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Freestanding graphene networks
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Graphene is an allotrope of carbon in the form of a single layer of atoms that presents special properties, of interest for
electronic, optoelectronic, and energy storage applications. In this paper, we prepare flexible freestanding graphene
networks using nickel foam as substrate in a chemical vapour deposition process with methane as carbon source. Different
deposition times were used to obtain graphene with thicknesses from few-layer to multilayer, the controlled number of
layers being an important aspect for their use in various applications. After nickel etching, the freestanding graphene
networks were investigated by SEM, EDS, XRD and Raman spectroscopy.
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1. Introduction

Graphene, a monolayer of carbon atoms packed
hexagonally into a 2D structure, has many superior
physical and chemical properties, which make it highly
attractive for numerous and various applications [1-7].

In recent years, researchers focused on obtaining a
graphene structure in which individual sheets of graphene
are bonded together to form a three-dimensional network.
This prevents re-packing of individual graphene sheets in
order to maintain intrinsic properties of graphene in the
bulk structure and to increase the use of graphene in
practical applications. In this regard, researchers turned
their attention to develop by different methods three-
dimensional ~ graphene  networks  with  various
morphologies, structures, and properties [8-11]. Such
three-dimensional (3D) structures were reported in
literature and included graphene aerogels, graphene
sponges and graphene foams [12, 13]. Graphene aerogels
are usually obtained by sol-gel method to reduce graphene
oxide in order to form a highly cross-linked graphene
hydrogel, followed by water removal [14, 15]. Graphene
foams were synthesized for the first time in 2011 by Chen
et al. using nickel foam as template [16]. Thus, the
graphene foam preserved the 3D geometry of the original
nickel foam, forming a continuous and interconnected 3D
graphene network. Graphene sponges have a porous
structure with graphene sheets being partially oriented or
aligned nearly parallel with each other, creating an
anisotropic lamellar structure [17]. Graphene sponges have
highly efficient and recyclable absorption performance
[18, 19].

These 3D structures reveal new properties such as
high specific surface areas, strong mechanical strengths
and fast mass and electron transport Kinetics, possessing
the properties combination of the 3D porous structures and
graphene. 3D structures can be used in many fields as
absorbents, catalysis, sensors, in energy storage and

conversion and biological applications [12, 13, 20-25].

In this work, the three-dimensional graphene layer
was developed by thermal chemical vapour deposition
(CVD) on commercial nickel foam which has a double
role, as catalyst for graphene growth and as three-
dimensional scaffold [16, 26, 27]. In order to obtain the
freestanding graphene networks, the nickel foam was
removed by a chemical etching process. After the
complete nickel removal, the graphene layer preserved the
3D geometry of the original metal foam. We used different
deposition times in order to determine the best
configuration regarding the thickness of the graphene
sheet and maintaining the structural integrity of the
graphene network. The freestanding three-dimensional
graphene structures were investigated by SEM, EDS, XRD
and Raman spectroscopy. The obtained graphene
structures are intended to be used subsequently as flexible
electrodes in different applications, such as dye sensitized
solar cells or carbon-based photodetectors. Thus, the
obtaining of three-dimensional graphene with a controlled
number of layers is an important aspect for their
integration in different devices.

