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ABSTRACT: A very simple method of reductive amination,
based on the Leuckart reaction, is reported. This method enables
not only the reduction of graphite oxide but also results in
reduced graphene oxide functionalized with amine groups,
where the amination degree is 3.2 at. % as determined by XPS.
The dominant nitrogen functional group was primary amine,
but pyridines and lactam groups were also observed. It was
found that the amino-functionalized reduced graphene oxide is
a semi-metallic material because of the lack of band gap, unlike
the graphite oxide that presented a band gap of 2.16 eV.

■ INTRODUCTION

The development of appropriate methods to modify carbon
allotropes, such as graphene, has sparked scientific interest over
the past decade. The graphene was isolated for the first time
by mechanical exfoliation (repeated peeling) of small mesas
of highly oriented pyrolytic graphite.1 Graphene is a two-
dimensional (2D) network of sp2 carbon atoms arranged in a
honeycomb lattice2 and is the building block of other carbon
allotropes, such as carbon nanotubes, graphite, graphene
nanoribbons, and fullerenes.3 Interest in graphene has arisen
due to its unique properties.4−9 The excellent electronic properties
of graphene are defined by its band structure, having the valence
and conduction bands in contact but not overlapping.6,9−11

The method of mechanical exfoliation of highly oriented
pyrolytic graphite is not useful for producing large quantities of
graphene.1 Therefore, several alternative methods have been
proposed and have been divided into two groups, bottom-up
and top-down methods. Bottom-up mainly refers to those
methods using chemical vapor deposition.12,13 Meanwhile, the
top-down methods consist of obtaining graphene from graphite
via its oxidation and subsequent chemical or thermal
reduction.14 Graphite oxide (GO) is produced in the presence
of strong acids and oxidants, following well-known methods:
Brodie,15 Staudenmaier,16 Hofmann,17 Hummers,18 and
Tour.19 Jankovsky ́ et al.20 have thoroughly studied these GOs
and their corresponding chemically or thermally reduced GOs.
This work indicates that all these methods produce GOs that
contain reactive oxygen functional groups, such as carbonyl,
carboxyl, and ether.20 Among the oxidation protocols, the most
studied is Hummers’ method, since it provides the highest

oxidation degree. However, it also produces severe damage on
the graphitic structure as compared to Brodie’s method.21 The
carbon−oxygen moieties of GOs can subsequently be removed
to produce graphene, termed reduced graphene oxide (rGO),
with restored surface morphology and electrical, thermal, and
mechanical properties.23 The chemical methods used for the
reduction of graphite oxide can be cumbersome or can require
the use of dangerous chemical reagents, such as hydrazine,
its derivatives, or NaBH4.

14,24 Here, we advance a new, easily
scalable reduction protocol that directly results in amino-
functionalized reduced graphene oxide (rGO-Am).
Amine functionalization of graphene has been pursued for

various applications in energy storage,25,26 as drug-delivery
vehicles,27 transparent electrodes for polymer solar cells,28

sensors for aqueous contaminants,29 or biomolecules30 and
composites.31,32 The majority of these studies have been carried
out directly on the graphite oxide, using different reactants
and extending the initial work by Bourlinos et al.33 However,
this strategy retains the insulating character of GO. Amination
of graphene or reduced graphene oxide has received less
consideration since specific equipment, hazardous chemicals,
or a large number of steps are required.25,26,31,34,35 For instance,
Bittolo Bon et al.34 reported the amination of thermally
reduced graphene oxide (TRGO) via plasma activation. They
first covalently attached fluorine to the TRGO sheets by
plasma-assisted decomposition of CF4 gas and then exposed
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this material to butylamine at room temperature. The resulting
material was used to develop transparent electrodes for
polymer solar cells with improved power conversion efficiencies
compared to nonfunctionalized graphene oxide.28 Similarly,
Zhang et al.31 reported the preparation of amino-functionalized
graphene oxide using the Hoffman rearrangement, which
consists of the change of amide into amine groups. This
method allows one to reach a nitrogen content of around 4 at. %.
However, this work required several steps and the use of
dangerous reactants, such as thionyl chloride. Other authors
have produced N-doped graphene using hydrothermal
procedures.35−43 The hydrothermal method generally consists
of the simultaneous reduction and functionalization of GO,
using reagents such as ammonia35−38 urea39−41 and other
nitrogenous compounds,38,42,43 that leads to graphene layers
containing pyridinic, pyrrolic and graphitic N.36 However, these
amination protocols entailed long reaction times, 10 h, and
the use of an autoclave at high temperatures, around 180 °C.
On the other hand, a common method for the amination of
aromatic compounds is the Leuckart reaction.44−47 The
Leuckart reaction is a very simple type of reductive amination,
which involves the conversion of a carbonyl group of an
aldehyde or a ketone to an amine group (Figure 1). Hence, this

