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ABSTRACT

ARTICLE HISTORY

A facile strategy for the preparation of few-layer chemically stitched and reduced graphene oxide
(FL-CMRG) in water using various linear diaminoalkanes with the general formula H2N(CH2)nNH2 (n D 4, 6,
8) is proposed, and the resulting FL-CMRG was characterized by means of AFM, TEM, XPS, UV-vis, TGA and
XRD. Interlayer spacing between bridged FL-CMRG sheets can reach 1.038 nm when the size of the
intercalant to (n D 6) H2N (CH2)6 NH2. A mechanism for forming the FL-CMRG via removal of epoxide and
hydroxyl groups from GO and stitching of the GO sheets by various linear diaminoalkanes in water
solution has been proposed.
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1. Introduction
Graphene, discovered by Novoselov and Geim,[1–3] has generated great interest all over the world due to its superior electronic conductivity, good thermal stability, remarkable structural
ﬂexibility, and high speciﬁc surface area.[4–7] Similar to graphene, GO is also a two-dimensional nanomaterial, but has carbon backbones decorated with hydroxyl and epoxide groups on
the basal planes and carboxyl and carbonyl groups along the
edges.[8–10] GO has been known for more than a century,[11,12]
but it has attracted more and more attention in fundamental
research and applications in the last decade due to its easy
large-scale preparation,[13] widespread availability,[14] low
cost,[15] sustainability when dispersed in water and other polar
solvents.[15,16] And it has been well- demonstrated that GO is an
excellent precursor to prepare chemically reduced graphene
oxide (CRG) or chemically modiﬁed graphene oxide (CMG) by
chemical reduction and modiﬁcation.[17–25]
For example, Stankovich et al.[19] reduced GO with hydrazine hydrate and dimethylhydrazine. It should mention that
the deoxygenation of exfoliated GO under alkaline conditions
appears to be the reverse of the oxidation reaction of graphite
in strong acids. This was also proved by using the sodium
hydroxide (strong alkalis) for the production of graphene form
exfoliated GO.[26] And recently, Chen et al.[27] reported the fabrication of get long-term dispersion stable single layer CRG in
DMF using ethylenediamine (a kind of alkali) as a reducing
agent. Xu et al.[28] used dopamine to reduce GO with simultaneous capping by polydopamine to provide a versatile platform
for covalent grafting of functional polymer brushes. Yu etal
[29] used octadecylamine (ODA) to simultaneously functionalize and reduce GO by simple reﬂuxing. Chen et al.[18] reduced

GO with p-phenylene diamine (PPD), leading to well-dispersed
CMG in ethanol because of its positive charge due to the
adsorption of oxidized PPD. Yu etal have also found that PPD
is also expected to be more efﬁcient to ODA, in reducing and
functionalizing GO as it bears two-terminal amine goups.[30]
Meanwhile, GO can also be piled up during the chemical
reactions which resulted in complex 3-D carbon nanomaterials,
depending on the nature of the host GO and the intercalant,
pillaring and stitching can be accomplished by ion exchange,
intercalation or reaction with the difunctional reagent and reassembly. Matsuo et al.[31] reported the intercalation of polyaniline into GO in N-methyl-2-pyrrolidone (NMP) through the
previous intercalation of n-hexadecylamine.[32] Rajamathi
et al.[33] Describe the delamination and colloidal dispersion of
various n-alkylamine intercalated GO in different organic
solvents. In another study, a pillared graphitic structure with
tailored interlayer spacing was also reported by using diaminoalkanes as an intercalating and stitching agent of graphite
oxide.[34] In their report, they have found a phenomenon that
graphite oxide could be reduced by diaminoalkanes. But they
didn’t discuss the chemical reduction of GO deeply, and they
suspect that chemical reduction could be attributed to the presence of trace amounts of metals in the diamine.
On the basis of the reduction of GO and 3-D structure carbon
nanomaterial construction, we, herein, design an experiment in
water medium to introduce functional groups to graphene oxide
(GO) by ring opening reaction of the epoxy group, and the various diaminoalkanes H2N(CH2)nNH2 (n D 4, 6, 8) as a reducing
agent and crosslinker contacted the different GO sheets forming
few-layer CMRG sheets. By this method, chemical reduction as
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the reaction mixture through ﬁltration and washed with ultrapure water for ten times, respectively.

