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Caffeine as a source for nitrogen doped graphene,
and its functionalization with silver nanowires in-situ
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Abstract. In this work, we report the use of caffeine as an alternative source of nitrogen to successfully dope graphene (quaternary
400.6 eV and pyridinic at 398 eV according XPS), as well as the growth of silver nanowires (in-situ) in the surface of nitrogen
doped graphene (NG) sheets. We used the improved graphene oxide method (IGO), chemical reduction of graphene oxide (GOx),
and impregnation with caffeine as source of nitrogen for doping and subsequently, silver nanowires (NW) grow in the surface by the
reduction of silver salts in the presence of NG, achieving a numerous of growth of NW in the graphene sheets. As supporting
experimental evidence, the samples were analyzed using conventional characterization techniques: SEM-EDX, XRD, FT-IR, micro

RAMAN, TEM, and XPS.
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1. Introduction

Graphene is a two-dimensional material that consists
only of carbon atoms. The arrangement is composed by a
packed covalently bonded honeycomb lattice. Since the
report of the synthesis of graphene in 2004, developed by
Geim and Novoselov (2007), the scientific community has
developed a series of studies about the fascinating,
superlative and unique properties of this material such as
high electrical conductivity (Wu et al. 2009, Shin et al.
2009), quantum hall effect at room temperatures (Kane and
Mele 2005, Novoselov et al. 2007, Castro et al. 2009), high
surface area (Liu et al. 2010, Ning et al. 2011), charge
transfer (Schedin et al. 2007, Kong et al. 2010), atomic
interactions with molecules (Schedin et al. 2007, Su et al.
2009, Lazar et al. 2013), high thermal conductivity
(Balandin et al. 2008, Pop et al. 2012, Sadeghi et al. 2012),
and high transmittance (Zhu et al. 2014). This nanomaterial
can be considered as the constructor block or a unit base to
build other carbon allotropes such as zero dimensional
fullerene, a one dimensional structure known as carbon
nanotube, or a tridimensional graphitic structure (Rao ef al.
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2009), each of them with specific properties and
applications. Aside from the superlative properties of the
intrinsic graphene which means it is only composed by
carbon atoms or with the changes of properties attributed to
the defects in the basal plane as free links, properties of
graphene can also be modified by the inclusion of other
elements in their carbon basal structure plane. Hence, the
main focus of the present work is to be able to find an easy
route to dope graphene with nitrogen atoms. The doping
with foreign atoms in other carbon allotropes such as in
fullerenes (Martin et al. 1992, Li et al. 2013), and carbon
nanotubes (Terrones et al. 2008), shows that the
incorporation of different atoms in the hexagonal carbon
lattice results in a change of physical and chemical
properties of the nanostructure, as reported with nitrogen
(Leela et al. 2010, Shao et al. 2010, Sheng et al. 2011),
phosphorous and boron (Jo et al. 2015, Lin et al. 2016), or
hetero-doping (Audiffred et al. 2013). So far there are three
known doping types for this which have been reported by
different research groups: (i) pyridinic doping (Zamudio et
al. 2006); (ii) graphitic or substitutional doping; and (iii)
pyrrolic doping (Luo et al. 2011). Each one has a certain
quantity of atoms that can be included in the carbon
hexagonal network by some experimental techniques and
nitrogen sources. One of the most important modifications
in doping is the change of electronic properties. When
graphene is doped, the new properties depend of the kind of
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atom and type of doping (Pearton 2010, Vinayan et al.
2013). Regarding the study of the doping in graphene
sheets, XPS is one of the most useful tools for the
characterization and to determine the type of doping (Luo et
al. 2011, Podila et al. 2012, Tison et al. 2015). In the
present manuscript, we have selected the nitrogen atom as a
doping element in order to promote sites in the sheet with
reactivity as reported by (Wang et al. 2010, Geng et al.
2011). One goal in this work is the N insertion in the
hexagonal network of atoms during the impregnation
process with caffeine, and the subsequent thermal annealing
in argon atmosphere, as reported in single wall nanotubes
by Filippo et al. (2017). Another important issue is the fact
that the nitrogen atom in the sheet induces structural defects
in the honeycomb lattice that, in a certain percentage
concentration, modifies the crystallinity of the material, and
subsequently new intrinsic properties arise in the graphene
(Wang et al. 2010, 2012).