reaction could be suitable for the reduction of graphite oxide.
This work reports, for the first time, the use of the Leuckart
reaction for the reduction of GO with the aim of obtaining
aminated graphene.

■ EXPERIMENTAL SECTIONS
Synthesis of Graphite Oxide. GO was prepared using the

method reported by Brodie.15 The oxidation reaction was carried out
by adding 5 g of graphite to 100 mL of fuming nitric acid (98%, Sigma-
Aldrich, Germany) in a reactor at 0 °C. Then, 40 g of potassium
chlorate was slowly added and left to react for 22 h. After, the mixture
was poured into 500 mL of cold distilled water. This suspension was
centrifuged and washed several times until the pH was 4.5. Finally,
sediment GO was dried at 70 °C for 12 h. The mass of the product
was 6.03 g.
Reductive Amination Reaction. Amino-functionalized reduced

graphene oxide was obtained by using the Leuckart reaction. First, 5 g
of graphite oxide and 25 g of ammonium formate were mixed and
pulverized in a porcelain mortar. Then, this mixture was placed in a
round-bottom flask fitted with a condenser. The temperature of the
reaction was raised to 135 °C by using a heating mantle and left to
react for 4 h. Afterward, the content of the flask was recovered using
distilled water. This suspension was centrifuged and washed with
abundant distilled water to pH 7. Finally, the product was dried at
70 °C for 12 h. The mass of the product was 3.55 g.
Characterization. The graphene materials were characterized by

infrared spectroscopy (FTIR), using a PerkinElmer Spectrum Two
FTIR spectrometer (Massachusetts, USA) and by Raman spectroscopy
using a Jobin Ybon Horiba (HR800) microspectrometer equipped
with a 532 nm wavelength laser and 0.02 cm−1 resolution. The spectra
were recorded from 0 to 4000 cm−1. The chemical composition of
different graphene materials was studied by means of chemical binding
energy of the elements, through X-ray photoelectron spectroscopy
technique (XPS), using a PerkinElmer XPS−Auger spectrometer,
model PHI 1257. This spectrometer includes an ultrahigh vacuum

chamber, a hemispheric electron energy analyzer, and an X-ray source
with Kα radiation unfiltered from an Al (hν = 1486.6 eV) anode. The
measurements were performed at 400 W and emission angle of 70° in
order to obtain information from the deep surface. Thermogravimetric
(TGA) analyses were carried out in the 25−800 °C temperature range,
using a Netzsch thermogravimetric analyzer model Iris TG 209 F1 in
nitrogen atmosphere at 5 °C/min heating rate.

The Kaiser test was used to determine the content of amino
functional groups in rGO-Am. The methodology consisted of the
addition of 10 mL of ninhydrin solution with different concentrations
(0.746−22.4 mM) to a fixed amount of rGO-Am (0.5 g). It is expected
a threshold concentration would be observed. The ninhydrin solutions
will show similar absorbance above this threshold concentration, since
amino groups present in rGO-Am will limit the numbers of ninhydrin
molecules that can react. The rGO-Am suspensions in ninhydrin
solutions were sonicated for 5 min, and then, the vials were placed in
boiling water for 30 s. Then, the suspensions were filtered by using
hydrophilic syringe filters (0.45 μm, Sartorius stedim SA, Germany).
The resulting solutions were measured using a UV−vis spectrometer,
model Cary 8454, Agilent, USA.

Likewise, graphitic materials were characterized by X-ray diffraction
analysis using a Bruker diffractometer model D8 Advance
(Massachusetts, USA) with a Cu Kα radiation source, wavelength
λ = 0.154 nm, and power supply of 40 kV and 40 mA. The incident
angle (2θ) was varied between 2° and 80°, and the scan rate was
0.02 deg/s. The interlayer distance (d00l) of graphitic materials was
determined by Bragg’s law (eq 1).