3. Characterization
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Scheme 1. Illustration of the reaction between GO and Dialkyl amine, and formation of FL-CMRG sheets.

well as functionalization of grahpene oxide can be carried out in
one step. A growth mechanism of FL-CMRG sheets is also proposed, as shown in Scheme 1. Further characterizations indicated
that the bulk of epoxy functional groups were opened and lots of
oxygen-containing functional groups were removed from the
GO, and the FL-CMRG sheets were successfully obtained with a
certain intercalation. The reduction extent, the structure including morphology and chemical composition have been characterized by a variety of complementary methods, including atomic
force microscopy (AFM), X-ray powder diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Fourier-transform infrared
spectroscopy (FT-IR), thermogravimetric analysis (TGA), ultraviolet visible spectroscopy (UV-vis) and other spectroscopic
measurements.

2. Experimental
2.1. Materials
Graphite powder (CP), diaminoalkanes H2N (CH2)n NH2
(n D 4, 6, 8) and other chemical reagents (AR) are purchased
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
All chemicals are used as received without further puriﬁcation.
Milli-Q water is used for all experiments unless otherwise
stated. A commercial PVDF membrane with 0.22 mm poresizes was used for ﬁltration.
2.2. Preparation of FL-CMRG
GO was prepared from graphite powder through a modiﬁed
Hummers method as we described in our previous work.[35] In
a typical experiment of the GO was chemically reduced
and modiﬁed with various diaminoalkanes H2N(CH2)nNH2
(n D 4,6,8), respectively: 1,4-butanediamine (BDA);1,6-hexanediamine (HDA); 1,8-Octanediamine (ODA). 0.05mol of diaminoalkanes was added into 50 ml ultrapure water, and then the
mixture was slowly added with 50 mL 2 mg/mL aqueous suspension of GO under magnetic stirring in an ice-water bath at
0–5 C. The GO concentration is about 1 mg/mL in the ﬁnal
mixture. Then the mixture is heated in a water bath at 8 80  C
for 8h and deoxygenated by nitrogen bubbling in a 250 mL
ﬂask. After extra diaminoalkanes and ions were removed by
dialysis with hydrochloric acid solution (pH D 2) and ultrapure
water more than ten times, the as-generated FL-CMRG-BDA,
FL-CMRG-HDA and FL-CMRG-ODA were separated from

UV-Vis absorption spectra were recorded with a HITACHI
U-3010 spectrophotometer within the wavelength region 200–
700 nm, and the ultrapure water used as the solvent.
TGA curves were obtained from a NETZSCH TG 209 F3
Tarsus-Thermo-Microbalance. The samples were heated at
10  C min¡1 under 50 mL min¡1 of nitrogen purging in the
temperature range from 20  C to 600  C. In order to eliminate
the inﬂuence of adsorbed water, all tests were set 10 min thermostating at 100  C in the heating program.
FT-IR spectra were collected by using KBr pellets on the
transmission module of Thermo Nicolet Avatar 370 FTIR spectrometer at 4 cm¡1 resolution and 32 scans.
XPS spectra were recorded by using a SHIMADZU Kratos
AXIS Ultra DLD XPS instrument equipped with a monochromated Al Ka X-ray source.
TEM images and selected area electron diffraction (SAED)
patterns were obtained using a FEI Tecnai G2 F20 S-TWIN
ﬁeld-emission transmission electron microscope operating at
an accelerating voltage of 200 kV.
The observation of the samples surface features was carried
out on a Digital Nanoscope IIIa Multimode SPM Atomic Force
Microscope (AFM).
A RIGAKU D/Max
2200 X-Ray diffractometer with Cu-Ka

radiation (λ D 1.54 A) at a generator voltage of 40 kV and a
generator current of 50 mA was used to measure the diffraction
pattern of GO and CMG powders. All experiments were carried
out in the reﬂection mode at ambient temperature with 2u in
the range of 3 to 50 . The scanning speed was 8 min¡1.

4. Results and discussions
In this section, the characterization data of GO, FL-CMRGBDA, FL-CMRG-HDA and FL-CMRG-ODA from UV-vis,
FT-IR, XPS, TGA, XRD, AFM, and TEM were discussed. GO
was modiﬁed by simple reﬂuxing with the solution of diaminoalkane without the use of any catalyst/reducing agent, and
the colour of the mixture changed from yellowish brown to
homogeneous black which indicated that the reduction reaction
had taken place. Fig. 1 shows optical pictures of the products
dispersed in water settled for 24h after sonication, where it can
be found that the GO dispersion is still uniform after the
settlement (a), but 8 hours reaction resulting in poor stability
of the FL-CMRG-BDA (b), FL-CMRG-HAD (c) and FLCMRG-ODA (d) dispersed in water. The easy agglomeration of
the products in water is another indication of the reduction
reaction and the forming of the FL-CMRG.
AFM analysis was performed to check the morphology of
the products (in Fig. 2), and the samples for AFM measurements were prepared by ultrasonic treatment of GO and FLCMRG through drop-casting on freshly cleaved mica surface,
respectively. In order to observe the exact distance between the
layers, aqueous dispersions of the samples at rather low concentration (0.01 mg/mL) were employed. Fig. 2 depicts a typical
tapping mode AFM image and the crossing section proﬁle of
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Figure 1. Photographs of the dispersions of GO (a) FL-CMRG-BDA (b) FL-CMRGHAD (c) and FL-CMRG-ODA (d) at 0.1 mg/mL in water settled for 24 hours after
preparation and ultrasoniation.