The nitrogen doped graphene has different physical-
chemical properties in comparison with intrinsic graphene,
due to the charge distribution being influenced by the
nitrogen dopant and the doping type (graphitic, pyridinic or
pyrrolic). Furthermore, insertion of a foreign atom in the 2D
network favors the generation of activated sites to promote
cluster nucleation for the growth of nanostructures, or the
use of it as template for anchoring different elements or
molecules in order to produce hybrid or functional
nanomaterials (Shao et al. 2010, Wang et al. 2012, Sun et
al. 2012). As for the synthesis, there are two main routes to
fabricate doped graphene: Direct Doping Synthesis or
bottom-up synthesis such as CVD (chemical vapor
deposition) that involves high temperatures, a hydrocarbon
source, inert atmosphere and high quality copper substrates
(Leela et al. 2010), and MBE (molecular beam epitaxy)
which involves ultra-high vacuum and a hydrocarbon
source. The sheet quality is very high but the yield of
product is very poor and its cost is high. Another method is
Plasma treatment that involves strong magnetic fields for
ion implantation. This method has a low rate of production
and it is a little less expensive compared to the MBE
technique. It is important to note that, most of the time,
these methods need special and costly infrastructure. There
are other synthesis methods known as Doping Post
Treatment or Top-Down methods and the most used are:
Arc-discharge which employs two electrodes, a controlled
atmosphere and high electrical currents; and Ball Milling,
which employs high energy to grind up graphite and mix it
with the doping source in order to promote the atom
bonding in the defects of graphene sheets. Another
important method that is cheap and friendly for the
synthesis of nitrogen doped graphene is the Hydrothermal
Method or Wet-Chemical Method. With this we can obtain
high yield but it involves autoclave reactors and in most of
cases, dangerous doping sources (Leela et al. 2010, Sun et
al. 2012). There are other methods that can use urea,
ammonia and hydrazine (Geng et al. 2011, Wang et al.
2009, Long et al. 2010, Wu et al. 2012), and caffeine for N
doping in single wall carbon nanotubes in a CVD
experimental setup (Filippo et al. 2017). In our case, the
goal for NG is the use of a combination of wet chemical

method using caffeine to impregnate nitrogen into the
graphene sheets, and also the use of a low temperature heat
treatment over a relatively short time. We used the IGO
method (Marcano et al. 2010) to synthesis graphene oxide,
then we dissolved the nitrogen source (caffeine) in order to
GOx impregnate via a hydrothermal method. Then at a
temperature (600°C), heat treatment was conducted in a
reductive atmosphere (Ar-H 50%). Subsequently, after
doping with nitrogen, we carried out the synthesis of silver
nanoparticles, and we found that nanowires grew on the
surface of NG, meanwhile spherical nanoparticles grew up
in the reduce graphene. These experiments for the surface
functionalization were carried out using an ethylene glycol
reflux and silver salts (Caswell et al. 2003, Nair et al. 2018,
Ji et al. 2018), using the NG as a support matrix. It is
important to mention that some interesting applications for
this material (NWNGQG) are focused on its use as electrodes
for energy storage or catalysis.

2. Experimental section

Graphene oxide GOx, reduced graphene RG
impregnated with caffeine, nitrogen doped graphene NG
and silver nanowires functionalized nitrogen doped
graphene NWNG were synthesized as follows:

2.1 Materials

The materials used in this study were purchased from
Sigma Aldrich as reagent grade and used as is, graphite
flakes CAS 7782-42-5, H,SO4 CAS 7664-93-9, H;PO4 CAS
7664-38-2, KMnO4 CAS 7722-64-7, AgNO; CAS 7761-88-
8, CsHoN4O, CAS 58-08-2, PVP wt30k CAS 9003-39-8,
30% H»0,  and distilled water.

2.2 GOx synthesis

For the synthesis of graphene oxide, we carried out a
method as described by Marcano et al. (2010). Our first
stage product was a dark brown slurry containing 3%-6% in
solids.

2.3 Caffeine GOx impregnation and chemical
reduction

A hydrothermal experiment was carried out in order to
dissolve 1,3,7 trimethylxanthine (caffeine) and impregnate
the entire GOx surface, as follows. 150 mg of GOx was
added in flask ball with 150 ml distilled H,O. The solution
was mixed at 600 rpm for 30 min and ultrasonic dispersion
(40 kHz/150 W) was applied at the same time in order to
keep a homogeneous amber colloidal solution. Using a hot
stirrer plate, the temperature was increased to 90°C while
stirring at 300-400 rpm. Then the solution was added to in
the following order: caffeine 15 mg, ethylene glycol 15 ml
and reducing agent NH4OH 15 ml. The reaction was kept in
a reflux mode for 90 min before finally, the solution turned
black. After the impregnation processes with caffeine, the
reduced graphene RG was filtered and dried in oven at 70-
80°C for 4 hours.
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2.4 Nitrogen doping

NG was obtained as follows. The RG impregnated with
caffeine was annealed at 650°C for 30 min under a
reductive atmosphere composed by a mixture of gases in
equal proportions Ar/H 50-50, in a quartz tube reactor.