λ θ=d /2 sinl l00 00 (1)

where d00l is the interlayer distance and θ00l is the reflection angle of
the reflection plane, where 00l is an integer number.

The morphology of the graphitic materials was studied using
transmission electron microscope (TEM, JEOL 2000 EX-II operating
at 160 keV). Both GO and rGO-Am were dispersed for 20 min in
dimethylformamide (DMF) using an ultrasonication bath, and the
solutions were then drop cast on standard holey carbon copper grids
for TEM analysis.

Solid state spectra was recorded in a PerkinElmer Lambda 650
equipment coupled with an integration sphere that consists of Praying
Mantis Diffuse Reflection Accessory and a “Sampling Kit”, model
DRP-SAP, Harrick Scientific Products, Inc. (New York, USA). Band
gap value was estimated by extrapolation of the region of linearity of
the Tauc plots, (αhv)2 vs hv, where α is the absorption coefficient.48

■ RESULTS AND DISCUSSION
FTIR spectroscopy (Figure 2) was used to establish
qualitatively the nature of the surface groups of graphite,

graphite oxide, and rGO-Am. The absorption band at 3470 cm−1

was assigned to the stretching vibration of the O−H bond of
the hydroxyl groups present in graphite. The presence of this

Figure 1. Reductive amination reaction by using ammonium formate.

Figure 2. FTIR spectra of graphite, GO, and rGO-Am.
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absorption band indicates a slight degree of oxidation. Another
absorption band at 1632 cm−1, observed for graphite,
corresponds to the stretching vibration of CC. FTIR
spectrum of GO presents absorption bands corresponding to
hydroxyl and CC groups around 3470 and 1628 cm−1,
respectively. Moreover, as a result of the oxidation process,
a band at 1728 cm−1 corresponding to ketone carbonyl groups
is observed. Additionally, GO presents two absorption bands at
1387 and 1063 cm−1, which correspond to stretching vibration
modes of C−O bond.49 Therefore, FTIR analysis shows that
GO contains functional groups susceptible to the reductive
amination reaction. After the aminated reduction, the FTIR
spectrum of the product shows two new absorption bands at
3611 and 3496 cm−1 corresponding to the stretching of the
N−H bond of primary amine. The broad absorption band
observed around 3300 cm−1 could correspond to the stretching
vibration of amide-A.50 Additionally, as a result of the reductive
amination reaction, the carbonyl absorption band of GO at
1628 cm−1 was significally decreased in rGO-Am. Furthermore,
an intense absorption band appears at 1574 cm−1, which could
be attributed to conjugated double bonds present in the
pyridine structure.51 However, there is some controversy in
the literature in the assignment of bands between 1500 and
1600 cm−1 for graphene materials. Several authors52−55 have
associated this band to the superposition of CC and CN
vibrations for N-doped graphene materials produced by the
hydrothermal process. By contrast, Navaee and Salami56 have
associated the band at 1550 cm−1 to N−H bending.
Figure 3 shows the Raman spectra of graphite, GO, and

rGO-Am, where characteristic bands of graphitic materials are

observed. The G band appears around 1580 cm−1, which
corresponds to the first-order scattering of the E2g phonon
mode of sp2 carbon atoms. The D band at ∼1350 cm−1 is
associated with the breathing modes of six-atom rings and
requires “defects” for its activation. Likewise, the D′ band,
which appears around 1620 cm−1, is associated with the
breathing modes, since D and D′ are the result of an intervalley
process of double resonance.57 The band observed at 2700 cm−1

corresponds to an overtone of the D band and is termed 2D
band. The band observed at 2920 cm−1 is a combination of the
overtones of D and D′ bands. This band is called the D + D′
band.57 The so-called defect density (ID/IG), which is the ratio
of intensities of the D and G bands, is used to estimate the level
of damage of graphene-based materials and the in-plane