2. Materials and methods

The graphene layer was synthesized from a gas
mixture of methane, hydrogen and argon on nickel foam
catalyst produced by Gelon LIB Group China, using
thermal CVD method at atmospheric pressure in a
horizontal furnace (EasyTube 2000, FirstNano, CVD
Equipment Corporation, USA). The high purity gases used
for the graphene growth, methane (> 99.9995 %),
hydrogen (> 99.995 %), and argon (> 99.999 %), were
used as received from SIAD Romania. The characteristics
of the nickel foam were the following: the porosity of 110
PPI (pores-per-inch), the thickness lower than 2.5 mm and
the density higher than 250 g/m?2.
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The thermal CVD growth of the 3D graphene layer
was performed on nickel foam substrates with dimensions
of 5 cm x 5 cm, ultrasonically cleaned in acetone and
isopropyl alcohol before being placed into the CVD
furnace [20, 26, 27]. The Ni foam was annealed for 15
minutes under argon and hydrogen atmosphere at 1000°C
in order to remove any nickel oxide that could be present
on the foam surface. After this, the growth process took
place by adding the methane as carbon source. The process
was carried out for 5, 7, 10, 15, 30 minutes in a gas mixture
of 3.33:10° m3.s? CHy, 5.42:10° m3-s* H, and 1.67-10°
mé3-s Ar. The holder containing the samples was retracted
from the heated furnace area into a sealed chamber, where
they were rapidly cooled to room temperature under Ar and
H, protective atmosphere. The freestanding 3D graphene
samples were obtained by etching the nickel foam in an
aqueous solution of HCI (3 M) at a temperature of 80°C
around 10 h.

Hereinafter, the graphene layer grown on the nickel
foam, before etching the nickel foam substrate, will be
referred to as GN-Ni, and the freestanding graphene
networks will be referred to as GN.

The morphology of the freestanding graphene
networks was observed using an Auriga Station Scanning
Electron Microscope (SEM) from Carl Zeiss at different
magnifications.

Energy-dispersive X-ray spectroscopy (EDS) analysis
was conducted using an energy dispersive spectrometer
with X-MaxN Silicon Drift Detector with active area of 50
mm? and software AZtec for acquisition and interpretation,
made by Oxford Instruments UK.

X-ray diffraction (XRD) was conducted using a
Bruker D8Discover diffractometer, configured in 6-26
geometry, equipped with Cu anode (A=1.5406A) and 1D
LynxEye detector. The diffractograms were recorded at 40
kV, 40 mA, with an angular increment of 0.04°, step time
of 1s/step, in the angular range of 23°-70°. Qualitative
identification was performed using ICDD PDF2 Release
2015 database after instrument error correction.

Raman spectroscopy was performed using a
dispersive Horiba Raman Spectrometer, model LabRAM
HR Evolution, in order to identify the structural defects of
the freestanding graphene networks and to determine the
number of layers in the graphene. An excitation laser with
the wavelength of 532 nm and a low power of 12.5 mW
was used in order to avoid the sample heating. The Raman
spectra were acquired in the spectral range of 800-3400
cm?® at an acquisition time of 15 seconds with 10
accumulations/spectrum using a diffraction grating with
600 grooves/mm and 50x objective lens with numerical
aperture of 0.75.

3. Results and discussions

A series of graphene samples were synthesized by
CVD on a scaffold of porous nickel foam using different
deposition times. The nickel foam deposited with the
graphene layer was cut in square samples of 1.5 x 1.5 cm.

The nickel scaffold was then removed using chemical
etching by a hot HCI solution. A continuous 3D network
of graphene layer formed as a freestanding macroscopic
structure with thin interconnected graphene sheets was
obtained (Figure 1a, 1b). Graphene layers synthesized at
short deposition times, 5-10 minutes (GN5, GN7, GN10),
collapsed during nickel foam etching, while graphene
layers synthesized at longer deposition times, 15 and 30
minutes (GN15, GN30), maintained their integrity. The
GN replicated the interconnected 3D scaffold structure of
the initial nickel foam substrate. The graphene layers have
grown on the entire surface of the nickel foam substrate
and so they are interconnected with each other. The
obtained GNs are porous, flexible, and light-weight.

