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The unique combination of layered structure and chemical moieties grant very interesting 

physio-chemical properties to graphene oxide (GO).  Functional groups such as epoxide, hy-

droxyl and carboxyl are abundantly distributed along the hexagonal lattice of carbon atoms. 

The superior properties of GO and increased interfacial interaction with other compounds 

make them excellent filler materials in polymers such as epoxies for creating multifunctional 

composites. Alternatively, the presence of epoxide group on GO opens up the possibility of 

using it as the major epoxy matrix constituent rather than just as a filler material. In this 

work, we report the formation of GO-xy (cross-linked GO via the epoxide functionality) resin 

by reaction of GO with polymercaptan based hardener by completely eliminating the need for 

conventional epoxy component. Substituting epoxy with GO marks notable advance in pre-

paring adhesive materials with high temperature stability. 

 

Keywords: Graphene Oxide, epoxy, functionalities, polymercaptan, crosslinking 

The growth in graphene research lead to popularity of graphene oxide (GO) as an effi-

cient precursor for the preparation of chemically derived graphene. Although initial 

prominence of GO was attributed to its use as an effective source for mass production of 

graphene, further studies on structural and chemical properties unfolded interesting 

features of GO. The fascinating properties arising from the two-dimensional layers of 

carbon atoms inhabited by oxygenated species endow uniqueness to GO in its inherent 

form. The functional groups aid GO dispersion in most solvents and has increased inter-

action with various organic and inorganic compounds[1–4]. This has led to GO being used 

as precursor for various solution processed nanostructures[5–7]. The properties of GO 

also show marked variation from pristine graphene. Since the presence of oxygen func-

tional groups introduces sp3 hybridization into the sp2 hybridized graphene lattice, dis-

tortion of bandgap is observed in GO. Selected removal of functional groups allows tai-
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loring the electrical, optical and chemical properties of the material[8]. Mechanical be-

havior of GO is also dominated by the functionalities as their interactions causes brittle 

to ductile transition[9].  

The high surface area, excellent thermal/electrical conductivities and mechanical 

toughness of graphene and other carbon nanomaterials have resulted in it being highly 

sought nanofiller for polymer composites[10–22]. Nevertheless, the composite properties 

suffer from poor interface between the filler and the matrix. Using GO eliminates this 

issue to a large extent as the functional groups in GO can create strong interface with 

the matrix and also lead  to more homogenous dispersion[23–26]. The chemical moieties 

in GO have been utilized in epoxy composites for improving the physical properties [27–

29]. It is well documented in Lerf and Klinowsky models and other models that GO is 

decorated with hydroxyl and epoxy groups on basal planes and edges[1].  Although the 

epoxy groups have been used previously for creating better bonding with epoxy matrix, 

the possibility of substituting epoxy with GO has not been explored before to the best of 

our knowledge. Epoxy ring groups in GO are formed by oxygen atoms covalently bonded 

to carbon atoms in graphene sheet. The low density of epoxy groups could be one rea-

son why GO has not been used as epoxy; but when reacted with strong epoxy curing 

agents, it could crosslink the epoxy groups and form a thermosetting resin. It has been 

demonstrated that carbon, nitrogen, oxygen or sulfur nucleophiles reacts with epoxides 

in GO[30–32]. Mixing epoxy hardener with GO allows the possibility of opening the ring 

and forming resin in the process. Polymercaptan based curing agent has highly nucleo-

philic thiol (-SH) groups that can open the epoxide functional groups and was selected 

for investigating the potential of crosslinking GO to form epoxy resin. Eliminating the 

need for epoxy matrix can considerably reduce the polymeric content in adhesives 
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which can be beneficial for applications requiring high thermal stability and conductivi-

ty. Moreover, various combinations of GO and hardener system can be used based on 

specific application.  

In this work, a resin was created solely from GO and curing agent without using a sepa-

rate epoxy component. Theoretical calculations (Figure 1) predicted possible reaction 

between -SH and functional groups in GO and the experiments were carried out by 

combining GO with polymercaptan based curing agents at 1200C. The schematic of the 

proposed reaction is given in Figure 2a. 

