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stratic stacked graphene using
waste ferric chloride solution as a feedstock†

Piyaporn Surinlert,ac Phurida Kokmatb and Akkawat Ruammaitree *bc

Monolayer graphene has excellent electrical properties especially a linear dispersion in the band structure at

the K-point in the Brillouin zone. However, its electronic transport properties can be degraded by surface

roughness and attachment of charge impurities. Although multilayer graphene can reduce the surface

roughness and attachment of charge impurities, the increase in the number of graphene layers can

degrade the electronic transport properties due to interlayer interactions. Turbostratic graphene can

significantly reduce the effect of interlayer interaction of multilayer graphene resulting in electrical

properties similar to those of monolayer graphene. In this report, we have demonstrated the growth of

turbostratic stacked graphene using waste ferric chloride solution as a feedstock by vaporization and

calcination at 700 �C for 6 hours under an argon atmosphere. SEM images and EDX elemental

distribution maps showed graphene can be grown on iron and nickel catalysts. XRD results and Raman

spectra confirmed the presence of turbostratic stacked graphene with the interlayer spacing in the range

of 3.41 Å to 3.44 Å. The Raman spectra in all samples also displayed a weak intensity peak of iTALO� and

a well-fitted 2D band by a single Lorentzian peak indicating the presence of turbostratic stacked

graphene. In addition, XPS spectra reveal the growth mechanism of the turbostratic stacked graphene.

This synthesis process of turbostratic stacked graphene is not only simple, low-cost, and suitable for

large-scale production but also decreases the environmental issues from releasing waste ferric chloride

solution with improper disposal.
Introduction

Graphene is a monolayer of carbon atoms arranged in
a honeycomb crystal lattice. Graphene has attracted attention
from many researchers due to its exotic properties such as high
electron mobility,1 linear dispersion (Dirac cone) at the K-point
in the Brillouin zone,2 high intrinsic strength3 and superior
thermal conductivity.4 However, these desirable properties,
especially electrical properties, can be degraded with an
increase in the number of graphene layers due to the interlayer
interactions between adjacent graphene layers. In theory,
monolayer graphene should have the best electronic transport
properties because of no interlayer interaction, but realistically
its electronic transport properties can be degraded by surface
roughness5 and attachment of charge impurities.6 High levels of
the surface roughness and charge impurities can oen appear
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mation (ESI) available. See

25053
on the monolayer graphene because it has only single carbon
atom thick.

Turbostratic stacked graphene is multilayer graphene which
contains the relative rotations between adjacent graphene
layers. The interlayer rotations of turbostratic graphene can
reduce the effect of interlayer interaction leading to the linear
dispersion and carrier mobilities similar to those of monolayer
graphene.7 In addition, the turbostratic stacked multilayer
graphene has lower level of surface roughness and charge
impurities than monolayer graphene resulting in its conduc-
tivity and carrier mobility are higher than those of the mono-
layer graphene.8 Therefore, the turbostratic multilayer graphene
is a promising candidate material for the application of high-
performance electronic devices.

Chemical vapor deposition (CVD)9 is generally utilized for
the growth of graphene sheet because it can provide large-area
graphene at low cost.10 Nickel is commonly utilized as metal
catalyst for the growth of multilayer graphene by CVD.11 Aer
the CVD growth procedure, the nickel catalyst must be etched
by immersion in the ferric chloride solution.12 The waste ferric
chloride solution can cause water pollution and harmful
chronic effects on the aquatic biota if it is thrown overboard
without proper disposal.13

Various methods for synthesis of graphene powder have
been developed to generate high-quality graphene powder with
© 2022 The Author(s). Published by the Royal Society of Chemistry
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low cost and large-scale production. Micromechanical exfolia-
tion of graphite can produce high-quality graphene monolayer,
but the scale production is small.14 The oxidation–reduction
method is commonly used to fabricate graphene powder
because it can achieve the large-scale production of reduced
graphene oxide at low cost. However, the quality of the resultant
graphene powder is low due to the presence of high level of
deects and oxygen content on the graphene surface.15 In 2014,
Binbin Zhang et al. propose the different method which can
achieve mass production of high-quality graphene with low cost
by calcinating glucose and ferric chloride solution under argon
atmosphere at 700 �C for 6 hours.16 For this method, the iron is
utilized as metal catalyst for synthesis of graphene. Neverthe-
less, nickel is also the metal catalyst which is commonly utilized
to synthesis graphene. Therefore, the mixture of iron and nickel
can also be utilized as metal catalyst for graphene growth.

