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Owing to polydispersity and polyfunctionality, the chemically controlled heterogeneous synthesis of graphene-based

compounds is a great challenge for synthetic chemists. Graphene oxide as significant precursor is playing irreplaceable role
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for multiple applications. The external temperature stimuli-response process based on the chemistry of graphene oxide is

not well understood. An improved fundamental understanding is a crucial prerequisite for their potential application in

future. Here, a simple and efficient approach for the synchronized room-temperature surface and edge modification of

hydramines (HA) on graphene oxide (GO) is reported. The chemical mechanism investigation of the simultaneous

covalent/noncovalent functionalization demonstrates that GO is a metastable material, whose oxygen-containing

functional groups could be regarded as active sites and involved in various reactions under such a low temperature. And

the size and steric hindrance of substituent of organic molecules play a vital factor to affect the chemical activity. The

accurate nanostructures of HA functionalized GO nanomaterials would effectively promote the controlled interfacial

engineering of advanced graphene-based nanocomposites.

Introduction

As a rising star in materials science and technology,
graphene, a two-dimensional monolayer of carbon atoms
arranged in a honey comb lattice, with high physical-chemical
properties has been widely applied in various fields.!” The
control of physical and chemical properties of graphene-based
nanomateirals is a challengeable issue for the next generation of
nanodevices.* It is very difficult that the inert pristine graphene
could be applied directly by simple solution-processed process,
though they could be fabricated by expensive chemical vapour
deposition™® or time-consuming micromechanical exfoliation of
graphite.” So, the various functionalization strategies have been
developed in order to meet practical requirements. Two main
approaches have the practical potential. One is to dope
heterogeneous atoms onto the basal plane, which is to form
covalent bond directly with C atoms of graphene; the other is to
establish covalent or noncovalent bond between the functional
group native to graphene oxide (GO) and the guest functional
group.

Chemical heteroatom-doping in graphene matrix is an
effective strategy to tailor the graphene and thus has a large
impact on graphene applications, which are gaining more and
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more research interests due to their enhanced performance in
recent years.>®!" Especially, the N-doped/modified graphene
nanomaterials can improve properties of supercapacitor,'>!?
electrocatalysts,”'*'* and lithium ion battery® due to variations
of chemical electronic properties of graphene.'” Several
corresponding approaches have been developed including the
plasma,'® arc-discharge of graphite electrodes in a Hy/pyridine
or H,/NH; atmosphere,'' chemical vapor deposition'’ and
thermal annealing of GO with urea, melamine and cyanmide®
11819 61c. 1320 These processes accompanying reduction suffer
from rigorous conditions and sophisticated equipments, with
exposure of poisonous gas and high cost.®'?

As compared to element doping, the functionalization with
more complicated organic groups is an easier procedure.?' Until
now, the most useful method for the large-scale production of
functionalized graphene, is still the chemical conversion of
graphite to GO, followed by modification of GO. In this
process, the direct reduction of GO usually accompanies the
agglomeration of reduced graphene without the assistance of
other materials, such as polymer etc, which would be obstacle
of further application."*?*** So, some typical organic reactions
are often utilized to chemically anchor functional groups onto
graphene layers to intrigue the enhanced thermal stability,
mechanical strength, high processability, etc.>?**’ Many
accomplishments have witness the outstanding properties of
these approaches including the covalent and noncovalent
strategies. But, it is still difficult to achieve complete
delamination and functionalization by efficient chemical
reactions,”*?® though both sides of GO are highly functionalized
by oxygen-containing groups as active sites.?"?* In addition,
owing to polydispersity and polyfunctionality the controlled
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wet chemical synthesis of graphene-based compounds is a great
challenge for synthetic chemists.** The two key endeavors are
purification and the unambiguous structural confirmation. The
introduction of hydrophilic or hydrophobic organic functional
groups can successfully prevent agglomeration either by strong
electrostatic repulsive forces or owing to their bulky size. It
should be noted that the chemical modification of graphene
would decrease the electrical conductivity owing to doping
insulating molecules and defect concentration on the surface of
graphene.*