as-generated FL-CMRG sheets. Just as what we designed, the
FL-CMRG samples have more layers height than single layer
CRG sheet as reported in the present literature. The cross-sectional analyses of the height proﬁles showed that the thickness

of the one layer of the FL-CMRG sheets: FL-CMRG-BDA
(1.049 nm), FL-CMRG-HAD (1.150 nm) and FL-CMRG-ODA
(1.297 nm), larger than that of its precursor, the well exfoliated
GO sheets, which were around 1 nm. This increasing thickness
of FL-CMRG could be attributed to the diaminoalkane layer
attached onto the graphene surface from both sides (as the
Scheme 1). We should mention here that the surface structure
of the CMRGs were also changed from smooth to rough with
the introducing of the increasing alkyl chain length. And the
average thickness of FL-CMRG increased to more than 10 nm
because of the self-assembly of the GO with the assistant of the
diaminoalkane. This means that our goal material, FL-CMRGs,
were obtained.
The morphology and structure of the FL-CMRG-BDA,
FL-CMRG-HDA and FL-CMRG-ODA sheets were further
conﬁrmed using TEM imaging (Fig. 3). Except for a few wrinkles, the inhomogeneous and relatively high contrast of the
TEM image demonstrates that the FL-CMRG sheets were generated successfully.
The mechanism of the formation of FL-CMRGs during the
reduction and functionalization reaction is due to the covalent
binding of amine groups with the epoxy groups and carboxyl
groups on GO, thus the bi-amine groups of diaminoalkane can
play a role as a crosslinker, as illustrated in Scheme 1, which

Figure 2. AFM topology analysis of FL-CMRGs: FL-CMRG-BDA (a, b) FL-CMRG-HAD (c, d) and FL-CMRG-ODA (e, f) on freshly cleaved mica.
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Figure 3. TEM images of FL-CMRGs: FL-CMRG-BDA (a), FL-CMRG-HAD (b) and FL-CMRG-ODA (c).

occurred just as one person with two hand, can contact with the
neighboring GO sheets in water solution. GO sheets are synthesized through the oxidation of graphite and have carbon backbones decorated with hydroxyl and epoxide groups on the
basal planes and carboxyl and carbonyl groups along the edges,
so there will be more ring-opening reaction and deoxidization
reaction take place on the basal planes than the edges where
the amidation and amine substitution occur at the same time.
The ring-opening reaction and deoxidization reaction on the
basal planes made the distance between the CMRG sheets was
also changed comparison with other reports about the CRG,
but the amidation and amine substitution reaction along the
edges made the different GO sheets cross-linking and forming
the FL-CMRG. This is consistent with the results from AFM.
The details about the reaction were also recorded with FT-IR
and XPS.
The FTIR spectroscopy was used to characterize the reduction of the oxygen-containing groups and the formation of
chemical bonds on the surface of GO before and after its functionalization with diaminoalkane (Fig. 4). The FTIR spectrum
of GO in Fig. 4a is in good agreement with previous work. The
bands at 1627 cm¡1 are assigned to C D C in aromatic ring or
deformation of the O–H bond in water. The bands at 1732,
1385, and 1059 cm¡1 are due to C D O in carboxyl group,
deformation vibrations of O¡H bond of CO-H groups, and
C¡O¡C in epoxide group, respectively. After the reaction with