2.5 NG Silver NW functionalization NWNG

In a three necked flask, 150 mg NG was added to 150
ml ethylene glycol in a reflux setup. The solution was
heated at 150°C and was stirred at 800-1000 rpm. After this
process 50 ml ethylene glycol solution with
polyvinylpyrrolidone (PVP) with a concentration of 0.6 M,
and AgNO; with a concentration 0.1 M, were
simultaneously dripped into the main solution and kept in
reflux and mixing for 180 min. The final product was
filtered and dried in a convection oven at 90°C for 3 hours.

2.6 Characterization

The characterization was carried out with the following
techniques: X-Ray Diffraction (XRD) in a Bruker DS
Advance diffractometer. The vibrational characteristics of
the samples were analyzed in a HORIBA Xplora Plus
Raman spectrometer using a 0.5 mW-1 mW 785 nm laser.
Morphological and chemical composition characteristics
were determined with the following electron microscopes:
scanning electron microscope JEOL 6610LV equipped with
EDS Oxford. Transmission electron microscopes
(TEM/STEM) JEOL 2100 200 kv LaBs with EDS Oxford.
Functional groups were determined using a Thermo
Scientific 1550 Nicolet ATR/FTIR spectrometer for
powders. X-ray photoelectron spectroscopy XPS was used
to analyze the type of the nitrogen doped graphene.

3. Results and discussion
3.1 Morphology of GOx and NG

SEM micrographs of the pristine material (graphite
flakes) show that the lateral size of the samples was 1 mm
size and 20 um of average thickness (see Figs. 1(a) and (b)),
that is equal to 60,000 stacked sheets of single layers. The
FTIR spectra in Fig. 1(c) shows there are the following
functional groups in GOx: C-O at 1037 cm™!, OH at 1308
cm’!, C=C at 1621 cm’!, OH at 1673 cm’!, and COOH at
2518 ecm™! . All of them promote changes in the interlayer
distance that results in a facile route for exfoliation to obtain
GOx single layers due the decrease of attraction forces
(energy) between neighboring planes. TEM micrographs,
Fig. 1(d), shows a large thin sheet of GOx composed by
very thin continuous layers. The micro RAMAN spectra in
Fig. 2(a) compares graphite, GOx and NG. For graphite the
spectrum shows the typical G band at 1574 cm’!, it is a first
order vibration of the layers. Meanwhile for GOx and NG,
the spectrum shows two characteristic peaks, the G band at
1597 em’! and the D band at 1350 cm’!, that confirms the
change in the surface of basal planes due the oxidation and
functional groups attached for GOx, and the doping. In the
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Fig. 1 SEM micrographs of pristine graphite and subsequent
GOx (a) low magnification graphite flakes; (b) cross
view of a graphite flake; (c) FTIR of GOx showing
its functional groups; (d) TEM image that shows the
morphology of GOx sheets before caffeine
impregnation
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Fig. 2 Pristine Graphite, subsequent GOx and Graphene
after doping (a) the RAMAN spectra for GOx
showing D band and G band that are the result of the
change of atom positions due the intercalation, and
subsequent treatment for reduction and doping; (b)
XRD of Graphite, GOx and NG; the main peak of
GOx is the shift due the increment of interlayer
distance in plane (002), from 0.34 nm to 1.2 nm due
the oxygen and functional groups intercalation

XRD analysis, Fig. 2(b) shows a comparison between
pristine graphite, GOx and NG. In the graphite the main
peak of intensity at 26 = 26.1° corresponds to the planes
[002], with an interlayer distance d = 0.34 nm, meanwhile
for GOx, the main peak is at 20 = 10°, that corresponds to
the interlayer distance d = 1.2 nm. This peak shift is due the
oxygen and functional groups intercalation in the graphite
interlayers (OH and COOH groups) as a result of the
treatments with strong acid agents. For NG, a peak with a
very low intensity at 20 = 26.1° corresponds to the planes
[002], with an interlayer distance d = 0.34 nm, due the
rearrangement of the sheets due to the heat treatment.

3.1.1 Characterization of nitrogen doped graphene
(NG)
The study of the obtained material was carried out as
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follows: the NG morphology was analyzed by SEM. Fig.
3(a) shows large sheets, some of them apparently free from
agglomerates. An important result is that there are no other
particles or crystals over the surface of the sheets, and the
morphology is similar to the GOx which means that the
change in the graphene sheets is at the atomic level in the
hexagonal honeycomb structure due the intercalation of
nitrogen atoms. TEM characterization shows isolated slim
sheets with a structure and morphology similar to GOx
sheets. According to the EDX chemical analyses, the
nitrogen detected in the sample is 9.3 wt.% (Fig. 3(b)). This
indicates that we have a large percentage of doping using
caffeine as a nitrogen source, and our results correspond to
that reported by Filippo et al. (2017). At this point it is
important to mention that this method involves an easy
experimental set-up and a low toxic nitrogen source.
According to Rao ef al. (2014) there are several methods to
produce nitrogen doped graphene that involve an expensive
experimental setup, such as CVD, ball milling, plasma
enhanced CVD, and Arc-discharge, and these also involve
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Fig. 3 Surface morphology of nitrogen doped graphene:
(a) SEM micrograph of the morphology of nitrogen
doped graphene sheets; (b) HRTEM micrograph

