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3D graphene network investigation by Raman
spectroscopy
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Graphene is a carbon material with an outstanding combination of beneficial properties, of interest for various practical
applications in electronic, optoelectronic, and energy storage devices. In this paper, we prepare a 3D graphene network by
using nickel foam as template in a chemical vapour deposition (CVD) process with methane as the carbon source. The
obtained graphene network on nickel foam does not present notable defects as shown from scanning electron microscopy
and Raman spectroscopy. Raman spectroscopy is used to evaluate the influence of the deposition time on the thickness of

graphene layers as well as to evaluate their structural properties.
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1. Introduction

Graphene is a distinctive two-dimensional carbon
material, in fact a monolayer of carbon atoms arranged into
a honeycomb type structure, which was recognized for its
special physical, chemical, optical and electrical properties
[1-4]. Graphene has been widely used as an electrode material
in detection and power devices, with higher electrochemical
performance in comparison to noble metals and to electrode
materials based on carbon, such as graphite and carbon
nanotubes [2, 3, 6]. Graphene is also used in various
applications such as rechargeable lithium batteries [7],
supercapacitors [8], fuel cell devices [9, 10], in sensing [2,
11-14], and terahertz applications [15, 16].

Graphene has high mobility and optical transparency,
in addition to flexibility, robustness and environmental
stability. Thus, graphene has a true potential in photonics
and optoelectronics, where the combination of its unique
optical and electronic properties can be fully exploited [17].

For the outstanding electrical, optical, and mechanical
properties, graphene has emerged as vital components of
dye-sensitized solar cells (DSSCs) [18-20]. As a photoanode
in dye-sensitized solar cells, graphene was first used in 2008 as
a transparent electrode to replace FTO [21]. By adding
graphene to conducting polymers, the electrocatalytic activity
of the counter electrodes in DSSC can be enhanced owing to
large surface area, high electrical conductivity and high charge
carrier mobility offered by graphene [22, 23].

Gao et al. adopted graphene-TiO, (0.5% wt. graphene)
to fabricate the photoanode for DSSCs, and the obtained
power conversion efficiency (n) is much higher than that of
the pure TiO, photoanode based sample [24]. Chen et al.
reported graphene assisted P25 photoanode and obtained a
15% increase for the m [25]. Other researchers prepared
DSSCs with a graphene modified photoanode, and the 1 as
high as ~9% [26, 27].

The use of graphene involves some experimental
problems which could be overcome by using 3D graphene
foam, which has a porous macrostructure with the microscopic
characteristics of graphene [28]. Such three-dimensional
structures of graphene give a large active specific surface area,
which in combination with the unique properties of graphene
have the potential to be useful in the field of electrochemistry,
electronics and optoelectronics.

The concept of the 3D macro structure of graphene was
originally conceived by Chen et al. [29, 30], when they grew
graphene by chemical vapour deposition (CVD) on a 3D
skeleton of nickel [31].

Due to the fact that the structure of the 3D graphene is
monolithic in comparison to the reduced graphene oxide
obtained by electrochemical route or with the graphene
nanoflakes with several layers, which are formed from
distinct thin graphene sheets connected to each other, the
electrical and structural properties of the graphene foam
will be excellent in comparison to the properties of
two-dimensional graphene that have a large number of
defects and poor mechanical contact between the flakes. In
addition, the reduced graphene oxide is inherently less
conductive than the graphene which the 3D structure is
made up of.

In general, a characterization technique must meet
several conditions: to be quick and non-destructive,
providing high resolution, and to give structural and
electronic information. Raman spectroscopy meets all these
requirements and has become one of the most popular
methods for characterizing amorphous carbon materials
and with a certain degree of structural disorder.

In particular, Raman spectroscopy is used for graphene
[32] because the absence of the band gap makes all
incidents wavelengths to be resonant, so Raman spectra
contain information about the atomic structure and the
electronic properties. Raman spectra are characterized by
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the presence of two major bands known as a "G band" and
"2D band". If graphene presents structural defects, then the
Raman spectrum will contain a third band, "D band".