diaminoalkane, the intensities of the all FTIR peaks correlated
to the oxygen containing groups (¡COOH, and C¡O¡C)
of GO decreased dramatically, implying the magnitude of
reduction. Furthermore, there are two new broad bands:
1578 cm¡1 which is associated with the vibration of –C-NH2
groups and 1130–1230 cm¡1 which is associated with the vibration of C¡NH¡C bands due to the chemical grafting of diaminoalkane onto GO surface via nucleophilic substitution
reaction between the amine group of diaminoalkane and the
epoxide group of GO and the amidation reaction of carboxylic
acid with diaminoalkane. The presence and location of the NH and C-N bands demonstrate the successful functionalization
of amine groups onto GO.
The UV-Vis spectra is also a powerful tool to characterize
GO and FL-CMRG. As shown in Fig. 5, the UV-Vis spectra
shows that the shoulder peak of GO around 290 nm (n ! p
transition of C D O bonds) disappears and the sharp absorption peak around 230 nm (p ! p transitions of aromatic C–C
bonds) red-shifts to 265 nm after reaction with diaminoalkane,
indicating the reduction of GO. After reaction with diaminoalkane, the absorption in the whole spectral region increased
sharply, suggesting that electronic conjugation within the graphene sheets was restored. We should mention that there is no
free of diaminoalkane molecular residual in the FL-CMRG
sample, compared to the UV-vis spectra of diaminoalkane
around 210 nm.

Figure 4. FT-IR spectra of GO (a) FL-CMRG-BDA (b) FL-CMRG-HAD (c) and FLCMRG-ODA (d) graphite (e).

Figure 5. UV-vis spectra of GO (a) FL-CMRG-BDA (b) FL-CMRG-HAD (c) and FLCMRG-ODA (d) in water.
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Figure 6. XPS wide-scan spectra of GO and FL-CMRGs (A); XPS C1s spectrum of GO (a) FL-CMRG-BDA (b) FL-CMRG-HAD (c) and FL-CMRG-ODA (d).

The removal of oxygen groups and the formation of chemical bonds on the surface of GO, after its reaction with diaminoalkane, were also conﬁrmed by XPS spectroscopy (Fig. 6).
The wide-scan XPS spectra of FL-CMRGs show an intensiﬁed
nitrogen peak at 399 eV and decreased oxygen peak at 530 eV
,as compared to that of GO, which indicate the deoxygenation
or oxygen substitution by nitrogen from diaminoalkane
(Fig. 6A). The reduction extent of the GO with various diaminoalkanes was characterized further by C1s XPS (Fig. 5B). As
for GO in Fig. 5a, the peaks centered at the binding energies
of peak 284.8 eV (1,C═C/C–C in aromatic rings), peak
286.7 eV (2,C-O in epoxy and alkoxy), and peak 3 288.7 eV
(3,O-C D O), respectively.[36] While in the spectrum of FLCMRGs, as shown in Fig. 6b, c and d, most of the oxygencontaining functional groups of GO, mainly hydroxyl and

epoxy groups(C-O/C-O-C, peak 2, 286.8eV), together with
some amount of carboxyl groups (O-C D O, peak 3,
288.7eV), were effectively reduced by the reduction method
described here. Moreover, we should point out that the new
two peeks in the C1s of all FL-CMRGs: (C-N, peak 4,
285.9 eV)[30,37] and (HN-C D O, peak 5, 287.9 eV)[38–40] were
also proved the functionalization of the GO sheets in the formation of the FL-CMRGs.
To evaluate the reduction level of obtained various FLCMRG, we determine its elemental composition by XPS and
The Atomic percentage of the C, O and N elements are listed in
Table 1, and the elemental ratios of C/O and C/N are calculated
from that data. The calculated results illustrate a considerable
increase in C/O atomic ratio in the FL-CMRG material compared to that of the starting GO, indicating a successful removal
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Table 1. The Atomic percentage of the C, O and N elements in the GO and various
FL-CMRGs, and the elemental ratios of C/O and C/N
Atomic percentage (%)
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GO
CMRG-BDA
CMRG-HDA
CMRG-ODA

Elemental ratio

C

N

O

C/O

66.29
85.23
83.27
82.77

1.93
5.81
6.85
6.20

28.09
8.96
9.87
11.04

2.36
9.51
8.44
7.50

C/N
34.35
14.67
12.16
13.35

Imaging Formula
C26O11.0N0.75
C26O3.0N0.75-(C4N2)0.59
C26O3.7N0.75-(C6N2)0.92
C26O4.5N0.75-(C8N2)0.86