Results and Discussion 

To investigate the interaction between graphene and functional groups (-OH, -O-, and –

COOH), we have employed the first-principles density functional theory (DFT) (Details 

are given in theoretical methods section). The enthalpy of formation of a functional 

group is determined as  , where , , and  are the total energy of the functionalized gra-

phene, pristine graphene and isolated functional group, respectively[33]. The calculated 

value of Ef indicates that oxygen can form C-O (top of the carbon) and C-O-C (bridge be-

tween two carbon atoms known as epoxy) bonds with graphene as shown in Figure 1 (I 

and II). The bridge formation is much more preferable compared to the top of the car-

bon atoms of graphene due to more negative value of Ef.  Due to bond formation be-

tween carbon atoms of graphene and functional groups (>O and –OH), the carbon atoms 

near the attached functional groups deflected from their original position (Figure 1 (I-

III)). This indicates that the carbon atoms near the functional groups have sp2-sp3 hy-

bridization. To study the addition –SH functional group to functionalized (<O,-OH, and -

COOH) graphene, we have calculated Ef at different positions of –SH on graphene sheet 
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as shown in Figure 1 (V-VIII).   The calculations indicate that –SH interacts strongly with 

oxygen of the functional groups <O and –OH compare to the graphene sheet. The inter-

action between functional groups and –SH breaks the C-O, C-O-C and C-OH bond and 

formed X-SH (where, X= >O and -OH) molecules as shown in Figure 1. This molecule can 

be physically absorbed on graphene sheet.  However, different configuration calcula-

tions indicate that there will be barrier to flow –SH group over the graphene surface and 

interact with the functional groups. The interaction with the C-O-C group was found to 

be high in all the configurations indicating a favorable reaction between -SH and the 

epoxy group if the barrier energy is crossed. The possible reaction between -SH group 

and GO predicted using DFT calculation was applied to experimental studies using GO 

and polymercaptan hardener. A schematic for the proposed reaction is presented in 

Figure 2a. For this, first the GO synthesized using improved Hummer’s method is finely 

powdered to ensure fine mixing with epoxy curing agent (ECA). GO flakes prepared us-

ing the  improved Hummer’s method have a lateral size of few microns. Detailed charac-

terization of GO has been provided in our previous work7. The digital and scanning elec-

tron microscope (SEM) images for GO powder is shown in Figures 2b and 2c respective-

ly. GO was first finely powdered with mortar and pestle before mixing with ECA. It is 

important to have GO as very fine powder to disperse it homogeneously in ECA which is 

a viscous medium. Once powdered, the brown colored GO and transparent ECA is com-

bined in 1:10 weight ratio using mortar and pestle to form a highly viscous brown gel. 

Other weight ratios of GO and ECA were tried but lower amount of GO resulted in no so-

lidification and higher amount resulted in formation of very dry and brittle solid that 

breaks into powder. The heating of the gel at 1200C results in a completely cured solid 

as shown in Figure 2d and has been named GO-xy. GO and ECA are completely mixed 

and form a relatively homogeneous mixture as seen in the SEM image (Figure 2e).  Con-
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trol experiments were conducted using pure ECA and ECA – Graphite mixture under 

same physical conditions. While pure ECA resulted in a pale yellow low viscous flowy 

gel that spread out, ECA- Graphite showed poor mixing and showed similar consistency 

as the pure ECA sample. This indicates that it not the thermal curing of ECA alone or 

presence of filler material that leads to the formation of the resin but the chemical in-

teraction between GO and ECA that causes it. For bonding two surfaces, small amount of 

GO-xy was applied to the area to be covered and kept in oven at 1200C for few hours 

(Supplementary Figure 1).   

