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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
I
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

'd

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

L

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

.1

paring adhesive materials with high temperature stability.

Keywords: Graphene Oxide, epoxy, functionalities, polymercaptan, crosslinking
The growth i aphene research lead to popularity of graphene oxide (GO) as an effi-
cient precursor for the preparation of chemically derived graphene. Although initial

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

graphene studies on structural and chemical properties unfolded interesting
features of GOU. The fascinating properties arising from the two-dimensional layers of
carbo inhabited by oxygenated species endow uniqueness to GO in its inherent

form. TMnal groups aid GO dispersion in most solvents and has increased inter-
action with Var;'s.!s organic and inorganic compounds![1-4l. This has led to GO being used
as precu various solution processed nanostructures!>-7l, The properties of GO
also show d variation from pristine graphene. Since the presence of oxygen func-
tional groups introduces sp3 hybridization into the sp? 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 materiall®l. Mechanical be-
havior of GO is also dominated by the functionalities as their interactions causes brittle

to ductile ition[°l.

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

i

toughnes hene and other carbon nanomaterials have resulted in it being highly

sought nahofillel for polymer composites(1-22], Nevertheless, the composite properties

C

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

LES

issue to a large extent as the functional groups in GO can create strong interface with
the matri so lead to more homogenous dispersion[23-26], The chemical moieties

in GO havg been utilized in epoxy composites for improving the physical properties [27-

fi

291, Tt is w; umented in Lerf and Klinowsky models and other models that GO is

d

decoratedwi1 ydroxyl and epoxy groups on basal planes and edges(ll. Although the

epoxy gr ve been used previously for creating better bonding with epoxy matrix,

M

the po 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 s in graphene sheet. The low density of epoxy groups could be one rea-

O

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

agents, itf€ould crosslink the epoxy groups and form a thermosetting resin. It has been

g

demo t carbon, nitrogen, oxygen or sulfur nucleophiles reacts with epoxides

{

in GO[30-32F g epoxy hardener with GO allows the possibility of opening the ring

U

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

philic H) groups that can open the epoxide functional groups and was selected

A

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

{

P

specific appligation

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

[

rate epo onent. Theoretical calculations (Figure 1) predicted possible reaction

between 8SH anl functional groups in GO and the experiments were carried out by

C

combinin ith polymercaptan based curing agents at 120°C. The schematic of the

S

proposed reaction is given in Figure 2a.

Results and Discussion

[EU

To investi interaction between graphene and functional groups (-OH, -0-, and -

a

COOH), h employed the first-principles density functional theory (DFT) (Details
are gi theoretical methods section). The enthalpy of formation of a functional

group | ined as , where , , and are the total energy of the functionalized gra-

M

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

I

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

tween tw @ atoms known as epoxy) bonds with graphene as shown in Figure 1 (I

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

N

bon atomgs of ggaphene due to more negative value of Ez Due to bond formation be-

{

tween ca ms of graphene and functional groups (>0 and -OH), the carbon atoms

U

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

[D). T cates that the carbon atoms near the functional groups have sp2-sp3 hy-

A

bridization. To study the addition -SH functional group to functionalized (<0,-OH, and -

COOH) graphene, we have calculated Er 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 bet functional groups and -SH breaks the C-O, C-O-C and C-OH bond and
formed Xa, X=>0 and -OH) molecules as shown in Figure 1. This molecule can
N
be physi«!lly absorbed on graphene sheet. However, different configuration calcula-
tions indigfite that there will be barrier to flow -SH group over the graphene surface and
interact with the functional groups. The interaction with the C-0-C group was found to
be high i configurations indicating a favorable reaction between -SH and the

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

E

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

I

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

Figure 2aQF s, first the GO synthesized using improved Hummer’s method is finely

a

powd re fine mixing with epoxy curing agent (ECA). GO flakes prepared us-

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

Vi

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

[

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

ly. GO wds inely powdered with mortar and pestle before mixing with ECA. It is

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

n

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

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

LE

Other wei os of GO and ECA were tried but lower amount of GO resulted in no so-

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

A

breaks into powter. The heating of the gel at 120°C 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 sp ut, ECA- Graphite showed poor mixing and showed similar consistency
as the pudnple. This indicates that it not the thermal curing of ECA alone or
 E—

presenceﬂ‘ material that leads to the formation of the resin but the chemical in-
teraction jgét GO and ECA that causes it. For bonding two surfaces, small amount of
GO-xy wagd to the area to be covered and kept in oven at 120°C for few hours
(Supplemmﬁgure 1).