In the methods mentioned above, GO is usually considered
as significant precursor to synthesize various nanomaterials for
multiple applications. However, GO in itself, as a material of
properties should not be neglected.
Understanding the chemical transformations occurring in GO in

great interest, its
response to external temperature stimuli remains a challenge.
An improved fundamental understanding of room-temperature
metastability of graphene oxide is a crucial prerequisite for
their potential application in future. Herein, a novel route for
the simultaneous surface and edge functionalization of GO
using HA is adopted to fabricate the supramolecular graphene-
based nanohybrids (HA-mGO) through a facile one-step
stirring reaction at the room temperature. A comprehensive
mechanism picture for this subject in term of how the
covalent/noncovalent bonds are formed has been investigated.
In this process, HA as an effective nucleophiles can attack the
carbon atoms of the ether linkages in GO via the typical
nucleophilic addition reaction, and the formed sp® C-N bonds
may suspend the outside of graphene. At the same time, the
supramolecular structures can generate between the oxygen
functional groups in GO and NH, group of HA by hydrogen
bonds and electrostatic self-assembly. The introduced organic
molecules by the covalent and noncovalent reactions would
increase significantly opportunities of “effective collision” for
formation of the interfacial interactions. For easy expression,
the ethanol amine, amino-1-propanol and 4-amino-1-butanol
are represented with AE, AP and AB, respectively. Three
compounds are capable of functionalization of GO by a
nucleophilic ring opening reaction and supramolecular self-
assembly. The accurate nanostructures of HA functionalized
GO nanomaterials would effectively promote the controlled
of
nanocomposites. The investigation of interfacial interaction by

interfacial ~ engineering advanced  graphene-based
combination of HA-mGO and polymer matrix would be
evaluated better by enhanced performance of polymer

nanocomposites.

Results and discussion

Raman spectroscopy is highly sensitive and nondestructive
technique to characterize the structure and quality of carbon
materials, particularly to determine the defects, the ordered and
disordered structures.’! Raman spectra of GO, AB-mGO, AP-
mGO and AE-mGO are shown in Fig. 1a. Raman spectra could
offer clear evidence of HA functionalization. Generally, Raman
spectroscopy of graphene characterized by two prominent
peaks: the graphitic (G) peak at about 1575 cm™', which comes

2| J. Name., 2012, 00, 1-3

from the first order scattering of the E2g phonon of the sp’
carbon atoms and the diamond (D) peak at about 1345 cm™,
which arises from the breathing mode of k-point photons with
Alg symmetry.”® The appearance of G (1582 ¢cm™) and D
(1347 cm™) peaks in higher regions indicates the destruction of
the sp? character and the formation of defects in the GO
nanosheets due to extensive oxidation. And the ratio of D and G
band intensity, Ip/Ig, is about 1.0. The Ip/I ration of HA-mGO
nanomaterials increase from 1.0 for GO to 1.1~1.2, which
indicate the formation of more disordered structures. Specially,
the highest ratio value for AP-mGO illustrates the best
modification degree. And the skeleton structure GO remains in
the HA-mGO after functionalization.*?

The FT-IR curve of GO as precursor is shown in Fig. 1b, a strong

and broad absorption at 3339 cm’

originated from O-H stretching
vibrations can be observed. The characteristic stretching adsorption
bands corresponding to the carbonyl groups (C=0) in COOH units
situated at edges of GO sheets can be observed at around 1733 cm’
12135 \whereas the bands due to C-O in alcoholic or epoxy groups
(COH/COC) appear at 1048 cm'. In addition, the peak at 1625 cm!
can be attributed to the O—H bending vibration, epoxide groups or
skeletal ring vibrations of graphitic domains.”’*