 

GO-xy characterization 

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) are 

very effective tools in studying the curing kinetics of polymer based samples. GO and 

ECA were mixed well together and was immediately placed in TGA alumina pan and the 

temperature was increased from room temperature to 2000C at a rate of 50C per minute 

under Ar atmosphere. Similar experiment was done on GO and ECA control samples to 

identify the weight loss and heat flow of individual samples. After initial gradual weight 

decrease till 1500C, a sharp decrease is observed that is associated with the removal of 

functional groups. The TGA curve for GO-ECA shows decreased weight loss compared to 

ECA possibly due to the onset of crosslinking reaction (Supplementary Figure 2). Also in 

the presence of ECA there is no sharp weight loss indicating complete reduction of GO 

functional groups. This is possibly due to the reaction of the functionalities with ECA. 

The exothermic peak for ECA at low temperature may be from the initial reactions. In 

the DSC curve (Figure 3a) a new exothermic peak which is not observed in GO or ECA 

samples is found in GO-ECA at 1500C (the sample for TGA is named GO-ECA instead of 

GO-xy as during the process they are not crosslinked). This is believed to be from the 
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reaction between GO and ECA that is instigated by thermal energy. Although curing 

temperature is at 1200C the fast heating rate may have led to the peak appearing at a 

higher temperature. For gaining insight to the changes occurring in the mixture that 

lead to the formation of the resin, a freshly mixed sample was heated and the evolution 

of the blend was dynamically monitored using optical microscope. As the temperature 

was increased slowly, GO and ECA starts to coalesce after few minutes, indicating some 

chemical interaction between the two materials instigated by thermal energy. The 

schematic showing the coalescing of GO and ECA as the temperature rises in shown in 

Figure 3b panel. GO-xy at different stages was observed under optical microscope (Fig-

ure 3b). At room temperature, GO is randomly distributed in ECA. As the temperature is 

increased GO sheets starts joining together and at a temperature of 1200C, GO is rather 

homogeneously distributed. The scanning electron microscope (SEM) images in Figure 

3b show interconnected structure of GO and ECA with some agglomerates that could 

have been generated from non-homogeneous mixing. The blending of GO with ECA hap-

pens only when annealed as SEM of the mixture at lower temperatures show islands of 

GO separated from ECA (Figure 3b). X-ray Photoelectron Spectroscopy (XPS) analysis 

was conducted on the ECA (Supplementary Figure 3) and GO-xy samples (Figure 3c). 

The C1s core level of peak position of carbon atom is approximately at 285 eV.  In high-

resolution XPS analysis of ECA, the C=C and C=O bonds are at 286.84 and 286.20eV. The 

C-S peak is present at 285.11eV.  The atomic percentage of carbon, oxygen and sulfur 

are 67.03, 27.66 and 2.30 respectively. The GO-xy sample also shows similar C=C, C=O 

and C-S peaks. The atomic percentage of carbon, oxygen and sulfur is 62.38, 35.38 and 

2.24 respectively. The C1s XPS spectra of GO usually has C=C bonds, C=O bonds from 

carbonyl groups and C-O from epoxy groups. However, In GO-xy there is no evident C-O 
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peak from epoxy groups in GO which indicates the epoxy ring opening for reaction with 

ECA.  

Solid state NMR (ssNMR) is a very effective tool for studying amorphous material or ma-

terials lacking long-range order[34]. It can be used to monitor changes in chemical moie-

ties and changes in atomic level structural changes in a range of molecules. For insolu-

ble samples like GO, solid-state NMR has been used to identify the presence of different 

functional groups and their relative distribution in graphene layers. A comparative 

analysis of 13C NMR of GO and GO with hardener was conducted to study the proposed 

mechanism in the formation of resin that involves opening of epoxy groups in GO to re-

act with the mercaptan groups in the hardener. The NMR spectra for GO and GO-

hardener cured samples are shown in Figure 3d. Previous literature reports on 13C spec-

trum for GO indicate the resonance peaks observed in at ~ 60 ppm and 70 ppm corre-

sponds to the carbon atoms connected to the epoxy and hydroxyl functional groups. The 

peak at ~ 130 ppm arises from the sp2 carbon atoms. The GO-hardener spectrum shows 

complete disappearance of the C-O-C epoxy peak in GO and a shift of 6ppm to low field 

for the C-OH peak.  The absence of C-O-C peak in the GO- hardener sample is in good 

agreement with the hypothesis that the epoxy rings in GO are reacting with –SH groups 

in the hardener. An excess of hardener seems to be present in the sample as observed 

from the lower intensity sp2 carbon peak.  However, the absence of C-O-C peak is not 

expected from the predominant effect of hardener. This is due to the high intensity of 

the peak observed in GO sample and the absolute disappearance in the GO-hardener 

cured sample. 
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Mechanical Characterization 