crystallite size (Lα).
58 The Raman data indicate a significant

increase in disorder by comparing the GO (ID/IG = 0.83;
Lα = 23.2 nm) and the rGO-Am (ID/IG = 1.10; Lα = 17.5 nm)
with graphite (ID/IG = 0.23; Lα = 83.6 nm). This increase in the
intensity ratio is commonly observed upon graphite oxida-
tion,57 and it is attributed to the structural changes resulting
from the oxidation process and the presence of functional
groups. rGO-Am presents an intense D′ band and two second-
order bands (2D band and D + D′ band) of medium intensity.
This could be attributed to nitrogen functional groups which
play a role in the double resonant processes that occur in a
phonon (D and D′ bands) and the double resonant processes
that involves two phonons (2D and D + D′ bands). A similar
Raman spectrum of aminated graphene was reported by Zhang
et al.31 Nitrogen functional groups, due to their nature, favor
the occurrence of double resonant processes compared to
oxygen functional groups. The presence of these second-order
bands could suggest that nitrogen groups play a role in the sp2

system. This assumption is supported by a theoretical study of
N-doped graphene, where it is stated that the nitrogen atoms
interact through sp2 hybridization, since there is almost no
distortion in the planar structure of graphene, but could break
the symmetry of the graphene sublattices.59

The corresponding percentages of the atomic concentrations
of carbon, oxygen, and nitrogen were quantitatively determined
by X-ray photoelectron spectroscopy (XPS), analyzing the
C 1s, O 1s, and N 1s regions. The percentage atomic concen-
trations in graphite were 91.8 at. % carbon and 8.2 at. % oxygen
and in GO 73.9 at. % carbon and 26.1 at. % oxygen, and
rGO-Am shows 89.0 at. % carbon, 3.2 at. % nitrogen, and 7.8 at. %
oxygen. The oxygen content in GO (26.1 at. %) is three times
that of graphite (8.2 at. %), which is in agreement with previous
studies on graphite oxides produced via Brodie’s reaction.34,60

The oxygen content of rGO-Am is significantly lower than that
of GO, as the result of the reductive amination of GO.
Moreover, it is observed that the nitrogen content of rGO-Am
is 3.2 at. %, which is consistent with its lower oxygen content.
Such nitrogen content is slightly lower than the 4 at. % reported
by Zhang et al.,31 which could be due to differences in the initial
oxygen content in the GO. Finally, although the hydrothermal
methods have reported higher values of nitrogen functionaliza-
tion, around 10 at. %,39 these protocols are lengthy and difficult
to carry out or to scale.
Figure 4 shows the C 1s signals, between 280 and 296 eV

binding energy, of graphite, GO, and rGO-Am. The contri-
butions of the functional groups to these C 1s signals were
calculated using the Shirley model fit. The deconvolution of the
C 1s peak of graphite shows the contributions of sp2/sp3 and
oxygenated functional groups such as hydroxyls and ethers
(C−O and C−O−C, respectively). As expected, after the
oxidation, the GO has an intense C−O band, greater than that
observed for graphite, indicating the increase of oxygenated
functional groups.
This contribution of oxygenated groups decreases and a new

N 1s signal appears after the reductive amination reaction.
The curve fitting of N 1s signal indicates the presence of three
bands at 398.5, 400.0, and 401.7 eV. The most intense band
(400.0 eV) corresponds to amine and amide groups.61 This
band is consistent with the absorption band that appears
around 3600 cm−1 in the FTIR spectrum of rGO-Am, which
was attributed to amine groups. The bands observed at 398.5
and 401.7 eV are associated with pyridine and protonated
lactam groups, respectively. This could indicate that the

Figure 3. Raman spectra of graphite, GO, and rGO-Am.
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reductive amination reaction produces functionalized graphene
with amine groups and favors the formation of pyridines and
lactams along the hexagonal lattice of graphene at later stages of
the reaction.25,26,31 Hence, the absence of high pressure in
Leuckart’s reaction could be favoring the formation of amine
groups as compared to previous hydrothermal reactions using
nitrogen compounds.37−41