(b)

Fig. 1. Freestanding graphene networks: a) GN10, b) GN15
(color online)

Fig. 2 (a-e) illustrates scanning electron microscopy
(SEM) images to reveal the morphology of the
freestanding graphene networks microstructure.
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Fig. 2. SEM images of freestanding graphene networks obtained at different growing time after Ni removal: a) GN5, b) GN7,
c) GN10, d) GN15, e) GN30

The presence of wrinkles in the images is a typical smooth, and continuous, with very few cracks. We can see
characteristic for graphene. Fig. 2e is a suggestive image in Figs. 2a, 2b, 2c, 2d that some areas of the graphene are

(5000 X magnification) revealing the wrinkles at the grain almost transparent in electron beam because the graphene
boundaries of the graphene flakes. The graphene layers are sheet is very thin (few layers) and highly conductive.
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Fig. 3. EDS spectra of freestanding graphene networks after Ni removal: a) GN5, b) GN7, ¢) GN10, d) GN15, ) GN30 (color online)
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Small traces of nickel were observed in the GN even
if prolonged etching was performed, and this is evident in
the EDS analysis presented in the Fig. 3 (a-e). The
maximum quantity of nickel determined after the
multipoint EDS analysis is 3.8% wt., as shown in the

Fig. 3.

Fig. 4 presents the diffraction patterns of the GN
obtained on Ni foam at different deposition times, after Ni
etching.
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Fig. 4. XRD patterns of freestanding graphene networks obtained on Ni foam by CVD at different deposition times, after
Ni etching (GN5, GN7, GN10, GN15, GN30) (color online)

The XRD patterns show the main characteristic peaks
(002), (101) and (004) corresponding to the carbon
presented as hexagonal graphite structure. The (002)
reflection of the graphene samples appears at 26~26.5°
with high intensity and sharpness, with the exception of
the GN5 sample where the graphene sheet is very thin and
the quantity of sample is very low. Increasing the growth
time leads to the increase of the (002) peak intensity, the
reduction of the Full Width at Half Maxima (FWHM), and
a slight displacement of carbon (002) peak to lower angles,
with the exception of the sample GN7. In any case, these
characteristics do not have a linear evolution dependent on
the deposition time of graphene. There are many factors
that influence them, such as the structure of graphene, the
thickness of graphene sheets (number of layers), and their
orientation, taking into account the fact that we have a
three-dimensional structure [28].

XRD patterns also reveal characteristic peaks of
nickel (111) and (200) with very low intensity, which
confirms the presence of small amounts of Ni in the
freestanding graphene samples, also confirmed by the EDS
analysis.

The Raman spectra of freestanding graphene networks
obtained at different growing time are presented in figure
5. The spectra present the Raman bands characteristic to
graphite-based materials [29, 30]: D (~1350 cm?), G
(~1575 cm) and 2D band (~2700 cm'Y), respectively. The
D peak is associated with sp3-hybridized carbon, showing
defects or impurities in carbon materials, the G peak is
assigned to the bond stretching of the pairs of sp? graphitic
carbon atom, and the 2D peak corresponds to the high-
energy second-order process [30]. The D peak intensity is
very low (Ip/lg~0.1), this fact indicating a small quantity
of defects in the graphene structure, meaning a high-
quality graphene.
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Fig. 5. Raman spectra recorded on freestanding graphene networks obtained at different growing time after Ni removal:
GN5, GN7, GN10, GN15, GN30 (color online)

Table 1 presents the values of the Raman peaks of D,
G and 2D band obtained for freestanding graphene
networks, the ratio of the peak intensities Ip/lg, l2p/lc and
the number of the graphene layers estimated based

on the value of I.p/lc ratio.

Table 1. Raman peaks of D, G and 2D band obtained for freestanding graphene networks

Sample D G 2D o/l l2p/lc Number of graphene layers
GN5 1349 1575 2695 0.08 0.88 FLG
GN7 1353 1574 2712* 0.12 0.37 MLG
GN10 1347 1575 2715* 0.11 0.32 MLG
GN15 1346 1575 2716* 0.13 0.29 MLG
GN30 1344 1574 2712* 0.07 0.35 MLG

* 2D band splitting in two peaks

Note: lap/lc > 2 - Single Layer Graphene (SLG); 1 - Double Layer Graphene (DLG); 0.5-0.8 - Few Layer Graphene (FLG), < 0.5 - Multi

Layer Graphene (MLG) [28]

In the case of GN5 sample, the 2D band is a single
intense peak at ~2695 cm™. For the other samples (GN7-
GN30), the 2D band exhibits a multi-peak structure with
two main intensities at ~2695 cm™* and ~2712-2716 cm™.
The 2D band splitting in two peaks for multilayer
graphene networks appears probably due to the charging
of the graphene layer [29]. The splitting of the 2D band is
accentuated with the increase of the number of graphene
layers from monolayer to multilayer, being more obvious
for the GN30 sample.