FT-IR spectra are then used to analyze the chemical
compositions of HA-mGO nanomaterials. As shown in Fig. 1b
and Fig. S1 (see ESI), the new peaks at 2929, 2858, 1605 and
1376 cm™ due to characteristic peaks of hydramines appear in

the nanohybrids.**
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Fig. 1 Raman spectra (a) of GO, AB-mGO, AP-mGO and AE-mGO; FT-IR
spectra (b) of GO, AB and AB-mGO as a typical example.
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As a typical example, the enhanced intensity of the peak at
1051 ¢cm™ in AB-mGO is observed siganificantly, which
strongly illustrated that the introduction of aliphatic C-N bonds
and the peak shift of the alcoholic/epoxy groups from 1048 to
1051 cm™. The blueshift of 3 cm’
generation of more hydrogen bonds between residual oxygen

is mainly owing to the
groups of HA-mGO and hydramine. In additon, nitrogen-
related peaks appeared at 1560 cm™ in the spectrum of AB-
mGO, which can be preliminarily assigned to N-H bending
bonds (see ESI Fig. S1t). Furthermore, the content of carbonyl
stretching peak of carboxyl groups” at 1733 cm™ in GO
HA-mGO
nanomaterials, which may be explained that in the presence of
HA, the COOH groups in GO react with the NH, in hydramines
to generate new chemical bonds, such as carboxylate
(R'COONH,R?) and amide (R'CONR?). A new band at 1550
cm assigned to carboxylic acid salt (COO") asymmetric stretch
mode is observed.”” And, the broader band type from 2400 to
3200 cm™ also could testify the existence of RCOONH,
structure.

siganificantly decrease, even disappear in

To further evaluate the elemental composition and nitrogen
contents of the nonmaterial architectures, X-ray photoelectron
spectroscopy (XPS) measurements are performed. As shown in
Fig. 2, XPS spectra (Fig. 2a) of GO and HA-mGOs, the
corresponding high resolution Cls and N1s spectra of GO (Fig.
2b) and HA-mGOs (Fig. 2c-h) are clearly observed. The XPS
spectrum of the GO only shows the existence of the carbon and
oxygen atoms. In the case of HA-mGOs, an obvious N signal is
evident, and the calculated N/C atomic ratios for AB-mGO,
AP-mGO and AE-mGO are 10.66%, 11.26% and 12.31%
respectively. This moment, the empirically derived N, C and O
atomic sensitivity factors for XPS are 0.25, 0.42 and 0.66.%
And, the N modified level of 7.97 % (atom %) achieved for
AE-mGO is slightly lower than that (10.1 atom%) of the
product fabricated by thermal annealing GO in the presence of
melamine at 700 °C.'3

The high-resolution C1s XPS spectrum of GO (Fig. 2b) show
four peaks at 284.4, 285.1, 286.3 and 288.6 eV. And they are
attributed to graphitic or sp? carbon, C-OH, C-O-C and C(0)-O
groups, respectively.*>*%37 For HA-mGOs, each nanomaterial
exhibits one new peak at 287.6 eV corresponding to N-sp’
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carbon bonds (Table 1)° besides three main peaks above
mentioned (Fig. 2d, f and h). The N1s XPS spectrum (Fig. 2c, e
and g) was employed to address the bonding chemistry of HA
in HA-mGO nanomaterials. Three new peaks for C-N, N-C(O)
and NH';-C bonds appears,’® which suggesting that generations
(400.8 eV) of covalent amide utilizing COOH and NH, of HA
molecular containing C-N groups, and electrostatic self-
assembly process occurred simultaneously (401.8 eV) (Table 2)

In order to further confirm the origin of C-N signal (399.6
eV), the atom percentages of C-O-C, C-OH and N-sp® carbon
groups before and after reaction are calculated according to
XPS peak fitting data, and listed in Table 1. With the increase
of organic molecule chain length from AE to AB, the
percentage comparisons of C-O-C groups gradually vary less
and less (From 4.77 for AE-mGO to 18.28 for AB-mGO). This
observation could be explained with the typical nucleophilic
addition mechanism in organic synthesis. Due to the stronger
ring strain, epoxides in GO are much more reactive comparing
with the simple ethers. As the reaction proceeding, the amino
groups (NH,) of HA could be regarded as nucleophile to attack
the electrophilic C of the C-O bonds causing it to break,
resulting in ring opening. The opening ring could relieve the
ring strain according to the famous nucleophilic addition theory,
which belongs to Sy2 type reactions of epoxides. Furthermore,
the steric hindrance of each component plays an important role
in synthetic reaction based on graphene oxide.*® Especially, for
the heterogeneous reaction systems based on GO with rigid
structure, AE with shortest chain length can react with active
sites very easily. During the process, It should be noted that the
hydroxyl groups (OH) in HA would not attack the electrophilic
C due to electronic effect, which have been testified in our
previous report.’” So, AE with the shortest carbon chain has
more opportunities to attack the active sites located at the both
sides of GO,*"?’ which would results in the generation of more
OH groups. This moment, the signal at 287.6 eV for AE-mGO
should be mainly from the new formation of N-sp® carbon
groups owing to SN2 reaction. For the percentages of COOH
groups of three products, the obvious decrease can be observed.
The chemical bonds owing to the formations of N-C(O) and
NH';-C bonds (Estimated by XPS) are formed between GO and
HA.
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285.1 eV C-OH