Thermogravimetric analyses of graphite, GO, and rGO-Am
were carried out under nitrogen atmosphere. The thermal
decomposition of the materials presents significant differences
(Figure 5). As expected, graphite does not show mass loss in
the analyzed temperature range which is attributed to the high
thermal stability of this material.62 Meanwhile, GO presents an
abrupt mass loss of nearly 83% at ∼270 °C. This loss is

attributed to the concomitant decomposition of the oxygenated
groups and the thermal blasting of GO.60 In the case of rGO-Am,
a gradual and slight mass loss between 250 and 400 °C is
observed, which could correspond to the thermal decom-
position of both nitrogen and oxygen groups. At 400 °C, the
mass loss reaches 9%, which suggests that the oxygenated
groups present in rGO-Am are less than those present in GO.
This fact could indicate that the reductive amination
successfully accomplishes the reduction of GO. Besides, mass
loss at lower temperature to 200 °C was not observed. This
observation is an important fact, because ammonium formate
presents a boiling point at 180 °C and, hence, we can dismiss
the presence of ammonium formate residues.
The presence of functional groups, such as amine, can also be

identified by a chemical test. Frequently, amines are detected
either by the Hinsberg test, the Kaiser test, or copper complex
formation. It is not possible to use Hinsberg test or copper
complex formation for materials such as rGO-Am, since the
amine functions are linked to the graphene sheets and, hence,
it is difficult to obtain precipitates or complexes. The Kaiser test
is useful to detect amino acids and to differentiate them from
amines.63 The Kaiser test requires the use of ninhydrin as
indicator. Ninhydrin yields a blue-violet color (Ruhemann’s
purple) in the presence of α-amino acids or orange, yellow or
red in the presence of amines and amino acids that do not
possess α-amino groups. Ruhemann’s purple dye has a
maximum absorption at 570 nm, while the yellow dye has a
maximum absorption at 440 nm and is related to the formation
of “imino acids”.64 Figure 6a shows the resulting filtered
solutions of the Kaiser test. The more concentrated solutions
show a yellow color, which could be due to the formation of
imino acids. Hence, the values of absorbance at 440 nm of these
solutions were registered. As expected, similar values of
absorbance were found for samples with ninhydrin concen-
tration between 7.46 and 22.4 mM (Figure 6b). This result
indicates that a threshold amount of available amine groups
exists to react with ninhydrin at 7.46 mM. Therefore, it is
possible to assume that the rGO-Am presents 7.46 μmol of
amine groups per 0.5 g of rGO-Am. The lack of Ruhemann’s
purple color can be attributed to the fact that rGO-Am is a
complex system and it is not possible to differentiate between
primary or secondary amines, since some primary amines such
as tert-butyl amine show a yellow color (Figure 6c).
Nevertheless, even with the positive result, it is important to
remark that the Kaiser test is a useful and well-known
procedure in molecular systems, where amine groups are

Figure 4. Contributions of functional groups of C 1s signals obtained
from analysis of X-ray photoelectron spectroscopy (XPS) of graphite
(a), GO (b), and rGO-Am (c) and contributions of functional groups
of N 1s signal of rGO-Am (d).

Figure 5. Thermogravimetric analysis of graphite, GO, and rGO-Am.
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much more reactive than in a graphitic material, a much more
complex system that does not allow the clear quantification of
the amine groups.
The bulk crystalline structure of the materials was

determined by X-ray diffraction (Figure 7). The characteristic

peak of graphite is observed at 2θ = 26°, which corresponds to
the (002) reflection. Upon oxidation, this graphitic peak
appears at 2θ = 15°, characteristic of Brodie’s oxidation
protocol.21,22 Moreover, rGO-Am shows a peak corresponding
to (002) reflection around 2θ = 26°. This peak is wider and less
intense than that exhibited by graphite, ascribed to the loss of
the long-range order of the crystalline structure resulting from
the oxidation and subsequent reductive amination reaction.
Figure 7 also presents the values of reflection degree (θ002),
interlayer distance (d002) determined by the Bragg’s law, and
the number of graphene layers, calculated using the Debye−
Scherrer equation and fitting the (002) reflection to a
Lorentzian curve.65 This procedure, compared to AFM
estimates, provides a value of the upper bound on the number
of layers but should ensure that the materials are not altered
during sample preparation. The observed greater interlayer

