 

AGO/epoxy. 

 

 



 

 

Figure 9 - (a) Storage modulus and (b) tan  of neat epoxy and composites containing 1 wt.% 

of GO and AGO. 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 10 - Vickers hardness of the samples (a) neat epoxy, (b) GO/epoxy and (c) 

AGO/epoxy. 

 

 

Tables 

 

Table 1. Assignments of the FT-IR peaks 

Sample Peak (cm
-1

) Interpretation References 

Graphite 3400  OH [22] 

 2924 aCH2 [23,24] 

 2861 sCH2 [23,24] 

 1639  C=C [25,26] 

GO 3400 OH [22] 

 1730 C=O [27,28] 

 1222 C-O [29,30] 

 1049 C-O [29,30] 

AGO 3425 NH2 [31] 

 1570 N-H [29] 



 1116 C-N [29] 

stretching vibrations; a = asymmetric stretching vibrations; s = symmetric stretching 

vibrations 

 

 

 

 

 

 

 

 

 

Table 2 - Comparison of atomic compositions of GO and AGO determined by C1s XPS 

deconvolution. 

Chemical bond GO AGO 

C=C, C-H 46.6 35.6 

C-O, C=O, O-C=O 53.4 38.5 

C-N - 25.9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 - Storage modulus, peak height of tan  curve and Tg from DMA of samples. 



Sample E´ at 30 
o
C (MPa) 

Peak height of 

tan  curve 

Tg (
o
C) from 

curve tan  

Neat resin 1553.1 1.05 164.8 

GO/Epoxy 1892.8 0.98 157.1 

AGO/Epoxy 1948.5 0.87 157.5 
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