of the epoxy and hydroxyl functional groups after reduction of
GO. This result illustrates that the all diaminoalkanes have
strong reduction capability to GO. We assume that the amount
of the original C and N element belong to pristine GO is constant in FL-CMRG and there are about 26 C atoms, equal to
about 13 polycyclic rings, with 0.75 N atoms and 11 O atoms in
the original pristine GO. Based on this point, we can try to
write an imaging molecular formula considering a certain
amount of a polycyclic carbon structure that is reacted with a
certain amount of diaminoalkane molecule (H2N(CH2)nNH2
(n D 4,6,8), in short, CnN2 (n D 4,6,8)), and that some amount
of N element in pristine GO should be considered together.
The resulted imaging formulas are listed in the last column of
Table 1, and show that there are about 11 O atoms in the 13
polycyclic rings and more than half of them were substituted
and remove by diaminoalkane. Combined with the XRD in
Figure and TGA in Figure,
We also assume that all the GO sheets have the same
amount reaction sites with different diaminoalkane for preparation of the FL-CMRGs. So compared with the different FLCMRGs (FL-CMRG –BDA, FL-CMRG –HAD, FL-CMRG
-ODA), we found that with the increase of the chain length of
the diaminoalkane, the diaminoalkane molecular are not easy
to be eliminated from the GO sheets after the reaction, which
along with a decrease of reduction degree of the O atoms. In
other words, if 100 mol C26O11.0N0.75 molecular have reacted
with a certain amount of diaminoalkane molecular, there have
been 59 mol BDA, 92 mol HAD and 86 mol ODA molecular
stay in the FL-CMRG–BDA, FL-CMRG–HAD, FL-CMRG–
ODA, respectively. That has a close contact with the reduction
degree of the O atoms.

Figure 7. TGA curves of GO (a) graphite (b) FL-CMRG-BDA (c) FL-CMRG-HAD (d)
and FL-CMRG-ODA (e) at the heating rate of 10 C min¡1 under N2.

For proving the growth mechanism of the FL-CMRG
sheets, the thermal behavior of GO and its derivatives was
studied by TGA. As Fig. 7 shows, the weight loss stage of
starting GO thermal decomposition curve, which starts from
150  C to 230  C owing to the pyrolysis of the labile oxygen
functional groups. While in that of obtained FL-CMRGs the
steeply thermal decomposition curve have disappeared and
been replaced by a slowly downward sloping line, which
means its enhanced thermal stability due to the removal of
oxygen-containing groups and the crosslink with the various
diaminoalkane. At the same time, we found that the as-generated FL-CMRG-HAD(d) and FL-CMRG-ODA(e) have an
obvious thermal decomposition (17.3% and 24%, respectively)
from 375  C to 550  C compared with FL-CMRG-BDA(c,
7.5%), which is higher than any of diaminoalkane’s boiling
point (<226  C), owing to the pyrolysis of the alkyl chain segment from the various diaminoalkane pillaring unit contacted
with the GO sheets in various FL-CMRGs, supporting the
results from AFM, XRD and imaging molecular formula in
Table 1. All these results prove that the GO was chemical
reduced and functionalized by various diaminoalkane.

Figure 8. XRD pattern of GO (a) FL-CMRG: FL-CMRG-BDA (b) FL-CMRG-HAD (c) and FL-CMRG-ODA (d) and Graphite (e).
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To gain insights in the chemical reduction and functionalized intercalation or stitching process during FL-CMRG forming, the resulting materials were examined using XRD. Figure 8
shows the XRD patterns of the pristine graphite, GO, and FL
CMRGs. As compared to the graphite’s
layer spacing of 3.37 A,

GO has a much larger value of 8.76 A; due to the formation of
oxygen-containing function groups on carbon basal planes.

Mean-while, instead of the XRD peak of GO (d-spacing 8.76 A,

2u D 10.09 ), a new broaden diffraction
peak (2u D 20.61–

23.77 , d-spacing around 4.03–3.73 A,) appeared in the FL
CRMGs that closes to the (002) XRD peak (d-spacing 3.37 A,

2u D 26.43 ) of the pristine graphite. That demonstrate the prepared FL-CMRGs have inhomogenous crystalline state and the
GO is also readily reduced by various diaminoalkane in water
solution. At the same time, we found that there is a (001) peak
positions of FL-CMRG-HAD and FL-CMRG-ODA appeared

and shift further toward lower angles (d-spacing 10.39 A, 2
u D 8.51 ) compared with this peak of GO. That demonstrates
the intercalate, with the increasing alkyl chain length, has
changed the FL-CMRG’s layer spacing. Both XRD and TGA
data imply that intercalation strongly depends on the length of
the alkyl chain in the series diaminoalkanes.

5. Conclusions
In summary, we have demonstrated that the GO sheets could
be reduced and functionalized efﬁciently by diaminoalkanes in
an aqueous system under moderate conditions for preparation
of the FL-CMRG. The mechanism for chemical functionalization of GO has been proposed and will be helpful for exploitation of novel strategies for three-dimensional (3D) GO or
graphene framework preparation. This XPS result illustrates
that the series diaminoalkanes have a strong reduction capability for GO. The intercalation reaction of graphite oxide with
diaminoalkanes, with the general formula H2N (CH2)nNH2, n
D 4, 6, 8), was studied as a method for synthesizing pillared
nano-graphene framework with tailored interlayer spacing.
Interlayer spacings can reach 1.039 nm by varying the size of
the intercalant from (CH2)4 to (CH2)8.