and EDX quantification shows the content of
nitrogen: 9.3 wt.% in the region of analysis
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Fig. 4 Elemental mapping and EDX line scan that shows
the content of a nitrogen doped graphene: (i) EDX
line scan of NG with content 3.2%, carbon is colored
red and nitrogen is colored aqua; (ii) Two
dimensional elemental EDX mapping of NG: note
that the elemental distribution of the elements are
homogeneous: carbon distribution is colored red,
meanwhile homogeneous nitrogen distribution is
indicated in color aqua

dangerous chemicals, reagents and gases, such as ammonia,
or large periods of synthesis at high temperatures (Rao ef al.
2014). Using scanning transmission electron microscopy
(STEM) at 200 kV in bright field mode over an isolated
single layer (Fig. 4(i)) and EDX line-scan analysis, we
found the elemental distribution as follows: carbon (red
line) and nitrogen (blue aqua line) that are presented in a
separates frames, both graphs are in the same path that
indicates a homogeneous distribution of carbon and
nitrogen. Meanwhile in Fig. 4(ii), an EDX analysis over the
surface of the sheet, we made an elemental mapping
presented in individual frames for each element. Carbon
distribution in color red is present in the entire graphene
sheet and nitrogen distribution, presented in color aqua-
blue, is present homogeneously over all the graphene sheet.

As part of complementary characterization techniques,
and regarding Fig. 4, the nature or type of nitrogen doping,
the binding energy between neighboring atoms is unique for
each material and the properties can change if this binding
is modified experimentally. In this case we analyzed via
high resolution X-ray photoelectron spectroscopy (XPS);
the result binding in each stage was shown in Fig. 4. We
divided the spectra into regions of energy to analyze the
type of each one. We analyzed and compared the results
with an XPS reference database and other authors. The
main spectra shows peaks around 284 eV that correspond to
the binding energy C-C (sp?) at 284.5 eV for all carbon
samples (graphite, GOx and NG). Additionally for GOx, the
spectra shows a wide peak around 286 eV that corresponds
to bindings C-OH/C-O-C at (286.3, 286.7)eV, respectively,
and around 288 ¢V the bindings C=0/0-C=0 (288, 289)cV,
respectively. In Fig. 5(a), the binding C-O is present only in
the GOx sample around 532 eV as shown in Fig. 5(b); the
goal of nitrogen doping and its type was found in the XPS
spectra around 400eV. The two main peaks of energy
correspond to pyridine doping type (GN-p) at 398.9 eV and
quaternary or substitutional doping type (GN-q) at 400.6 eV
(Fig. 5(c)). The results are consistent with those reported by
other authors (Leela et al. 2010, Geng et al. 2011, Wang et
al. 2012, Jiang et al. 2014). Fig. 5(d) shows the models of
the obtained system at each stage: graphite is the pristine
system, GOx is the result of acid treatment for oxidation
and functional groups intercalation, and NG with the
different types of nitrogen doping obtained with the use of
caffeine as the source of nitrogen.

3.1.2 Silver NW functionalization

The second part of our study it is related to the analysis
of the silver nucleation in the whole graphene sheet. After
nitrogen doping, the silver nanowires functionalization on
graphene was analyzed via SEM, TEM-STEM and EDX
mappings, in order to determine the shape and distribution
of silver nanowires and nanoparticles on the nitrogen doped
graphene sheet. It is important to mention that we
conducted a previous silver nanoparticles functionalization
experiment with two types of graphene with the same
conditions: the first one was reduced graphene and the
second one was GN (nitrogen doped graphene) in order to
analyze the surface reactivity of both types of graphene.
The results were characterized with TEM. We found that
with the nitrogen doped graphene the average silver
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Fig. 6 TEM micrographs of growth comparison: (a) reduced
graphene with Ag nanoparticles (b) NG with Ag
nanoparticles; both samples were produced under the
same experimental conditions. The difference in
nanoparticle density (large number of nanoparticles)
could be the result of the nitrogen dopant acting as
nucleation sites on the graphene surface

nanoparticles nucleation was larger than that of the reduced
graphene, because of its reactivity, meaning that the
nitrogen atoms act as active sites on the graphene surface.
According to the TEM micrographs (Figs. 6(a) and (b)),
most of the GN surface was covered with silver
nanoparticles, and the average size and width range was 20-
40 nm in a spherical shape. Meanwhile, for reduced
graphene, the average size and wide range was 10-20 nm,
also in a spherical shape.