286.3eV C-0-C

288.6 eV
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Fig. 2 XPS spectrum (a) of GO, AE-mGO, AP-mGO and AB-mGO, the corresponding high resolution N 1s and C 1s spectra of GO (b) and AE-mGO (c and d), AP-

mGO (e and f) and AB-mGO (g and h).

Conversely, AB with longest molecule chain becomes
weaker nucleophile due to its steric hindrance,
electrophilile amino groups can attack the electrophilic C of the
C-O bonds causing it to break, resulting in ring opening at room
temperature. Considering the highest calculated N/C atomic
ratios for AB-mGO of 12.31%, we think that the appearance of
N-sp® carbon bonds is mainly from C-N bonds of AB. That is,
the bonds can be mainly introduced by the supramolecular self-
assembly based on hydrogen bonds between oxygen-containing
functional groups in GO and NH, groups of AB.?” Two signals
at 400.8 and 401.8 eV in the Nls spectrum suggests the
formations of amide and alkylammonium ions (Fig. 2g), as
proposed by Matsuo et al.*®*°

few

4| J. Name., 2012, 00, 1-3

Similarly, the bonding configurations of nitrogen atoms in
HA-mGO are characterized by high-resolution N1s spectra. For
example, the N1s spectra of each hybrid material can be fitted
into three peaks at 399.6, 400.8 and 401.8 eV (Fig. 2 ¢, e and g).
The peaks with from low to high binding energies, respectively,
correspond to C-N, N-C(O) and NH';-C groups.?’*** The
percentage comparisons of every nitrogen atom groups in HA-
mGO are listed in Table 2. Interestingly, the ratios of the N-
C(0) and NH';-C groups are different significantly. Amides
(N-C(0O)) are commonly formed via reactions of a carboxylic
acid with an amine. In this chemical reaction, chemical
equilibrium is the state in which both reactants and products are
present in concentrations which have no further tendency to
change with time. Usually, this state results when the forward
reaction proceeds at the same rate as the reverse reaction. When

This journal is © The Royal Society of Chemistry 20xx
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the dynamic equilibrium 1is disturbed, the changes of
concentrations of the reactant and product would appear. For
our experiments, H,O as one of the products can be quickly
adsorbed owing to hygroscopicity of HA. Thus, the amounts of
generated amide groups would depend on the hygroscopicity of
HA. So, for the AE-mGO, the percentage of N-C(O) groups is
highest (39.84 %) due to the excellent hygroscopicity of AE.
On the contrary, N-C(O) group content of AB-mGO with the
poor hygroscopicity is lowest (14.10 %). In addition, it is
interesting that maximum amounts of NH'5-C groups based on
electrostatic self-assembly can be obtained utilizing AP. The
results are possibly due to two main reasons. (1) The steric
hindrance would result in more difficult “effective collision” in
organic synthesis, especially for the heterogeneous phase
reaction systems based on GO. The suitable structural matching
between two molecules would optimize the microenvironment
and promote the successful possibility of the reaction?® (2)
Besides steric effects, the electronic effects of an arbitrary
group in the molecule could also influence the reactivity of
organic reactions. HA has the different organic chain length.
The CH, groups belong to electron-donating substitutes, which
could increase the reaction activity of NH, groups. But, the
electron-donating ability of CH, groups is very limited. The
ability would rapidly decrease with the increase of distance
between the NH, and CH, groups. At the same time, it should
be noticed that OH groups in HA belong to electron
withdrawing ones, which could decrease the reaction activity of
NH, groups. This may be main reason of the lowest percentage
comparison of NH;-C(0) in AE-mGO. So, the obtained results
were caused by multiple factors together. Combined with the
above Raman, FT-IR and XPS analysis, the HA-mGO could be
prepared successfully at the room temperature.