It is important to understand the mechanical characteristics of GO-xy for them to be ap-

plied in thermal applications. It is necessary for the sample to maintain the mechanical 

stability at higher temperature and for testing this, insitu temperature controlled exper-

iments were carried out in DMA where the GO-xy cured sample was subjected to stiff-

ness measurements when the temperature was increased from room temperature to 

1500C (Figure 4a). Increased temperature had no adverse effect on stiffness that em-

phasizes the temperature stability of the material. GO-xy is a resin that exhibits flexibil-

ity and its response to varying the forces were monitored using controlled force exper-

iment (inlay of Figure 4a). The force was first increased to 2N and held for 30 minutes 

followed by at 4N and 8N for the same duration. No deterioration in the stiffness re-

sponse was monitored for GO-xy. Load/unload experiments also showed good resili-

ence of the sample (Supplementary Figure 4). To examine whether any evidence of cur-

ing can be obtained from the mechanical characteristics, partially cured GO-ECA was 

placed inside the temperature control chamber of DMA and when the temperature 

reached 1200C a small rise in stiffness was observed which could be from the crosslink-

ing process in the sample (Supplementary Figure 5).  The adhesive strength of the GO-

xy on two glass surfaces was evaluated by performing a lap shear test. For preparing 

samples, two glass slides were cleaned and GO mixed with ECA was applied to the bond 

area of overlap length 25mm and annealed at 1200C overnight.  Control sample pre-

pared using ECA was also annealed in similar conditions. Although GO-xy bonds the 

glass slides within an hour or two, ECA takes longer time and hence to keep the parame-

ters constant the curing period was extended to 12 hours. The amounts of GO-xy and 

pure ECA applied for preparing the samples were same (~100 mg). The test was con-

ducted using Instron Universal Test Machine.  An improvement in the adhesion strength 
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and critical load is observed in glass slides bonded using GO-xy sample compared to 

ECA (Figure 4b). The failure strain from the adhesion test of ECA and GO-xy are given in 

Figure 4c. For the test, two ends of the glass specimen are held by the tensile grasps as 

shown in Figure 4d. Force was applied at a controlled rate until the bonding between 

the surfaces break. The samples were examined after the failure and while ECA allows 

sliding of the glass slides with minimal force, the GO flakes in GO-xy shows a locking 

mechanism that protects the surfaces from sliding away easily (Figure 4d). Although not 

entirely the same mechanism, improvement in adhesion strength by interlocking mech-

anism have been observed in carbon nanotubes[35]. It is easier for nanomaterials to fill 

the voids on rough surfaces that leads to increased bonding. The filling of voids by GO 

present in GO-xy enhances the adhesion between the glass surfaces. It is expected that 

the bonding strength can be improved by ensuring homogeneous application of the GO-

ECA mixture and preventing agglomerates that could have negative effects on the inter-

facial contact between the surfaces. 

 

Discussion 

In this work, GO was mixed with polymercaptan based hardener that resulted in the 

formation of a resin when thermal energy was provided. Control experiments with 

graphite powder and reduced GO did not form a resin which confirms it is the functional 

groups in GO that instigates the reaction. Since the curing only occurs at high tempera-

ture it can be mixed and stored which gives it a good shelf life and can effectively work 

as a one part epoxy[36]. The NMR and DSC results indicate reaction occurring between 

GO and ECA.  A major application area for GO-xy is thermal interface materials (TIMs). 