On the other hand, SEM micrographs (see Figs. 7(a) to
(b)) show that the growth of silver nanowires is all over the
surface of the sheet of nitrogen doped graphene. Nair ef al.
(2018) grew silver nanowires between graphene sheets

Fig. 7 SEM micrographs show silver nanowires in the
surface of the sheets, we present four random
regions of the sample

while Ji et al. (2018) produced nitrogen-doped graphene
wrapped around silver nanowires, meanwhile we growth in
the sheets (anchoring); we found that the average length of
silver nanowires obtained in the surface of NG was 1 to 2
pm and 20-50 nm of width, meaning that the aspect ratio
width/length is in the range of (20,50). Regarding the
elemental composition or chemical analysis of the obtained
silver nanowires, STEM EDX mapping (see Fig. 8) shows
the distribution of silver nanowires and nanoparticles over
nitrogen dope graphene sheet, carbon in a blue aqua frame,
nitrogen in a red frame and silver in a yellow frame.
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Fig. 8 In the frame on the left side we show an EDX
elemental mapping of NG decorated with Ag
nanowires and nanoparticles distribution: Carbon
in a blue aqua frame, nitrogen in red frame and
silver in yellow frame. At the right side a TEM
micrograph of silver nanowire over the graphene

4. Conclusions

As demonstrated, this proposed experimental method of
synthesis of nitrogen doped graphene was carried out using
caffeine as an alternative nitrogen source, and its
nanowire’s functionalization is a useful and easy method to
grow in-situ. We determined that the surface of NG is more
reactive due to the content of nitrogen, which promotes the
nucleation of silver nanowires and nanoparticles in the
active sites over all the surface. According to these results it
is possible to use the new method to produce NG and make
hybrid materials with silver NW to produce functionalized
graphene for applications in electrodes, or circuits
interconnected by silver nanowires which can be used in
electronics and other novel applications.

Acknowledgments

Thanks to: CONACYT for grant. Special thanks to CU-
Valles UDG, Dra M. Quintana (C.I.C.S.A.B. U.A.S.L.P.),
M.C. C. G. Elias, M.C. R.L. Tovar, M.C. M. Campos y F.J.
Rodriguez (I.M. U.A.S.L.P.), A. Mata Munguia (C.U.C.E.L.-
U.D.G.), Dr. J.M. Romo Herrera (C.N.Y.N. UN.A.M.), S.
Gallardo, R.Tovar H., E. Ramirez T. and ID-NANO.

References

Audiffred, M., Elias, A.L., Gutiérrez, H.R., Loépez-Urias, F.,
Terrones, H., Merino, G. and Terrones, M. (2013), “Nitrogen—
silicon heterodoping of carbon nanotubes”, J. Phys. Chem. C,
117(16), 8481-8490. https://doi.org/10.1021/jp312427z

Balandin, A.A., Ghosh, S., Bao, W., Calizo, 1., Teweldebrhan, D.,
Miao, F. and Lau, C.N. (2008), “Superior thermal conductivity of
single-layer graphene”, Nano Lett., 8, 902-907.
https://doi.org/10.1021/n10731872

Bolotin, K.I., Ghahari, F., Shulman, M.D., Stormer, H.L. and Kim,
P. (2009), “Observation of the fractional quantum Hall effect in
graphene”, Nature, 462(7270), 196-199.

https://doi.org/10.1038/nature08582

Castro, A.H., Guinea, F., Peres, N.M.R., Novoselov, K.S. and
Geim, A.K. (2009), “The electronic properties of graphene”, Rev.
Modern Phys., 81(1), 109-162.
https://doi.org/10.1103/RevModPhys.81.109

Caswell, K.K., Bender, C.M. and Murphy, C.J. (2003), “Seedless,
surfactantless wet chemical synthesis of silver nanowires”, Nano
Lett., 3(5), 667-669. https://doi.org/10.1021/n10341178

Filippo, F., Domanov, O., Ayala, P. and Pichler, T. (2017),
“Synthesis of Nitrogen Doped Single Walled Carbon Nanotubes
with Caffeine”, Physica Status Solidi (B) Basic Research,
254(11), 1700364. https://doi.org/10.1002/pssb.201700364

Geim, A.K. and Novoselov, K.S. (2007), “The rise of graphene”,
Nature Mater., 6(3), 11-19.
https://doi.org/10.1142/9789814287005_0002