TABLE 1. Percentage comparisons of C-O-C, C-OH and N-sp® carbon
groups with carbon in GO and HA-mGO determined by XPS analysis.

GO AE-mGO AP-mGO AB-mGO
C-O-C (atom %) 19.16  4.77 9.82 18.28
C-OH (atom %) 30.18  59.81 35.83 49.57
COOH (atom %) 10.71  2.67 0.98 2.78
N-sp3 carbon (atom %)  ---- 4.77 9.17 7.18

TABLE 2. Percentage comparisons of every nitrogen atom groups in HA-mGO

AE-mGO AP-mGO AB-mGO
C-N (atom %) 56.59 70.01 77.37
N-C(O) (atom %) 39.84 19.73 14.10
NH';-C(O) (atom %)  3.57 10.26 8.53

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Schematic for the proposed mechanism of simultaneous room

temperature covalent/noncovalent functionalization of GO with HA.

According to the detailed analysis, a proposed mechanism is
provided based on previous suggestions reported in the
literatures.”’**3° The reaction route and the corresponding
active sites are illustrated in Fig. 3, and divided into four
regions for the clearer illustration. Graphene is a flat and strain-
free system whose plane can be attacked from both sides when
dispersed in a solvent.* Covalent bonds are affected by the
electronegativity of the connected atoms. Two atoms with
unequal electronegativity will create a polar covalent bond such
as with H-N. In HA, the nitrogen atom has the partly negative
charges in comparison to hydrogen atom with the partly
positive charges. Therefore, the process of transferring the
electron from oxygen of GO to hydrogen could take place to
create formal charges, the electronic structure may be depicted
as in region (a). A noncovalent interaction differs from a
covalent bond in that it does not involve the sharing of
electrons, but rather involves more dispersed variations of
electromagnetic interactions between molecules or within a
molecule. And we think that the left coordinate bond structure
will be superior to the right one due to additional electrostatic
repulsion between two hydrogen atoms with the partly positive
charges. In region (b), the addition of HA and the break of the
C-0O bond would take place simultaneously in the Sy2 reaction
(i.e. concerted recation). Sy2 occurs where the central carbon
atom is easily accessible to the nucleophile. And, the mixed
usage of an aprotic solvent, DMF and CHCIl; could not only
decrease the polarity of the reaction solution, but also promote
the formation of S\2 reaction transition state. Since this
reaction occurs in one step, the reaction speed depends on the
sterics strongly. Specially, it is understandable to extremely
sterically hinder the reaction based on the GO, which would
directly result in the reason of XPS differences. The synthetic
reaction of an amide is illustrated in region (c). The amides are
formed via reactions of a carboxylic acid of GO with an amine
of HA. Owing to the hygroscopicity of HA, the H,O as by-
product can be quickly removed from the equilibrium reaction,
which would promote the reaction effectively according to the
dynamic theory. Thus, the amounts of generated amide groups
would depend on the hygroscopicity of HA. lonic interactions
involve the attraction of ions or molecules with full permanent
charges of opposite signs. Based on the electrostatic self-

J. Name., 2013, 00,1-3 | 5
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assembly, the interaction between COO™ and NH;" is depicted
in region (d). The detailed theoretical analysis fully accord with
the results from FT-IR, Raman and XPS characterization.

It should be noticed that the functionalization degree of HA
for each type of interactions could not be determined accurately
according to the existing results, which would be a great
challenge for synthetic chemist. In the future, the development
of novel equipments with precision inspection functions would
make the impossible possible, just like confirming the organic
structure utilizing nuclear magnetic resonance
technique. But, the proposed mechanism would provide a better

molecule

understanding based on graphene chemistry, which would be
benefit for the design and fabrication of novel architectures.