Funding
The authors acknowledge the ﬁnancial support from Shanghai Municipal
Commission for Science and Technology (No.15ZR1448300), and
National Natural Science Foundation of China (No.11505270 and
No.11575277).

References
[1] Novoselov, K.-S.; Geim, A.-K.; Morozov, S.-V.; Jiang, D.; Zhang, Y.;
Dubonos, S.-V.; Grigorieva, I.-V.; Firsov, A.-A. Electric Field Effect
in Atomically Thin Carbon Films. Science. 2004, 306, 666–669.
doi:10.1126/science.1102896.
[2] Geim, A.-K.; Novoselov, K.-S. The rise of graphene. Nat Mater. 2007,
6, 183–191. doi:10.1038/nmat1849.
[3] Geim, A.-K. Graphene: Status and Prospects. Science. 2009, 324,
1530–1534. doi:10.1126/science.1158877.
[4] Lee, C.; Wei, X.; Kysar, J.-W.; Hone, J. Measurement of the Elastic
Properties and Intrinsic Strength of Monolayer Graphene. Science.
2008, 321, 385–388. doi:10.1126/science.1157996.

[5] Balandin, A.-A.; Ghosh, S.; Bao, W.-Z.; Calizo, I.; Teweldebrhan,
D.; Miao, F.; Lau, C.-N. Superior thermal conductivity of singlelayer graphene. Nano Lett. 2008, 8, 902–907. doi:10.1021/
nl0731872.
[6] Allen, M.-J.; Tung, V.-C.; Kaner, R.-B. Honeycomb Carbon: A
Review of Graphene. Chemical Reviews. 2009, 110, 132–145.
doi:10.1021/cr900070d.
[7] Pei, S.; Zhao, J.; Du, J.; Ren, W.; Cheng, H.-M. Direct reduction of
graphene oxide ﬁlms into highly conductive and ﬂexible graphene
ﬁlms by hydrohalic acids. Carbon. 2010, 48, 4466–4474. doi:10.1016/
j.carbon.2010.08.006.
[8] Kovtyukhova, N.-I.; Ollivier, P.-J.; Martin, B.-R.; Mallouk, T.-E.;
Chizhik, S.-A.; Buzaneva, E.-V.; Gorchinskiy, A.-D. Layer-by-Layer
Assembly of Ultrathin Composite Films from Micron-Sized Graphite
Oxide Sheets and Polycations. Chemistry of Materials. 1999, 11, 771–
778. doi:10.1021/cm981085u.
[9] Yang, K.; Liang, S.; Zou, L.; Huang, L.; Park, C.; Zhu, L.; Fang, J.; Fu,
Q.; Wang, H. Intercalating Oleylamines in Graphite Oxide. Langmuir. 2012, 28, 2904–2908. doi:10.1021/la203769p.
[10] Bourlinos, A.-B.; Gournis, D.; Petridis, D.; Szab
o, T.; Szeri, A.;
Dekany, I. Graphite Oxide: Chemical Reduction to Graphite and
Surface Modiﬁcation with Primary Aliphatic Amines and Amino
Acids. Langmuir. 2003, 19, 6050–6055. doi:10.1021/la026525h.
[11] Kim, N.-H.; Kuila, T.; Lee, J.-H. Simultaneous reduction, functionalization and stitching of graphene oxide with ethylenediamine for
composites application. Journal of Materials Chemistry A. 2013, 1,
1349–1358. doi:10.1039/C2TA00853J.
[12] Arachchige, I.-U.; Brock, S.-L. Sol¡Gel Assembly of CdSe Nanoparticles to Form Porous Aerogel Networks. Journal of the American
Chemical Society. 2006, 128, 7964–7971. doi:10.1021/ja061561e.
[13] Nardecchia, S.; Carriazo, D.; Ferrer, M.-L.; Gutierrez, M.-C.; del
Monte, F. Three dimensional macroporous architectures and aerogels built of carbon nanotubes and/or graphene: synthesis and applications. Chemical Society Reviews. 2013, 42, 794–830. doi:10.1039/
C2CS35353A.
[14] Stankovich, S.; Dikin, D.-A.; Dommett, G.-H.-B.; Kohlhaas, K.-M.;
Zimney, E.-J.; Stach, E.-A.; Piner, R.-D.; Nguyen, S.-T.; Ruoff, R.-S.
Graphene-based composite materials. Nature. 2006, 442, 282–286.
doi:10.1038/nature04969.
[15] Romanchuk, A.-Y.; Slesarev, A.-S.; Kalmykov, S.-N.; Kosynkin, D.V.; Tour, J.-M. Graphene oxide for effective radionuclide removal.
Physical Chemistry Chemical Physics. 2013, 15, 2321–2327.
doi:10.1039/c2cp44593j.
[16] Kaminska, I.; Das, M.-R.; Cofﬁnier, Y.; Niedziolka-Jonsson, J.;
Sobczak, J.; Woisel, P.; Lyskawa, J.; Opallo, M.; Boukherroub, R.;
Szunerits, S. Reduction and Functionalization of Graphene Oxide
Sheets Using Biomimetic Dopamine Derivatives in One Step.
ACS Applied Materials & Interfaces. 2012, 4, 1016–1020.
doi:10.1021/am201664n.
[17] Ang, P.-K.; Wang, S.; Bao, Q.; Thong, J.-T.-L.; Loh, K.-P. HighThroughput Synthesis of Graphene by Intercalation¡Exfoliation of
Graphite Oxide and Study of Ionic Screening in Graphene Transistor. ACS Nano. 2009, 3, 3587–3594. doi:10.1021/nn901111s.
[18] Chen, Y.; Zhang, X.; Yu, P.; Ma, Y. Stable dispersions of graphene
and highly conducting graphene ﬁlms: a new approach to creating
colloids of graphene monolayers. Chemical Communications. 2009,
30, 4527–4529. doi:10.1039/b907723e.
[19] Stankovich, S.; Dikin, D.-A.; Piner, R.-D.; Kohlhaas, K.-A.;
Kleinhammes, A.; Jia, Y.; Wu, Y.; Nguyen, S.-T.; Ruoff, R.-S. Synthesis of graphene-based nanosheets via chemical reduction of exfoliated
graphite oxide. Carbon. 2007, 45, 1558–1565. doi:10.1016/j.
carbon.2007.02.034.
[20] Shin, H.-J.; Kim, K.-K.; Benayad, A.; Yoon, S.-M.; Park, H.-K.; Jung,
I.-S.; Jin, M.-H.; Jeong, H.-K.; Kim, J.-M.; Choi, J.-Y.; Lee, Y.-H. Efﬁcient Reduction of Graphite Oxide by Sodium Borohydride and Its
Effect on Electrical Conductance. Advanced Functional Materials.
2009, 19, 1987–1992. doi:10.1002/adfm.200900167.
[21] Wang, H.; Robinson, J.-T.; Li, X.; Dai, H. Solvothermal Reduction of
Chemically Exfoliated Graphene Sheets. Journal of the American
Chemical Society. 2009, 131, 9910–9911. doi:10.1021/ja904251p.