distance of GO, 0.64 nm, compared to that of graphite,
0.34 nm, is explained by the presence of oxygenated functional
groups in the GO structure.60 rGO-Am exhibits a value of
interlayer distance of 0.35 nm, similar to that of graphite. The
decrease in the interlayer distance of rGO-Am with respect to
GO indicates the elimination of oxygenated functional groups.
The oxidation protocol drastically reduces the number of layers
from ∼107, for the parent graphite, to ∼19, for GO. A similar
number of layers has been reported by Kaniyoor et al.65 The
final material is composed of stacks of maximum ∼7 layers.
This fact indicates that the reductive amination of graphene
oxide can be useful for the production of few-layer graphene
materials.
Representative TEM images show the morphologies of GO

and rGO-Am (Figure 8), which are largely composed of

few-layer sheets’ particles with lamellar morphology. The
number of these stacked layers is significantly higher for GO,
consistent with the XRD analysis. Some exfoliated and wrinkled
sheets are also visible in the GO sample, due to the
ultrasonication process in DMF. The oxygenated groups on
the GO are known to result in stable suspensions in polar
solvents facilitating the exfoliation of GO into graphene oxide.66

The band gap of these materials was calculated from the
corresponding Tauc plots (Figure 9). Graphene is described as

a semi-metal, since the valence and conduction bands are in
contact but do not overlap.6,9−11 The π electrons are those

Figure 7. X-ray diffraction patterns of graphite, GO, and rGO-Am,
with their diffraction angles 2θ, interlayer distances d, and number of
layers.

Figure 8. HRTEM images of GO and rGO-Am.

Figure 9. Tauc plots of studied phases of graphite, GO, and rGO-Am.

Figure 6. Images of vials containing the resulting solutions after Kaiser
test performed on rGO-Am (a); UV absorbance values at 400 nm of
ninhydrin solutions after performing the Kaiser test (b); result of
Kaiser test performed on tert-butyl amine (c).

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.7b01438
Chem. Mater. 2017, 29, 6698−6705

6702

http://dx.doi.org/10.1021/acs.chemmater.7b01438


responsible for the electronic properties at low energies, whereas
the σ electrons form energy bands far away from the Fermi
energy and do not play a part in the conductivity.67 Therefore,
since the oxidation reaction is on the double bonds of graphene,
the band structure suffers a modification. Tauc plot of GO
shows an absorption edge close to 2.16 eV, probing that the
conduction and valence bands are no longer in contact. This
value is lower than values reported for other GOs obtained by
Hummers’ method (band gaps from 2.9 to 4.4 eV).68 These
differences are expected, since different oxidation degrees are
obtained using different oxidation procedures.42 On the other
hand, after reduction of GO by Leuckart reaction, again no
absorption edge is observed. It is known that GO recovers the
sp2 configuration when subjected to reduction reactions.69

Therefore, the conjugated structure of GO is restored as well as
its conductor character.
The results so far discussed have shown the successful

reduction and amination of graphite oxide using the Leuckart
reaction. Usually, this reaction is performed using ammonium
formate or formamide in the presence of formic acid.70 This is
because formic acid maintains a slightly acidic medium, which
traps ammonia and could diminish the aldol-type side
reactions.71 The slightly acid nature of GO could be a factor
that favors the occurrence of the reductive amination reaction.
Furthermore, the amine functional groups could react in later
stages of the reaction with oxygenated functional groups, such
as carboxylic acids or alcohols, present in the graphene, to yield
pyridines and lactams groups. Figure 10 shows a scheme of a

possible structure of rGO-Am based on the presence of
pyridine and lactam-type groups observed by XPS analysis.