In order to investigate the distribution of nitrogen in HA-mGO,
the elemental mapping of AE-mGO as a representive example is
performed. The nitrogen mapping image (Fig. 4), in accordance with
carbon’s and oxygen’s, actually reflects the morphology of the
selective area in Fig. 4. The results confirm that the nitrogen atoms
are uniformly distributed in the framework of graphene.

X-ray diffraction peaks determined the changes of interlayer
distance of nanosheets shown in Fig. 5. The characteristic XRD
diffraction peak of pure GO sheets appeared at 26 = 10.2°with a
d-spacing of 0.88 nm, which is larger than that of pristine
graphite (~ 0.34 nm) because of the introduction of oxygen
functional groups. After HA functionalizaiton, the diffraction
peaks of AB-mGO, AP-mGO and AE-mGO shift to 7.2°, 7.1°
and 8.0°, respectively, strongly demonstrating the successful
intercalation of HA into the interlayer of graphene nanosheets.
Especially, the largest interlayer distance (1.24 nm) of AP-
mGO indicates that AP as the most suitable molecule could
further increase the exfoliation degree of nanosheets and
promote the easier intercalation of polymer for formation of
interaction. The result is also supported by SEM images of the
AP-mGO nanosheets, as shown in Fig. S2. AP-mGO exhibits
the clear layer shape structure. Besides, the broad nature of the
diffraction (26 = 21.0°) indicated poor ordering of the sheets
along the stacking direction, implying that the sample is
composed mostly of single or few layers of functionalized
graphene.®’ In addition, the thermal stabilities of HA-mGO
nanomaterials are superior to the GO (Fig. 6a), which
demonstrates that they have been fabricated successfully and
can also be regarded as suitable nanofillers to enhance the
performance of polyr_}_lers.

Nitrogen

Carbon

Oxygen

Fig. 4 (b) Carbon, (c) nitrogen and (d) oxygen mapping images of AE-mGO
for Fig. 4a. The scale bar is 30 um.

6 | J. Name., 2012, 00, 1-3

72 Theta (degree) )

72
——(d) ABmGO = 102
——(c)AP-mGO 3
- ——(b) AE-mGO |
S —(a) GO =
W £
= E
2 21.0 5
.‘7, 6 8 9 10 11 12 13 14 15
c
Q
b}
£

" (a)

10 50 60

20 30 40
2 Theta (degree)
Fig. 5 XRD pattern of GO, AB-mGO, AP-mGO and AE-mGO.

The polymer/graphene nanocomposites have attracted a
tremendous amount of attention to obtain high-performance
The
nanomaterials as effective nanofillers have been widely applied

light-weight  materials.*' functionalized  graphene
in this field.*” Graphene-based materials have the potential
among all the carbon-based nanofillers due to low production
cost, large surface area and low co-efficient of thermal

expansion.*** For example, the significant improvement of

thermal stability can be observed for the polymer
nanocomposites. To  achieve  maximal performance
enhancement, the manufacturing of such nanocomposites

requires that the graphene is dispersed homogeneously or best
at the molecular level in the matrix and the external load is
efficiently transferred via a strong interaction at the interface
between the graphene and the matrix.** So, the evaluation of the
dispersibility of HA-mGO in nine solvents is shown in Fig. S3,
which
completely in water, methanol and dimethylformamide (DMF)

illustrates that HA-mGO can undergo exfoliation

etc, it is possible to achieve a truly molecular-level dispersion
of HA-mGO in the polymer matrix if the solvent could dissolve
the polymer matrix.** On the other hand, the strong interfacial
interaction can be formed between these oxygen-containing
groups of HA-mGO sheets and polar polymers, which is the
internal cause of enhanced properties.* Poly(vinyl alcohol)
(PVA) would be chosen as the most suitable matrix due to rich
hydroxyl groups.*