The CVD method was shown to produce high-quality
graphene [33] that display fewer structural defects in
comparison to the reduced graphene oxide (rGO) sheets
produced by the chemical route.

In this paper, we prepare the graphene network by
using Ni foam as the template in a CVD process with
methane as carbon source. The obtained graphene network
on Ni foam was investigated by Raman spectroscopy in
order to evaluate the influence of deposition time on the
thickness of graphene layer.

2. Experimental

A commercial nickel foam produced by Gelon LIB
Group (number of pores per inch: 110 PPI, density > 250
g/m?, thickness < 2.5 mm) served as template. Graphene
networks were obtained by synthesis on the Ni foam
through a CVD process with methane (CH4) as carbon
source at 1273.15 K under ambient pressure. Graphene
sheets copied the structure of the nickel foam resulting in a
network with identical structure as the Ni foam template.
Different deposition times were used in order to determine
the influence of deposition time on the thickness of the
deposited graphene layer.

The nickel foam, previously cleaned with acetone and
isopropyl alcohol by sonication, was loaded into a CVD
furnace (model EasyTube 2000 produced by CVD
Equipment Corporation USA) and heated up to 1273.15 K.
The sample was annealed at 1273.15 K for 15 minutes
under an atmosphere of argon (Ar) and hydrogen (H,). The
graphene growth was then carried out at 1273.15 K for 5, 15
and 30 minutes under a gas mixture of 1.67-10° m*/s A,
3.33:10° m%s CH, and 5.42-10° m*/s H, at atmospheric
pressure. Finally, the sample was rapidly cooled to room
temperature under the protection of Ar and H,.

The CVD process conditions for graphene networks
(GN) preparation are presented in the Table 1.

Table 1. CVD process conditions for graphene networks
preparation

Sample Growing | Growing CH; | H, flow
time |temperature| flow rate
(minutes) (K) rate | (m%s)

(mPfs)

GN_CVD 5 5

GN CVD_15| 15 127315 |3.33-10°|5.42.10°

GN_CVD 30| 30

The morphology of nickel foam and graphene layers
deposited on nickel foam was observed using an Auriga
Station Scanning Electron Microscope from Carl Zeiss at
different magnifications.

The obtained 3D graphene network on Ni foam was

investigated by Raman spectroscopy in order to identify
structural defects. The Raman spectroscopy was also very
useful to determine the number of layers in the graphene
networks, which is directly influenced by the growing time.

Raman spectroscopy was performed using a dispersive
Raman Spectrometer model LabRAM HR Evolution
Horiba.

In order to avoid the sample from heating, we used an
excitation laser with the wavelength of 532 nm and the
power of 5 mW. The Raman spectra were acquired in the
spectral range of 100-3400 cm™ at an acquisition time of 10
seconds with 10 accumulations using a diffraction grating
with 600 grooves/mm and 50x objective lens with
numerical aperture of 0.75.

3. Results and discussion

Fig. 1 displays the raw nickel foam structure at
different magnifications (100 X, 1000 X).

Figs. 2, 3 and 4 show the graphene networks resulted
after the CVD synthesis on the Ni foam for 5, 15 and 30
minutes at different magnifications (1000 X, 5000 X).

Fig. 2. SEM images of graphene network obtained
by CVD process at growing time 5 minutes
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Fig. 3. SEM images of graphene network obtained
by CVD process at growing time 15 minutes

Fig. 4. SEM images of graphene network obtained
by CVD process at growing time 30 minutes

At higher magnification the specific structure of
graphene can be observed. A closer look on the high
magnification SEM images reveals that the graphene layers
fully cover the nickel foam, even at a growing time of 5
minutes. These findings are in good agreement with
previously achieved results from the scientific literature
[29]. Even at the highest synthesis interval of 30 minutes,
graphene coverage is smooth and continuous and there are
not defects such as graphite microspheres which are known
to form when prolonged synthesis is applied [34].

Fig. 5 presents the Raman spectra of CVD graphene
networks grown on Ni foam for 5 minutes.