Geng, D., Yang, S., Zhang, Y., Yang, J., Liu, J., Li, R., Sham, T.K.,
Sun, X., Ye, S. and Knights, S. (2011), “Nitrogen doping effects
on the structure of graphene”, Appl. Surf. Sci., 257(21), 9193-
9198. https://doi.org/10.1016/j.apsusc.2011.05.131

Ji, D., Wang, Y., Chen, S., Zhang, Y., Li, L., Ding, W. and Wei, Z.
(2018), “Nitrogen-doped graphene wrapped around silver
nanowires for enhanced catalysis in oxygen reduction reaction”,
J. Solid State Electrochem., 22(7), 2287-2296.
https://doi.org/10.1007/s10008-018-3914-2

Jiang, B., Song, S., Wang, J., Xie, Y., Chu, W., Li, H., Xu, H.,
Tian, C. and Fu, H. (2014), “Nitrogen-doped graphene supported
Pd@ PdO core-shell clusters for CC coupling reactions”, Nano
Res., 7(9), 1280-1290.
https://doi.org/10.1007/s12274-014-0492-1

Jo, G., Sanetuntikul, J. and Shanmugam, S. (2015), “Boron and
phosphorous-doped graphene as a metal-free electrocatalyst for
the oxygen reduction reaction in alkaline medium”, RSC Adv.,
5(66), 53637-53643. https://doi.org/10.1039/C5SRA06952A

Kane, C.L. and Mele, E.J. (2005), “Quantum spin Hall effect in
graphene”, Phys. Rev. Lett., 95(22), 22-25.
https://doi.org/10.1103/PhysRevLett.95.226801

Kong, L., Bjelkevig, C., Gaddam, S., Zhou, M., Lee, Y.H., Han,
G.H., Jeong, HK., Wu, N., Zhang, Z., Xiao, J., Dowben, P.A.
and Kelberg, J.A. (2010), “Graphene/substrate charge transfer
characterized by inverse photoelectron spectroscopy”, J. Phys.
Chem. C, 114(49), 21618-21624.
https://doi.org/10.1021/jp108616h

Lazar, P., Karlicky, F., Jure¢ka, P., Kocman, M., Otyepkova, E.,
Safafova, K. and Otyepka, M. (2013), “Adsorption of Small
Organic Molecules on Graphene”, J. Am. Chem. Soc., 135(16),
6372-6377. https://doi.org/10.1021/ja403162r

Leela, A., Reddy, M., Srivastava, A., Gowda, S.R., Gullapalli, H.,
Debey, M. and Ajayan, PM. (2010), “Synthesis of nitrogen-
doped graphene films for lithium battery application”, ACS
Nano, 4(11), 6337-6342. https://doi.org/10.1021/nn101926g

Li, X., Wang, H., Robinson, J.T. and Sanchez, H. (2009),
“Simultaneous nitrogen doping and reduction of graphene
oxide”, J. Am. Chem. Soc., 131(43), 15939-15944.
https://doi.org/10.1021/ja907098f

Li, C.Z., Chueh, C.C., Ding, F., Yip, H.L., Liang, P.W., Li, X. and
Jen, AK.Y. (2013), “Doping of Fullerenes via Anion-Induced
Electron Transfer and Its Implication for Surfactant Facilitated
High Performance Polymer Solar Cells”, Adv. Mater., 25(32),
4425-4430. https://doi.org/10.1002/adma.201300580

Lin, H., Chu, L., Wang, X., Yao, Z., Liu, F.,, Ai, Y., Zhuang, X. and
Han, S. (2016), “Boron, nitrogen, and phosphorous ternary
doped graphene aerogel with hierarchically porous structures as
highly efficient electrocatalysts for oxygen reduction reaction”,
New J. Chem., 40(7), 6022-6029.
https://doi.org/10.1039/C5NJ03390J

Liu, W., Chung, C.H., Miao, C.Q., Wang, Y.J., Li, B.Y., Ruan,
LY., Patel, K., Park, Y.J.,, Woo, J. and Xie, Y.H. (2010),



Caffeine as a source for nitrogen doped graphene, and its functionalization with silver nanowires in-situ 31

“Chemical vapor deposition of large area few layer graphene on
Si catalyzed with nickel films”, Thin Solid Films, 518(6), S128-
S132. https://doi.org/10.1016/j.ts£.2009.10.070

Long, D., Li, W,, Ling, L., Miyawaki, J., Mochida, I. and Yoon,
S.H. (2010), “Preparation of nitrogen-doped graphene sheets by
a combined chemical and hydrothermal reduction of graphene
oxide”, Langmuir, 26(20), 16096-16102.
https://doi.org/10.1021/1a102425a

Luo, Z., Lim, S., Tian, Z., Shang, J., Lai, L., MacDonald, B., Fu,
C., Shen, Z., Yu, T. and Lin, J. (2011), “Pyridinic N doped
graphene: synthesis, electronic structure, and electrocatalytic
property”, J. Mater. Chem., 21(22), 8038.
https://doi.org/10.1039/C1IM10845]