High thermal conductivity, easy application, void free contact and temperature stability 

are the key requirements for TIMs. Conventional thermal greases, phase change materi-
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als and filled polymers fail to meet all the requirements. Here, GO acts as epoxy and 

simple mixing with hardener leads to the formation of a thermally and mechanically 

stable adhesive between two solid surfaces. The possibility of chemically crosslinking 

GO or other functionalized 2D materials with epoxy hardener matrix has not been pre-

viously explored. The chemical bonds between GO and the hardener allows easy blend-

ing and curing at higher temperature provides the option of storing the mixture at room 

temperature for long time before use which is again not an option in most conventional 

TIMs.  

GO is considered an excellent filler material while preparing composites not just be-

cause of the physical properties but also due to the ease of interaction it can have with 

the matrix from the functional groups present in them. The abundance of epoxy groups 

provides an option of using it as alternative choice for epoxy in standard two-part epoxy 

system and essentially converting it to one-part epoxy. Improving synthesis methods 

where density of epoxy groups can be increased would provide more reactive sites and 

result in accelerated curing.  The work proposes using GO as epoxy and provides case 

study that supports the idea. Further optimization in the mixing process, selection of 

hardener with higher density of thiol groups, increasing the density of epoxide func-

tionalities in GO are expected to produce epoxy systems with enhanced adhesive and 

thermal properties. The thermal properties of GO, good adhesion strength between dif-

ferent surfaces, ease of preparation and application makes GO-xy a very attractive 

choice for high temperature stable thermally conducting epoxies. 

Materials and Methods 

Synthesis: GO powder was synthesized using improved Hummer’s method. In the 

method, 3g of SP-1 graphite powder (Bay Carbon) with 18g of potassium permanganate 
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is mixed in 360mL sulfuric acid along with 40 mL phosphoric acid. The mixture was left 

for stirring overnight and then poured to ice. 10-14 mL of hydrogen peroxide is poured 

to this very slowly as the reaction is highly exothermic. The solution turns color to yel-

low and the solid material is allowed to settle down. The solid material is then filtered 

and washed multiple times with water, 30% HCl and ethanol. The dried material ob-

tained is GO which is then finely powdered using mortar and pestle. Polymercptan 

based epoxy hardener (Hardman Epoxy Double/Bubble obtained from Sanford Distrib-

uting Company) was mixed with GO powder in the weight ratio 10:1 and kept in oven at 

1200C for 12 hours. The gel mixture turns into a solidified flexible resin after heating.  

Characterization: The structural characterization was performed using FEI Quanta 400 

Scanning Electron Microscope under high vacuum at 15kV. Q-600 Simultaneous TGA/ 

DSC was used for studying the thermal behavior and curing kinetics. Q800 Dynamic Me-

chanical Analysis (DMA) was used for the mechanical measurements on GO-xy free 

standing sample and adhesion testing of glass slides bonded using GO-xy. Solid state 

NMR experiments were carried out at 11.7 T (1H Larmor frequency of 500 MHz) using 

Bruker AV NMR spectrometer. A 4-mm triple-resonance standard Bruker MAS probe 

was used for experiments at MAS frequencies of 7 kHz. Hahn echo spectra were record-

ed with an echo time of 10 microseconds and a recycle delay of more than 15 seconds. 

Approximately 4200 scans were recorded for each sample at room temperature.  

Theoretical Methodology:  All the calculations were performed using first-principles 

density functional theory (DFT) by considering plane-wave method as implemented in 

the Vienna ab-Initio Simulation Package (VASP)[37,38] . The interactions among the elec-

tron are represented by all-electron projector augmented wave potentials[39]. The ex-

change-correlation potential is approximated by the generalized gradient approxima-
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tion (GGA) of Perdew-Burke-Ernzerhof functional (PBE)[40]).  The wave function of elec-

tron in the crystal structure is replaced by plane wave basis set with plane kinetic ener-

gy cut-off 400 eV. The van der Waals (Vdw) interaction is included in all the calculation 

within Tkatchenko and Scheffler (TS) model as implemented  in VASP[41]. This model 

takes into account environment dependent Vdw interaction via electron density. The 

dispersion energy in TS is represented by considering lowest-order two-body disper-

sion energy ()[41,42] , where,  , and  are the dispersion coefficient, distance between ith 

and jth species and damping functions, respectively.  To model the interaction between 

the isolated functional group and graphene, we have considered 5×5×1 supercell of gra-

phene. To avoid artificial electrostatic interaction among the neighboring images a vac-

uum region of ~15 Å is used in the out-off-plane direction. The structures were opti-

mized using the conjugate gradient scheme until the forces on every atom were ≤ 

10−2eV/Å . The Brillouin zone was sampled by 3×3×1  Monkhorst-Pack (MP)[43]  k-mesh.  