Fig. 6 presents the Raman spectra of CVD graphene
networks obtained at different growing times.

160 10 1400 1600 180 200 220 240 2600 280 360 320 3000

Raman i )

Fig. 5. Raman spectra of graphene network obtained by
CVD process at a growing time of 5 minutes in 2 spots
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Fig. 6. Raman spectra of graphene networks obtained by
CVD process at growing times of 5, 15 and 30 minutes

Table 2 presents the values of the Raman peaks of G
and 2D band obtained for graphene networks, the ratio of
the peak intensities I,p/lc and the full width at
half-maximum (FWHM) of the G and 2D band.

Table 2. Raman shifts of G and 2D band obtained for
graphene networks

Growing| G 2D | lI,p |[FWHM |FWHM
time band | band | /I | G band 2D
(minutes) | (cm™) | (cm™) (cm™) | band
(cm™)
5 1579 | 2698 |1.24 15 27
15 1580 | 2708 |0.43 18 50
30 1582 | 2718 (0.31| 17 56

From the Raman spectra we can observe in Fig. 5 that
the graphene grown by CVD on Ni foam in 5 minutes
presents a different number of layers in two different spots.
For a spot the Raman spectrum suggests a bi-layer structure
(blue line) and for another spot a multi-layer structure (red
line). The ratio I,p/lg of a single-layer graphene is equal or
more than 2, for bi-layer graphene between 1 and 2 and for
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multi-layer graphene less than 1, according to data from
scientific literature [35].

In Fig. 6 we can observe that the G and 2D peaks
position is almost the same like in graphite (G band at
around 1580 cm™ and 2D band at around 2700 cm™). The
intensity of G peak increases with the number of layers, in
the same time with the decreasing of the intensity of 2D
peak. In our case, the ratio of the intensities I,p/lg decreases
from 1.24 to 0.31. This indicates an increase in the number
of graphene layers.

The absence of the D band, which characterizes the
disorder degree of sp” materials [36], may indicate either
low defect content [32, 37] or the D peak is invisible
because of crystal symmetries (pristine graphene) [38].

It must be noted that there is a variation of the Raman
G peak position and width, which may be attributed to
electronic doping by substrate [39, 40], or to the presence of
charges and a compressive strain in the graphene samples
[37, 41].

The full width of the 2D band at half maximum
(FWHM,p) is a quantitative guide to distinguish the
number of layers. As for single-layer graphene, the 2D band
is symmetric and can be fitted into only one Lorentzian
peak [42]. Here, FWHMy;, of the sample GN_CVD_5 is 27
cm', a value corresponding to a single-layer graphene. The
Raman spectrum of multi-layer graphene GN_CVD_15 has
a wider FWHM,p, of 50 cm™, more than twice than that of
GN_CVD_5. The FWHM,p of the GN_CVD_30 is slightly
bigger than that of GN_CVD_15 (56 cm™).

The position of the Raman 2D peak for multilayer
graphene is, also blue-shifted with about 10 cm™, relative to
monolayer graphene, indicating a misoriented multilayer
graphene [43-45]. The increase of the 2D peak width was
observed by Pimenta et al. [46] in turbostratic multilayer
graphite. Based on these evidences we can conclude that
our obtained CVD graphene are misoriented or turbostratic
multilayer graphene.

4. Conclusions

The 3D graphene structures were obtained by CVD
synthesis with methane as carbon source using different
deposition times: 5, 15 and 30 minutes.

The samples were characterized by scanning electron
microscopy, Raman spectroscopy and neutron scattering
investigations.

Raman spectroscopy has become ubiquitous for
characterizing all type of carbon materials. The positions,
widths and intensities of the D, G and 2D peaks made it
possible to determine the number of layers and the disorder
in a graphene structure. Thus, Raman spectroscopy is a
powerful and noninvasive tool for graphene
characterization. According to the Raman spectra, we can
conclude that the number of layers increases with the
growing time. However, at all growing times, the graphene
layers were smooth, continuous and no defects were
observed. The absence of D band proves a low defect
content.
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