GO-xy ch ization

Thermog ic Analysis (TGA) and Differential Scanning Calorimetry (DSC) are
very effemﬂs in studying the curing kinetics of polymer based samples. GO and
ECAw ell together and was immediately placed in TGA alumina pan and the
temper as increased from room temperature to 200°C at a rate of 5°C per minute
under Ar atmosphere. Similar experiment was done on GO and ECA control samples to
identify thht loss and heat flow of individual samples. After initial gradual weight

decrease n@ IC, a sharp decrease is observed that is associated with the removal of

functiona . The TGA curve for GO-ECA shows decreased weight loss compared to
ECAp to the onset of crosslinking reaction (Supplementary Figure 2). Also in
the prese“ CA there is no sharp weight loss indicating complete reduction of GO
functiona s. This is possibly due to the reaction of the functionalities with ECA.

The e ic 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 150°C (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 1209C the fast heating rate may have led to the peak appearing at a

T

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

lead to t

N
of the ble!d was dynamically monitored using optical microscope. As the temperature

imn of the resin, a freshly mixed sample was heated and the evolution

was incr dSlowly, GO and ECA starts to coalesce after few minutes, indicating some
chemical int€raction between the two materials instigated by thermal energy. The
schemati g the coalescing of GO and ECA as the temperature rises in shown in
Figure SbEO-)W at different stages was observed under optical microscope (Fig-
ure 3b). temperature, GO is randomly distributed in ECA. As the temperature is
increased ets starts joining together and at a temperature of 120°C, GO is rather
homogen@iistributed. The scanning electron microscope (SEM) images in Figure
3b sh nected structure of GO and ECA with some agglomerates that could
have Eed 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 separhm ECA (Figure 3b). X-ray Photoelectron Spectroscopy (XPS) analysis

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

The Cls c | of peak position of carbon atom is approximately at 285 eV. In high-
resolu alysis of ECA, the C=C and C=0 bonds are at 286.84 and 286.20eV. The
C-S peakﬂ nt at 285.11eV. The atomic percentage of carbon, oxygen and sulfur
are 67.03 and 2.30 respectively. The GO-xy sample also shows similar C=C, C=0

and C- . The atomic percentage of carbon, oxygen and sulfur is 62.38, 35.38 and
2.24 respectively. The C1ls XPS spectra of GO usually has C=C bonds, C=0 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.

T

Solid stat ssNMR) is a very effective tool for studying amorphous material or ma-
terials Lac%ng-range order(34l. It can be used to monitor changes in chemical moie-
ties and hin atomic level structural changes in a range of molecules. For insolu-
ble samp‘s like'}O, solid-state NMR has been used to identify the presence of different
functionaWs 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

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

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

hardener“amples are shown in Figure 3d. Previous literature reports on 3C spec-
C

trum for ate the resonance peaks observed in at ~ 60 ppm and 70 ppm corre-
sponds t rbon atoms connected to the epoxy and hydroxyl functional groups. The
peak a m arises from the sp? carbon atoms. The GO-hardener spectrum shows

completegisappearance of the C-0-C epoxy peak in GO and a shift of 6ppm to low field

for the Cﬁk. The absence of C-0-C peak in the GO- hardener sample is in good

agreeme he hypothesis that the epoxy rings in GO are reacting with -SH groups
in the hagener. An excess of hardener seems to be present in the sample as observed
from tWtensity sp? carbon peak. However, the absence of C-O-C peak is not