 

 

Acknowledgement 

Authors acknowledge the funding support from U.S. Department of Defense: U.S. Air 

Force Office of Scientific Research for the Project MURI: “Synthesis and Characterization 

of 3-D Carbon Nanotube Solid Networks” Award No. etFA9550-12-1-0035.LDM and Su-

percomputing Education Research Centre (SERC) for providing computing facilities and 

Indo–US Science and Technology Forum (IUSSTF), Govt. of India for assisting the Indo–

US Research Fellowship. S.O. acknowledges financial support from a LANL Director's 

Postdoctoral Fellowship. 

Notes 



 

 
This article is protected by copyright. All rights reserved. 
 

The authors declare no competing financial interest. 

References 

[1] D. R. Dreyer, S. Park, C. W. Bielawski, R. S. Ruoff, Chem. Soc. Rev. 2010, 39, 228–240. 

[2] S. Park, J. An, I. Jung, R. D. Piner, S. J. An, X. Li, A. Velamakanni, R. S. Ruoff, Nano Lett. 

2009, 9, 1593–1597. 

[3] Y. Si, E. T. Samulski, Nano Lett. 2008, 8, 1679–1682. 

[4] Y. Wang, Z. Li, J. Wang, J. Li, Y. Lin, Trends Biotechnol. 2011, 29, 205–212. 

[5] S. Vinod, C. S. Tiwary, P. A. da Silva Autreto, J. Taha-Tijerina, S. Ozden, A. C. Chipara, 

R. Vajtai, D. S. Galvao, T. N. Narayanan, P. M. Ajayan, Nat. Commun. 2014, 5. 

[6] D. Chakravarty, C. S. Tiwary, L. D. Machado, G. Brunetto, S. Vinod, R. M. Yadav, D. S. 

Galvao, S. V. Joshi, G. Sundararajan, P. M. Ajayan, Adv. Mater. 2015, 27, 4534–4543. 

[7] S. Vinod, C. S. Tiwary, L. D. Machado, S. Ozden, R. Vajtai, D. S. Galvao, P. M. Ajayan, 

Nanoscale 2016, 8, 15857–15863. 

[8] S. Pei, H.-M. Cheng, Carbon 2012, 50, 3210–3228. 

[9] S. Vinod, C. S. Tiwary, L. D. Machado, S. Ozden, J. Cho, P. Shaw, R. Vajtai, D. S. Galvão, 

P. M. Ajayan, Nano Lett. 2016, 16, 1127–1131. 

[10] O. Breuer, U. Sundararaj, Polym. Compos. 2004, 25, 630–645. 

[11] J. Sandler, M. S. P. Shaffer, T. Prasse, W. Bauhofer, K. Schulte, A. H. Windle, Polymer 

1999, 40, 5967–5971. 

[12] P.-C. Ma, N. A. Siddiqui, G. Marom, J.-K. Kim, Compos. Part Appl. Sci. Manuf. 2010, 41, 

1345–1367. 

[13] F. H. Gojny, M. H. Wichmann, B. Fiedler, I. A. Kinloch, W. Bauhofer, A. H. Windle, K. 

Schulte, Polymer 2006, 47, 2036–2045. 

[14] J. R. Potts, D. R. Dreyer, C. W. Bielawski, R. S. Ruoff, Polymer 2011, 52, 5–25. 



 

 
This article is protected by copyright. All rights reserved. 
 

[15] H. Kim, A. A. Abdala, C. W. Macosko, Macromolecules 2010, 43, 6515–6530. 

[16] O. Meincke, D. Kaempfer, H. Weickmann, C. Friedrich, M. Vathauer, H. Warth, Poly-

mer 2004, 45, 739–748. 