In order to determine the strong interfacial interactions between
oxygen groups on HA-mGO sheets and hydroxyl group on PVA
the FT-IR
investigated. It is well known that the —OH stretching bands is

chains, spectra of polymer nanocomposites are
sensitive to the hydrogen bonding.* The typical bands of PVA and
PVA/HA-mGO nanocomposites are shown in Fig. 6b. It can be
found that the peaks around 3268, 2905 and 1087 cm’!, attributed to
the characteristic of —OH, -CH,- and C-O groups, are shifted to the
higher wavenumbers for PVA-based nanocomposites with the 1 wt %
loading of HA-mGO. The varieties correspond to the formation of
the hydrogen bonding between the -OH in PVA and that in HA-
mGO, and generation of hydrophobic interaction between the -CH,-
groups in PVA and that in HA.?” XRD is another important tool for
determining whether graphene-based sheets are indeed present as
individual graphene sheets in the nanocomposites.* Fig. 6¢ and Fig.

S4 show the XRD patterns of PVA/HA-mGO nanocomposites

This journal is © The Royal Society of Chemistry 20xx
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containing 1 wt % nanofillers. As for PVA, the main diffraction
peaks at 260 of 19.6° corresponded to the crystalline region of
polymer. After blending the nanofillers, the obviously decreased
diffraction peak of PVA (26=19.6°) showed a decrease in
crystallinity of PVA and indicated that some interactions between
PVA chains and the nanofillers may take place.” And two peaks of
HA-mGO at 7.1-8.0° and 21.0° (Fig. 5) disappeared. These results
suggested that the HA-mGO nanosheets are exfoliated absolutely
and dispersed at the molecular level into the PVA, which caused the
disorder and loss of structure regularity of PVA. Besides, the new
main diffraction peak of polymer nanocomposites (26 = 13.7°) could
be observed specially, which is possibly owing to increased
interlayer spacing of polymer nanocomposites. To sum up, the
intensity of the diffraction peak of PVA nanocomposites slightly
raise comparing to pure PVA, which suggests the increased
crystallinity of nanocomposites. It is mainly due to the nucleating
effect of the fully exfoliated and well-dispersed HA-mGO
nanosheets, which could enhance the crystallinity of PVA/HA-
mGO.**4 But the PVA crystal structure on the surface of
nanofillers might not be damaged.’**' Combined with FT-IR and
XRD results, it indicates that the strong interfacial interaction must
be formed.”

The thermal stability of PVA and PVA/HA-mGO nanocomposites
is evaluated by TGA in nitrogen atmosphere, as shown in Fig. 6d.
TGA curves of PVA/HA-mGO nanocomposites suggested that the
HA-mGO could play a significant role in enhancing the thermal
stability of the nanocomposites. The thermal stability of these
materials is increased with the lower loading of HA-mGO. Most
importantly, almost no weight loss of PVA/AP-mGO nanocomposite
occurred at about 50-200 B, which is attributed to the highest
interfacial interaction between PVA and AP-mGO. In comparison to
neat PVA, the enhancement of thermal stability can be ascribed to
the physical barrier effect of HA-mGO which slowed down the
diffusion of pyrolysis products.
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Fig. 6 (a) TGA curves of GO and HA-mGO; (b) FTIR spectra, (¢) XRD and
(d) thermogravimetric curves of PVA and PVA/HA-mGO nanocomposites.

Conclusions

In summary, a simple, efficient, saving-energy and cost-
effective approach for the synchronized surface and edge
modification of graphene oxide (GO) utilizing hydramines
(HA) has been developed. The simultaneous
covalent/noncovalent functionalization process could be
completed by continuously stirring the mixture of GO and HA
for two days at room temperature. The approach makes the
large-scale production of graphene-based materials possible in
order to meet the requirement of application. The detailed
investigation shows that GO has the property of structural and
chemical metastability at room temperature. The proposed
reaction mechanism based on the understanding of nucleophilic
addition and noncovalent self-assembly would promote the
exploration of novel graphene-based nanomaterials for various
potential applications. The functionalized nanohybrids (HA-
mGO) exhibit the enhanced thermal stability and dispersibility
in solvents containing water, strongly supporting that the
nanomaterals could be regarded as nanofillers to enhance the
performance of polymer nanocomposites.
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