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

the peak obseryged in GO sample and the absolute disappearance in the GO-hardener
cured {
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Mechanical Characterization
It is important to understand the mechanical characteristics of GO-xy for them to be ap-

plied iiHapplications. It is necessary for the sample to maintain the mechanical
stability mperature and for testing this, insitu temperature controlled exper-
imentsmvenessamried out in DMA where the GO-xy cured sample was subjected to stiff-
ness mea&nts when the temperature was increased from room temperature to
150°C (F ). Increased temperature had no adverse effect on stiffness that em-
phasizes Werature stability of the material. GO-xy is a resin that exhibits flexibil-
ity and it se to varying the forces were monitored using controlled force exper-
iment (in igure 4a). The force was first increased to 2N and held for 30 minutes
followed @N and 8N for the same duration. No deterioration in the stiffness re-
sponse w itored for GO-xy. Load/unload experiments also showed good resili-
ence of thme (Supplementary Figure 4). To examine whether any evidence of cur-
ing can be ob®ined from the mechanical characteristics, partially cured GO-ECA was
placed temperature control chamber of DMA and when the temperature
reached SOOC a small rise in stiffness was observed which could be from the crosslink-

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

Xy on two surfaces was evaluated by performing a lap shear test. For preparing
samples, o glass slides were cleaned and GO mixed with ECA was applied to the bond
area of“ength 25mm and annealed at 120°C overnight. Control sample pre-
pared using ECA was also annealed in similar conditions. Although GO-xy bonds the
glass slides w an hour or two, ECA takes longer time and hence to keep the parame-
ters coﬁjcuring 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. e test, two ends of the glass specimen are held by the tensile grasps as
shown ind. Force was applied at a controlled rate until the bonding between
 E—
the surfaw&. The samples were examined after the failure and while ECA allows
sliding ofgfhe Bhass slides with minimal force, the GO flakes in GO-xy shows a locking
mechanisgrotects the surfaces from sliding away easily (Figure 4d). Although not
entirely t mechanism, improvement in adhesion strength by interlocking mech-
anism ha@ observed in carbon nanotubes(33. It is easier for nanomaterials to fill
the Voidsgh surfaces that leads to increased bonding. The filling of voids by GO

present i enhances the adhesion between the glass surfaces. It is expected that

the bond@ngtb can be improved by ensuring homogeneous application of the GO-

ECA preventing agglomerates that could have negative effects on the inter-
facial co etween the surfaces.

Discussh

In this W@ was mixed with polymercaptan based hardener that resulted in the

formation resin when thermal energy was provided. Control experiments with

graphi@and reduced GO did not form a resin which confirms it is the functional
groupth instigates the reaction. Since the curing only occurs at high tempera-
ture it can be m;ed and stored which gives it a good shelf life and can effectively work
as a one oxyl36l. The NMR and DSC results indicate reaction occurring between
GO and ECA® ajor 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 adhesiie between two solid surfaces. The possibility of chemically crosslinking

GO or otﬁu‘ alized 2D materials with epoxy hardener matrix has not been pre-
N

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

ing and c@higher temperature provides the option of storing the mixture at room
r

temperature 1or long time before use which is again not an option in most conventional

TIMs.

GO is cora 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 matri he functional groups present in them. The abundance of epoxy groups
provides n of using it as alternative choice for epoxy in standard two-part epoxy
system a entially converting it to one-part epoxy. Improving synthesis methods
where i epoxy groups can be increased would provide more reactive sites and

result in &lerated curing. The work proposes using GO as epoxy and provides case
study that orts the idea. Further optimization in the mixing process, selection of
hardener@gher density of thiol groups, increasing the density of epoxide func-
tionalitieiEare expected to produce epoxy systems with enhanced adhesive and
thermWs. The thermal properties of GO, good adhesion strength between dif-

ferent suEease of preparation and application makes GO-xy a very attractive

choice for high temperature stable thermally conducting epoxies.
Material<ethods

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 Veﬂ:\s the reaction is highly exothermic. The solution turns color to yel-
low and aterial is allowed to settle down. The solid material is then filtered
N

and was}!d multiple times with water, 30% HCI and ethanol. The dried material ob-

tained is @ich is then finely powdered using mortar and pestle. Polymercptan

based epox rdener (Hardman Epoxy Double/Bubble obtained from Sanford Distrib-

5

uting Co as mixed with GO powder in the weight ratio 10:1 and kept in oven at

120°C for 12 holrs. The gel mixture turns into a solidified flexible resin after heating.