[17] M. Moniruzzaman, K. I. Winey, Macromolecules 2006, 39, 5194–5205. 

[18] T. Kuilla, S. Bhadra, D. Yao, N. H. Kim, S. Bose, J. H. Lee, Prog. Polym. Sci. 2010, 35, 

1350–1375. 

[19] J. N. Coleman, U. Khan, W. J. Blau, Y. K. Gun’ko, Carbon 2006, 44, 1624–1652. 

[20] Z. Han, A. Fina, Prog. Polym. Sci. 2011, 36, 914–944. 

[21] K. Hu, D. D. Kulkarni, I. Choi, V. V. Tsukruk, Prog. Polym. Sci. 2014, 39, 1934–1972. 

[22] K. Hu, M. K. Gupta, D. D. Kulkarni, V. V. Tsukruk, Adv. Mater. 2013, 25, 2301–2307. 

[23] N. Saravanan, R. Rajasekar, S. Mahalakshmi, T. P. Sathishkumar, K. S. K. Sasikumar, 

S. Sahoo, J. Reinf. Plast. Compos. 2014, 33, 1158–1170. 

[24] T. Ramanathan, A. A. Abdala, S. Stankovich, D. A. Dikin, M. Herrera-Alonso, R. D. Pi-

ner, D. H. Adamson, H. C. Schniepp, X. Chen, R. S. Ruoff, et al., Nat. Nanotechnol. 

2008, 3, 327–331. 

[25] C. Vallés, I. A. Kinloch, R. J. Young, N. R. Wilson, J. P. Rourke, Compos. Sci. Technol. 

2013, 88, 158–164. 

[26] D. D. Kulkarni, I. Choi, S. S. Singamaneni, V. V. Tsukruk, ACS Nano 2010, 4, 4667–

4676. 

[27] J. Kim, B. Yim, J. Kim, J. Kim, Microelectron. Reliab. 2012, 52, 595–602. 

[28] B. Qi, Z. Yuan, S. Lu, K. Liu, S. Li, L. Yang, J. Yu, Fibers Polym. 2014, 15, 326–333. 

[29] H. Ribeiro, W. M. da Silva, J. C. Neves, H. D. R. Calado, R. Paniago, L. M. Seara, D. das 

Mercês Camarano, G. G. Silva, Polym. Test. 2015, 43, 182–192. 

[30] W. R. Collins, E. Schmois, T. M. Swager, Chem. Commun. 2011, 47, 8790–8792. 



 

 
This article is protected by copyright. All rights reserved. 
 

[31] S. Park, D. A. Dikin, S. T. Nguyen, R. S. Ruoff, J. Phys. Chem. C 2009, 113, 15801–

15804. 

[32] H. R. Thomas, A. J. Marsden, M. Walker, N. R. Wilson, J. P. Rourke, Angew. Chem. Int. 

Ed. 2014, 53, 7613–7618. 

[33] V. Stevanović, S. Lany, X. Zhang, A. Zunger, Phys. Rev. B 2012, 85, 115104. 

[34] W. Cai, R. D. Piner, F. J. Stadermann, S. Park, M. A. Shaibat, Y. Ishii, D. Yang, A. Vela-

makanni, S. J. An, M. Stoller, et al., Science 2008, 321, 1815–1817. 

[35] M. Xu, F. Du, S. Ganguli, A. Roy, L. Dai, Nat. Commun. 2016, 7, 13450. 

[36] N. 20, 2014 Robert Michaels | Machine Design, “One-Part Epoxies are Versatile and 

Convenient,” can be found under http://machinedesign.com/adhesives/one-part-

epoxies-are-versatile-and-convenient, n.d. 

[37] G. Kresse, J. Furthmüller, Comput. Mater. Sci. 1996, 6, 15–50. 

[38] G. Kresse, J. Furthmüller, Phys. Rev. B 1996, 54, 11169. 

[39] P. E. Blöchl, Phys. Rev. B 1994, 50, 17953. 

[40] J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865. 

[41] A. Tkatchenko, M. Scheffler, Phys. Rev. Lett. 2009, 102, 73005. 