Lv, R, Li, Q., Botello-Méndez, A.R., Hayashi, T., Wang, B.,
Berkdemir, A., Hao, Q., Elias, A.L., Cruz-Silva, R., Gutiérrez,
H.R.,, Kim, Y. A., Muramatsu, H., Zhu, J., Endo, M., Terrones,
H., Charlier, J.-C., Pan, M. and Terrones, M. (2012), “Nitrogen-
doped graphene: beyond single substitution and enhanced
molecular sensing”, Scientific Reports, 2, 586.
https://doi.org/10.1038/srep00586

Martin, T.P., Heinebrodt, M., Néher, U., Gohlich, H., Lange, T.
and Schaber, H. (1992), “Fullerenes doped with metal halides”,
Int. J. Modern Phys. B, 6(23n24), 3871-3877.
https://doi.org/10.1142/5021797929200195x

Marcano, D., Kosynkin, D. and Berlin, J. (2010), “Improved
synthesis of graphene oxide”, Acs, 4(8), 4806-4814.
https://doi.org/10.1021/nn1006368

Nair, A.K., Elizabeth, 1., Gopukumar, S., Thomas, S., Kala, M.S.
and Kalarikkal, N. (2018), “Nitrogen doped graphene—Silver
nanowire hybrids: An excellent anode material for lithium ion
batteries”, Appl. Surf. Sci., 428, 1119-1129.
https://doi.org/10.1016/j.apsusc.2017.09.214

Ning, G., Fan, Z., Wang, G., Gao, J., Qian,W. and Wei, F. (2011),
“Gram-scale synthesis of nanomesh graphene with high surface
area and its application in supercapacitor electrodes”, Chem.
Commun., 47(21), 5976. https://doi.org/10.1039/C1CC11159K

Novoselov, K.S., Jiang, Z., Zhang, Y., Morozov, S.V., Stormer,
H.L., Zeitler, U., Maan, J.C., Boebinger, G.S., Kim, P. and Geim,
AK. (2007), “Room-temperature quantum Hall effect in
graphene”, Science, 315(5817), 1379.
https://doi.org/10.1126/science.1137201

Pearton, S. (2010), “Doped nanostructures.”, Nanoscale, 2(7),
1057. https://doi.org/10.1039/c005273f

Podila, R., Chacon-Torres, J., Spear, J.T., Pichler, T., Ayala, P. and
Rao, A.M. (2012), “Spectroscopic investigation of nitrogen
doped graphene”, Appl. Phys. Lett., 101, 123108.
https://doi.org/10.1063/1.4752736

Pop, E., Varshney, V. and Roy, A.K. (2012), “Thermal properties
of graphene: Fundamentals and applications”, MRS Bulletin,
37(12), 1273-1281. https://doi.org/10.1557/mrs.2012.203

Rao, C.N.R. and Voggu, R. (2010), “Charge-transfer with
graphene and nanotubes”, Mater. Today, 13(9), 34-40.
https://doi.org/10.1016/S1369-7021(10)70163-2

Rao, C.N.R., Biswas, K.S., Subrahmanyam, S. and Govindaraj, A.
(2009), “Graphene, the new nanocarbon”, J. Mater. Chem.,
19(17), 2457. https://doi.org/10.1039/b815239j

Rao, C.N.R., Gopalakrishnan, K. and Govindaraj, A. (2014),
“Synthesis, properties and applications of graphene doped with
boron, nitrogen and other elements”, Nano Today, 9(3), 324-343.
https://doi.org/10.1016/j.nantod.2014.04.010

Sadeghi, M.M., Pettes, M.T. and Shi, L. (2012), “Thermal
transport in graphene”, Solid State Commun., 152(15), 1321-
1330. https://doi.org/10.1016/j.85¢.2012.04.022

Schedin, F., Geim, A.K., Morozov, S.V., Hill, E.W., Blake, P.,
Katsnelson, M.I. and Novoselov, K.S. (2007), “Detection of
individual gas molecules adsorbed on graphene”, Nature Mater.,
6(9), 652-655. https://doi.org/10.1038/nmat1967

Shao, Y., Zhang, S., Engelhard, M.H., Li, G., Shao, G., Wang, Y.,
Liu, J., Aksay, LA. and Lin, Y. (2010), “Nitrogen-doped
graphene and its electrochemical applications”, J. Mater. Chem.,
20(35), 7491. https://doi.org/10.1039/C0IM00782]