Downloaded by [Shanghai Inst of Applied Physics] at 00:25 05 January 2018

FULLERENES, NANOTUBES AND CARBON NANOSTRUCTURES

[22] He, Y.-L.; Li, J.-H.; Li, L.-F.; Chen, J.-B.; Li, J.-Y. The synergy
reduction and self-assembly of graphene oxide via gamma-ray
irradiation in an ethanediamine aqueous solution. Nuclear Science and Techniques. 2016, 27, 1–8. doi:10.1007/s41365-0160068-8.
[23] He, Y.; Li, J.; Luo, K.; Li, L.; Chen, J.; Li, J. Engineering Reduced Graphene Oxide Aerogel Produced by Effective g-ray Radiation-Induced
Self-Assembly and Its Application for Continuous Oil–Water Separation. Industrial & Engineering Chemistry Research. 2016, 55, 3775–
3781. doi:10.1021/acs.iecr.6b00073.
[24] He, Y.; Li, J.; Li, L.; Li, J. Gamma-ray irradiation-induced reduction and self-assembly of graphene oxide into three-dimensional
graphene aerogel. Materials Letters. 2016, 177, 76–79.
doi:10.1016/j.matlet.2016.04.187.
[25] Luo, K.; Li, J.; Li, L.; Li, J. A facile method for preparing 3D graphene/Ag aerogel via gamma-ray irradiation, Fullerenes. Nanotubes and Carbon Nanostructures. 2016, 24, 720–724.
doi:10.1080/1536383X.2016.1224855.
[26] Fan, X.; Peng, W.; Li, Y.; Li, X.; Wang, S.; Zhang, G.; Zhang, F. Deoxygenation of Exfoliated Graphite Oxide under Alkaline Conditions:
A Green Route to Graphene Preparation. Advanced Materials. 2008,
20, 4490–4493. doi:10.1002/adma.200801306.
[27] Che, J.; Shen, L.; Xiao, Y. A new approach to fabricate graphene
nanosheets in organic medium: combination of reduction and dispersion. Journal of Materials Chemistry. 2010, 20, 1722–1727.
doi:10.1039/b922667b.
[28] Xu, L.-Q.; Yang, W.-J.; Neoh, K.-G.; Kang, E.-T.; Fu, G.-D.
Dopamine-Induced Reduction and Functionalization of Graphene Oxide Nanosheets. Macromolecules. 2010, 43, 8336–
8339. doi:10.1021/ma101526k.
[29] Li, W.; Tang, X.-Z.; Zhang, H.-B.; Jiang, Z.-G.; Yu, Z.-Z.; Du, X.-S.;
Mai, Y.-W. Simultaneous surface functionalization and reduction of
graphene oxide with octadecylamine for electrically conductive polystyrene composites. Carbon. 2011, 49, 4724–4730. doi:10.1016/j.
carbon.2011.06.077.
[30] Ma, H.-L.; Zhang, H.-B.; Hu, Q.-H.; Li, W.-J.; Jiang, Z.-G.; Yu, Z.-Z.;
Dasari, A. Functionalization and Reduction of Graphene Oxide with
p-Phenylene Diamine for Electrically Conductive and Thermally