U

Charactefization: The structural characterization was performed using FEI Quanta 400

n

Scanning Microscope under high vacuum at 15kV. Q-600 Simultaneous TGA/
DSC was mﬂ studying the thermal behavior and curing kinetics. Q800 Dynamic Me-
chanica is (DMA) was used for the mechanical measurements on GO-xy free
standi and adhesion testing of glass slides bonded using GO-xy. Solid state

NMR experiments were carried out at 11.7 T (H Larmor frequency of 500 MHz) using
Bruker AV spectrometer. A 4-mm triple-resonance standard Bruker MAS probe
was used eriments at MAS frequencies of 7 kHz. Hahn echo spectra were record-

ed with 3! echo time of 10 microseconds and a recycle delay of more than 15 seconds.

ApproWOO scans were recorded for each sample at room temperature.

Theoretical Meghodology: All the calculations were performed using first-principles
density f al theory (DFT) by considering plane-wave method as implemented in
the Vieﬁtio Simulation Package (VASP)[3738] | 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)!0). The wave function of elec-

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

gy cut-of ﬂhe van der Waals (Vdw) interaction is included in all the calculation

within T and Scheffler (TS) model as implemented in VASP#l. This model

N
takes int!account environment dependent Vdw interaction via electron density. The

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

1421 'where, , and are the dispersion coefficient, distance between ith
d damping functions, respectively. To model the interaction between

the 1solated fundtional group and graphene, we have considered 5x5x1 supercell of gra-

phene. Tngrtlﬁaal electrostatic interaction among the neighboring images a vac-
i

uum reg 5 A is used in the out-off-plane direction. The structures were opti-

mized u con]ugate gradient scheme until the forces on every atom were <
10- 2e\/§(1110u1n zone was sampled by 3x3x1 Monkhorst-Pack (MP)[43] k-mesh.
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TOC Graphic

TOC Summ raphene 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 nu@leophilic -SH group in polymercaptan based hardener. Powdered GO when

mixed wi ercaptan based hardener and heated to 120°C forms a resin that is

named GO-
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Figure 1
Figure 1: calculations showing the enthalpy of formation of various functional
groups in mercaptan group (I), (II), (1II), and (IV) enthalpy of formation (Ef) of
=0, >0] and -COOH functional groups, respectively attached to the graphene sheet.

The si 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) grou;ﬁrent configurations. Green, sky-blue, red, and yellow color boll repre-

sents H, G d/S atom, respectively. Among the different functional groups the inter-

action of poxide) group with -SH is found to be high in all configurations indi-

cating a fayorable reaction between the two provided the thermal barrier is overcome.
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Sulfur

‘ @ Hydrogen
@® Oxygen

]
Figure 2®tic representation and digital images of GO-xy (a) Reaction schematic
of GO i ercaptan based hardener where the mercaptan groups (-SH) opens
epoxy ringsg when heated at 120°C and crosslinks the GO sheets (b,c) Digital and
SEM images of GO powder respectively where SEM shows the individual flakes agglom-
erated to wger solids (d) Digital image of GO-xy showing a completely cured solid

of definit @ after GO and ECA is mixed and cured at 120°C (e) SEM image of GO-xy

showirﬂded well with epoxy harderner.
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Figure 3: thermal and spectroscopic characterization (a) DSC of the samples
show ermic peak for the ECA due to some possible initial reaction, high in-

tense pea! for GO at 200°C corresponding to the removal of functional groups while a
new exoth ic peak at 150°C appears for GO-ECA which could be from the crosslink-
ing reacti rring at high temperature (b) The schematic, optical and scanning elec-
tron m£raphs respectively, showing GO-ECA at different temperatures with poor
mixingwmperature and coalescing to form a homogeneous material at higher
temperau@ptical image the darker spots corresponds to GO and lighter regions
correspond to i A (d) High resolution XPS C1s spectra of GO-xy . C=C and C=0 and C-S
peaks 4t 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 sp? 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.
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FigureEical 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 w in controlled force experiment where force first increased to 2N and
held for es followed by at 4N and 8N for the same duration (b) Load -
Displacem ve from lap shear test using Instron for determining the adhesive
streng surfaces bonded using ECA and GO-xy respectively (c) Failure strain
for glam bonded by ECA and GO-xy showing superior adhesion of GO-xy (d)
test setumcture surfaces for adhesion test of ECA and GO-xy where glass slides
bonde%lows easy sliding due to tensile force while the ones bonded by GO-xy
demonstrate ow sliding and a locking mechanism. The error bars indicate standard

deviation.
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