Sheng, Z.-H., Shao, L., Chen, J.-J., Bao, W.-J., Wang, F.-B. and
Xia, X.-H. (2011), “Catalyst-free synthesis of nitrogen-doped
graphene via thermal annealing graphite oxide with melamine
and its excellent electrocatalysis”, ACS Nano, 5(6), 4350-4358.
https://doi.org/10.1021/nn103584t

Shin, H.J., Kim, K.K., Benayd, A., Yoon, S.M., Park, H.K., Jung,
I.S., Jin, M.H., Jeong, H.K., Kim, J.M., Choi, J.Y. and Lee, Y.H.
(2009), “Efficient reduction of graphite oxide by sodium
borohydride and its effect on electrical conductance”, Adv.
Funct. Mater., 19(12), 1987-1992.
https://doi.org/10.1002/adfm.200900167

Su, Q., Pang, S., Aljjani, V., Li, C., Feng, X. and Miillen, K.
(2009), “Composites of graphene with large aromatic
molecules”, Adv. Mater., 21(31), 3191-3195.
https://doi.org/10.1002/adma.200803808

Sun, L., Wang, L., Tian, C., Tan, T., Xie, Y., Shi, K., Li, M. and Fu,
H. (2012), “Nitrogen-doped graphene with high nitrogen level
via a one-step hydrothermal reaction of graphene oxide with urea
for superior capacitive energy storage”, RSC Advances, 2, 4498-
4506. https://doi.org/10.1039/C2RA01367C

Terrones, M., Filho, A.G. and Rao, A.M. (2008), “Doped Carbon
Nanotubes: Synthesis, Characterization and Applications”, In:
Carbon Nanotubes, pp. 531-566, Springer, Berlin, Heidelberg,
Germany. https://doi.org/10.1007/978-3-540-72865-8 17

Tison, Y., Lagoute, J., Repain, V., Chacon, C., Girard, Y., Rousset,
S., Joucken, F., Sharma, D., Henrad, L., Amara, H., Ghedjatti, A.
and Ducastelle, F. (2015), “Electronic interaction between
nitrogen atoms in doped graphene”, ACS Nano, 9(1), 670-678.
https://doi.org/10.1021/nn506074u

Vinayan, B.P., Sethupathi, K. and Ramaprabhu, S. (2013), “Facile
synthesis of triangular shaped palladium nanoparticles decorated
nitrogen doped graphene and their catalytic study for renewable
energy applications”, Int. J. Hydrogen Energy, 38(5), 2240-2250.
https://doi.org/10.1016/j.ijhydene.2012.11.091

Wang, X., Li, X., Zhang, L., Yoon, Y., Weber, PK., Wang, H.,
Guo, J. and Dai, H. (2009), “N-doping of graphene through
electrothermal reactions with ammonia”, Science, 324(5928),
768-771. https://doi.org/10.1126/science.1170335

Wang, Y., Shao, Y., Matson, D.W., Li, J. and Lin, Y. (2010),
“Nitrogen-doped graphene and its application in electrochemical
biosensing”, ACS Nano, 4(4), 1790-1798.
https://doi.org/10.1021/nn100315s

Wang, H.B., Maiyalagan, T. and Wang, X. (2012), “Review on
recent progress in nitrogen-doped graphene: synthesis,
characterization, and its potential applications”, Acs Catalysis,
2(5), 781-794. https://doi.org/10.1021/cs200652y

Wu, Z.S., Ren, W.C., Gao, L.B., Zhao, J.P., Chen, Z.P., Liu, B.L.,
Tang, D.M., Yu, B., Jiang, C.B. and Cheng, H.M. (2009),
“Synthesis of graphene sheets with high electrical conductivity
and good thermal stability by hydrogen arc discharge
exfoliation”, Acs Nano, 3(2), 411-417.
https://doi.org/10.1021/nn900020u

Wu, T., Shen, H., Sun, L., Cheng, B., Liu, B. and Shen, J. (2012),
“Nitrogen and boron doped monolayer graphene by chemical
vapor deposition using polystyrene, urea and boric acid”, New J.
Chem., 36, 1385-1391. https://doi.org/10.1039/C2NJ40068E

Zamudio, A., Elias, A.L., Rodriguez-Manzo, J.A., Lépez-Urias, F.,
Rodriguez-Gattorno, G., Lupo, F., Rihle, M., Smith, D.J.,
Terrones, H., Diaz, D. and Terrones, M. (2006), “Efficient
anchoring of silver nanoparticles on N-doped carbon nanotubes”,
Small, 2(3), 346-350.
https://doi.org/10.1002/sm11.200500348

Zhu, S.E., Yuan, S. and Jenssen, G.C.A.M. (2014), “Optical



32 Daniel Ramirez-Gonzalez et al.

transmittance of multilayer graphene”, EPL, 108(1), 17007.
https://doi.org/10.1209/0295-5075/108/17007

cC