■ CONCLUSIONS
We have developed a novel approach, which is easy to scale up,
for the production of amino-functionalized reduced graphene
oxide using the Leuckart reaction. Both FTIR and XPS
spectroscopy analyses indicate the presence of primary amino
groups, pyridines, and lactam groups. In addition, the reductive
amination alters the double resonant processes that occur in
phonon (D and D′ bands) and the double resonant processes
that involves two phonons (D and D + D′ bands). This could
be related to the lack of a band gap in aminated graphene,
which indicates its semi-metallic nature. rGO-Am presents
morphological differences compared to both graphite and GO
with a lower number of stacked layers and the in-plane
crystallite size. Not only do these facts indicate that the Leuckart
reaction is a very simple and effective approach to reduce
graphite oxide, but also this reaction is a feasible and easy
method to functionalize simultaneously graphene materials.
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lamin. Ber. Dtsch. Chem. Ges. 1889, 22, 1409−1413.
(48) Viezbicke, B.; Patel, S.; Davis, B.; Birnie, D., III Evaluation of the
Tauc method for optical absorption edge determination: ZnO thin
films as a model system. Phys. Status Solidi B 2015, 252, 1700−1710.
(49) Lee, D. W.; De Los Santos V, L.; Seo, J. W.; Felix, L. L.;
Bustamante D, A.; Cole, J. M.; Barnes, C. H. W. The Structure of
Graphite Oxide: Investigation of Its Surface Chemical Groups. J. Phys.
Chem. B 2010, 114, 5723−5728.
(50) Rubtsov, I. V.; Wang, J.; Hochstrasser, R. M. Vibrational
coupling between amide-I and amide-A modes revealed by femto-
second two color infrared spectroscopy. J. Phys. Chem. A 2003, 107,
3384−3396.
(51) Kline, C. H., Jr.; Turkevich, J. The vibrational spectrum of
pyridine and the thermodynamic properties of pyridine vapors. J.
Chem. Phys. 1944, 12, 300−309.
(52) Zhang, Y.; Sun, Z.; Wang, H.; Wang, Y.; Liang, M.; Xue, S.
Nitrogen-doped graphene as a cathode material for dye-sensitized solar
cells: effects of hydrothermal reaction and annealing on electrocatalytic
performance. RSC Adv. 2015, 5, 10430−10439.
(53) Lou, F.; Buan, M. E. M.; Muthuswamy, N.; Walmsley, J. C.;
Ronning, M.; Chen, D. One-step electrochemical synthesis of tunable
nitrogen-doped graphene. J. Mater. Chem. A 2016, 4, 1233−1243.
(54) Xue, Q.; Sun, J. Electrical Conductivity and Percolation
Behavior of Polymer Nanocomposites. In Polymer Nanocomposites:
Electrical and Thermal Properties; Huang, X., Zhi, C., Eds.; Springer:
Cham, Switzerland, 2016; pp 51−82, DOI: 10.1007/978-3-319-28238-
1_3.
(55) Shang, Y.; Xu, H.; Li, M.; Zhang, G. Preparation of N-Doped
Graphene by Hydrothermal Method and Interpretation of N-Doped
Mechanism. Nano 2017, 12, 1750018.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.7b01438
Chem. Mater. 2017, 29, 6698−6705

6704

http://dx.doi.org/10.1007/978-3-319-28238-1_3
http://dx.doi.org/10.1007/978-3-319-28238-1_3
http://dx.doi.org/10.1021/acs.chemmater.7b01438


(56) Navaee, A.; Salimi, A. Efficient amine functionalization of
graphene oxide through the Bucherer reaction: an extraordinary metal-
free electrocatalyst for the oxygen reduction reaction. RSC Adv. 2015,
5, 59874−59880.
(57) Ferrari, A. C.; Basko, D. M. Raman spectroscopy as a versatile
tool for studying the properties of grafene. Nat. Nanotechnol. 2013, 8,
235−246.
(58) Pimenta, M. A.; Dresselhaus, G.; Dresselhaus, M. S.; Canca̧do,
L. G.; Jorio, A.; Saito, R. Studying disorder in graphite-based systems
by Raman spectroscopy. Phys. Chem. Chem. Phys. 2007, 9, 1276−1291.
(59) Rani, P.; Jindal, V. K. Designing band gap of graphene by B and
N dopant atoms. RSC Adv. 2013, 3, 802−812.
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D. Graphene Oxide Dispersions in Organic Solvents. Langmuir 2008,
24, 10560−10564.
(67) Wallace, P. R. The band Theory of Graphite. Phys. Rev. 1947,
71, 622−634.
(68) Hsu, H.-C.; Shown, I.; Wei, H.-Y.; Chang, Y.-C.; Du, H.-Y.; Lin,
Y.-G.; Tseng, C.-A.; Wang, C.-H.; Chen, L.-C.; Lin, Y.-C.; Chen, K.-H.
Graphene oxide as a promising photocatalyst for CO2 to methanol
conversion. Nanoscale 2013, 5, 262−268.
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