View publication stats

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

37

Stable Polystyrene Composites. ACS Applied Materials & Interfaces.
2012, 4, 1948–1953. doi:10.1021/am201654b.
Schuffenhauer, C.; Popovitz-Biro, R.; Tenne, R. Synthesis of NbS2
nanoparticles with (nested) fullerene-like structure (IF). Journal of
Materials Chemistry. 2002, 12, 1587–1591. doi:10.1039/b110240k.
Aragon.F, J.-C.-R.; MacEwan, D.-M.-C. b-type interlamellar sorption
complexes. Nature. 1959, 183, 740.
Nethravathi, C.; Rajamathi, M. Delamination, colloidal dispersion
and reassembly of alkylamine intercalated graphite oxide in alcohols.
Carbon. 2006, 44, 2635–2641. doi:10.1016/j.carbon.2006.04.018.
Herrera-Alonso, M.; Abdala, A.-A.; McAllister, M.-J.; Aksay, I.-A.;
Prud’homme, R.-K. Intercalation and Stitching of Graphite Oxide with
Diaminoalkanes. Langmuir. 2007, 23, 10644–10649. doi:10.1021/
la0633839.
Zhang, B.; Li, L.; Wang, Z.; Xie, S.; Zhang, Y.; Shen, Y.; Yu, M.; Deng,
B.; Huang, Q.; Fan, C.; Li, J. Radiation induced reduction: an effective
and clean route to synthesize functionalized graphene. Journal of
Materials Chemistry. 2012, 22, 7775–7781. doi:10.1039/c2jm16722k.
Zhang, Y.; Ma, H.-L.; Zhang, Q.; Peng, J.; Li, J.; Zhai, M.; Yu, Z.-Z.
Facile synthesis of well-dispersed graphene by [gamma]-ray induced
reduction of graphene oxide. Journal of Materials Chemistry. 2012,
22, 13064–13069. doi:10.1039/c2jm32231e.
Zhou, X.; Zhang, J.; Wu, H.; Yang, H.; Zhang, J.; Guo, S. Reducing
Graphene Oxide via Hydroxylamine: A Simple and Efﬁcient Route
to Graphene. The Journal of Physical Chemistry C. 2011, 115, 11957–
11961. doi:10.1021/jp202575j.
Lee, C.-Y.; Gamble, L.; Grainger, D.; Castner, D. Mixed DNA/
oligo (ethylene glycol) functionalized gold surfaces improve
DNA hybridization in complex media. Biointerphases. 2006, 1,
82–92. doi:10.1116/1.2219110.
Patil, A.-J.; Vickery, J.-L.; Scott, T.-B.; Mann, S. Aqueous Stabilization
and Self-Assembly of Graphene Sheets into Layered Bio-Nanocomposites using DNA. Advanced Materials. 2009, 21, 3159–3164.
doi:10.1002/adma.200803633.
Ramanathan, T.; Fisher, F.-T.; Ruoff, R.-S.; Brinson, L.-C. AminoFunctionalized Carbon Nanotubes for Binding to Polymers and Biological Systems. Chemistry of Materials. 2005, 17, 1290–1295.
doi:10.1021/cm048357f.