The highest value of the l.p/lg ratio is presented by
the GN5 sample (l2p/1c=0.88), this value indicating a few-
layer graphene structure [28-30]. The other samples have a
value of the Ixp/lg ratio <0.37, indicating a multilayer
graphene structure [31-33].

In their research paper, Cancado et al. [34] presented a
set of empirical formulas that can be used to quantify the
amount of point-like defects np (2), as well as to evaluate
the average distance between these defects Lp (3), when
using any energy/wavelength of the excitation laser in the

visible range. According to the authors, equation (3) is
valid only for Raman data obtained from graphene
samples with point-like defects separated by Lp >10 nm
[34].

-1
L, (nm) =(2.4x107°) 4! :—D} )
G
+ 22
0 (Cmfz):(1.8_0.54)><10 I_DJ -
A Il

-1
L (nm? ) =(1.84+0.5)x10°° 4, [:—Dj 3)

G

where:
L. - the average nanocrystallite size, nm;
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Np - the amount of point-like defects, cm;

M - the excitation laser wavelength (in our case is A.
532.06 nm);

Lo - the average size between two point-like defects in
nanocrystalline graphene.

Using the three equations above (1-3), the L,, np and
Lo parameters were evaluated for all analyzed samples, the
results being presented in Table 2.

Table 2. The La, np and Lp parameters values of
the freestanding graphene networks

Sample | La | nox10¥® | Lo
(nm) | (cm?) | (nm)
GN5 240 1.8 42
GN7 160 2.7 35
GN10 174 2.5 36
GN15 148 2.9 33
GN30 274 1.6 45

As it can be observed the GN 30 sample presents the
highest value of the average crystallite size (274 nm), with
the smallest amount of point-like defects and the largest
average size between two point-like defects (45 nm). This
is probably due to the fact that the graphene sheet has a
higher thickness, thus it better maintains its structural
integrity during the etching process of the nickel foam
substrate.

4. Conclusions

The freestanding graphene networks were synthesized
by CVD process with methane as carbon source using
different deposition times (5, 7, 10, 15, and 30 minutes)
and nickel foam as catalyst substrate.

SEM investigations revealed the specific structure of
graphene with wrinkles at the grain boundaries of the
graphene flakes. The graphene layers were smooth, and
continuous, with very few cracks. Small traces of nickel
were observed in the GN even if prolonged etching was
performed.

The XRD patterns reveal the main characteristic peaks
corresponding to the carbon, and some characteristic peaks
of nickel with very low intensity, which confirms the
presence of small amounts of Ni in the freestanding
graphene samples, in good agreement with the EDS
analysis.

According to the Raman spectra, we can conclude that
the number of layers increases with the growing time. A
high-quality freestanding graphene network with few-layer
structure was synthesized at a deposition time of 5
minutes. The other samples obtained at a higher deposition
time presented a multilayer structure.

The obtaining of a controlled number of layers is an
important aspect for the integration of these three-
dimensional graphene in different devices. Thus, this study
provides us important information regarding the micro and
macrostructure of three-dimensional graphene depending
on the deposition time, so that we have the possibility to

obtain three-dimensional graphene structures appropriate
for a certain application like dye sensitized solar cells or
carbon-based photodetectors. In conclusion, the graphene
structure GN15 is most suitable for such applications
because it is sufficiently thin and the macrostructure does
not deteriorate after the removal of nickel in hydrochloric
acid.
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