[42] S. Grimme, A. Hansen, J. G. Brandenburg, C. Bannwarth, Chem. Rev. 2016, 116, 

5105–5154. 

[43] H. J. Monkhorst, J. D. Pack, Phys. Rev. B 1976, 13, 5188. 

 

 

 

 



 

 
This article is protected by copyright. All rights reserved. 
 

TOC Graphic 

 
 

 

 

 

 

 

 

 

TOC Summary: Graphene Oxide has epoxide groups that can essentially act as epoxy 

component in two part epoxy system. The epoxide ring opens and crosslinks with the 

highly nucleophilic -SH group in polymercaptan based hardener. Powdered GO when 

mixed with polymercaptan based hardener and heated to 1200C forms a resin that is 

named GO-xy.  
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Figure 1: DFT calculations showing the enthalpy of formation of various functional 

groups in GO with mercaptan group (I), (II), (III), and (IV) enthalpy of formation (Ef) of 

=O, >O, –OH, and –COOH functional groups, respectively attached to the graphene sheet. 

The side view of the functionalized graphene sheet is shown here for clarity.  (V)-(VIII) 

showing enthalpy of formation of different functionalities in the GO with mercaptan (-

SH) group in different configurations. Green, sky-blue, red, and yellow color boll repre-

sents H, C, O, and S atom, respectively. Among the different functional groups the inter-

action of C-O-C (epoxide) group with -SH is found to be high in all configurations indi-

cating a favorable reaction between the two provided the thermal barrier is overcome. 
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Figure 2: Schematic representation and digital images of GO-xy (a) Reaction schematic 

of GO with polymercaptan based hardener where the mercaptan groups (-SH) opens 

epoxy rings in GO when heated at 1200C and crosslinks the GO sheets (b,c) Digital and 

SEM images of GO powder respectively where SEM shows the individual flakes agglom-

erated to form larger solids (d) Digital image of GO-xy showing a completely cured solid 

of definite shape after GO and ECA is mixed and cured at 1200C (e) SEM image of GO-xy 

showing GO blended well with epoxy harderner .  
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Figure 3: GO-xy thermal and spectroscopic characterization (a) DSC of the samples 

show sharp exothermic peak for the ECA due to some possible initial reaction, high in-

tense peak for GO at 2000C corresponding to the removal of functional groups while a 

new exothermic peak at 1500C appears for GO-ECA which could be from the crosslink-

ing reaction occurring at high temperature (b) The schematic, optical and scanning elec-

tron micrographs respectively, showing GO-ECA at different temperatures with poor 

mixing at lower temperature and coalescing to form a homogeneous material at higher 

temperature; in optical image the darker spots corresponds to GO and lighter regions 

correspond to ECA (d) High resolution XPS C1s spectra of GO-xy . C=C and C=O and C-S 

peaks are present at at 283.70, 285.30 and 286.84 (e) 13C NMR spectra of GO and GO-xy. 

GO shows resonance peaks at 60 ppm, 70 ppm and 130 ppm corresponding to the 
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epoxy, hydroxyl and sp2 carbon atoms. In GO-xy the epoxy peak at 60 ppm disappears 

and C-OH shows a shift of 6 ppm to the low field. 

 

Figure 4: Mechanical characterization and adhesion test results (a) DMA results for GO-

xy indicating stiffness of GO-xy stable when temperature is increased and inlay shows 

stiffness recorded in controlled force experiment where force first increased to 2N and 

held for 30 minutes followed by at 4N and 8N for the same duration (b) Load –

Displacement curve from lap shear test using Instron for determining the adhesive 

strength on glass surfaces bonded using ECA and GO-xy respectively (c) Failure strain 

for glass surfaces bonded by ECA and GO-xy showing superior adhesion of GO-xy (d) 

test setup and fracture surfaces for adhesion test of ECA and GO-xy where glass slides 

bonded by ECA allows easy sliding due to tensile force while the ones bonded by GO-xy 

demonstrates a slow sliding and a locking mechanism. The error bars indicate standard 

deviation. 

 