In this study, we demonstrated the growth of turbostratic
stacked graphene using waste ferric chloride solution as
a feedstock. The utilization of the waste ferric chloride solution
as a raw material for the synthesis process of turbostratic
stacked graphene can not only reduce the cost production of
turbostratic stacked graphene but also decrease the environ-
mental issues.
Experimental
Preparation of waste ferric chloride solution

The ferric chloride solution was prepared by dissolving 80 g
ferric chloride in 100 ml deionized water. A graphene on nickel
foam sample (ESI†) was immersed in the ferric chloride solu-
tion for 24 hours to etch nickel. The mass of nickel in the waste
solution was calculated by the mass difference of the sample
before and aer immersion in the ferric chloride solution. In
this study, the nickel masses of 0 g, 0.6719 g, 1.6407 g and
Fig. 1 Comparison of SEM images (left column) and EDX elemental distrib
oxygen (O, blue) and nickel (Ni, red) of GFeNi0, GFeNi0.6719, GFeNi1.64

© 2022 The Author(s). Published by the Royal Society of Chemistry
2.5981 g was dissolved in the waste solution for studying the
growth of turbostratic stacked graphene. The sample names
were designated by the mass of nickel dissolved in the waste
solution i.e., the GFeNi0, GFeNi0.6719, GFeNi1.6407 and
GFeNi2.5981 were prepared by the mixture of 80 g ferric chlo-
ride, 100 ml deionized water and the dissolved nickel of 0 g,
0.6719 g, 1.6407 g and 2.5981 g, respectively.
Preparation of turbostratic stacked graphene

The 5 ml waste ferric chloride solution and 2 g sucrose were
mixed and poured into an alumina crucible boat. Subsequently,
the sample was vaporized at 90 �C for 24 hours. Aer that, the
sample was transferred into the quart tube furnace. Before
annealing the sample, the argon gas was introduced for 30
minutes to evacuate air in the quartz tube. Thereaer, the
sample was calcined in the quartz tube under argon atmosphere
at 700 �C for 6 hours. Then the sample was fast cooled down to
room temperature under argon atmosphere. The graphene-
wrapped metal (iron and nickel) was obtained. The metal in
the sample can be eliminated by immersing the sample in 6 M
HCl for 6 hours to obtain turbostratic stacked graphene powder.
Characterization

Field emission scanning electron microscope (Fe-SEM) and
energy-dispersive X-ray spectroscope (EDX) were carried out by
Hitachi UHR Fe-SEM SU8010 with incident beam of 20 kV. X-ray
diffraction (XRD) measurement was performed using benchtop
X-ray powder diffractometer (Bruker) with Cu-Ka radiation (l ¼
0.154184 nm). Micro-Raman measurement was conducted at
room temperature using a 532 nm laser. The laser beam size is
about 1 mm in diameter. X-ray photoelectron spectroscopy (XPS)
was measured by Axis Supra, Kratos using 225 W Al-Ka mono-
chromator. The base pressure was about 2.7 � 10�9 torr.
utionmaps for carbon (C, orange), chlorine (Cl, white), iron (Fe, green),
07 and GFeNi2.5981.
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Fig. 2 (a) XRD patterns of GFeNi0, GFeNi0.6719, GFeNi1.6407 and
GFeNi2.5981 before etching the metal. (b) XRD experimental results
(blue curve) and XRD calculation curve (red curve) of GFeNi2.5981 at
graphene peak. (c) Proportion of graphene thickness in the
GFeNi2.5981.
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Results and discussion

Fig. 1 shows SEM images and EDX maps of the GFeNi0,
GFeNi0.6719, GFeNi1.6407 and GFeNi2.5981. EDXmaps display
carbon element distributes on all sample surfaces meanwhile
nickel element distributes on the sample surfaces of
GFeNi0.6719, GFeNi1.6407 and GFeNi2.5981 revealing that
graphene can be grown on nickel and iron. In addition, the non-
uniform carbon signal implies the non-uniform thickness of
graphene.

XRD results of the GFeNi0, GFeNi0.6719, GFeNi1.6407 and
GFeNi2.5981 are displayed in Fig. 2(a). The XRD patterns of all
samples show the characteristic of graphene oxide and gra-
phene peak at 2q of �10� and �26�, respectively, indicating the
presence of graphene oxide and graphene on all samples. The
interlayer spacing of graphene oxide is much larger than that of
graphene due to the presence of oxygen-containing groups on
the edge of each layer.17 In addition, the XRD pattern of
GFeNi2.5981 displays the XRD peaks at 2q of 35.39�, 42.84�,
43.81�, 44.59�, 51.05� and 74.92� which correspond to NiCl2,18

FeCl3,19 Fe2O3 (ref. 20) and NiO,21 Ni21 and Fe,20 Ni,21 NiO,21

respectively, implying that graphene can be grown on the
surfaces of nickel and iron. It is in good agreement with EDX
results which show Cl, Fe, O and Ni elements distribute on
whole sample surface. Fig. 2(b) shows XRD experimental
pattern and tting curve around the graphene peak of
GFeNi2.5981. The curve tting is calculated using the following
equation:22

jF j2fj f ðqÞj2
�����
XN�1

j¼0

bje
ikaj j

�����
2

where, F is a structure factor, f(q) is an atomic scattering of
carbon.23 N is the number of graphene layer, bj is an occupancy
of (j + 1)th graphene layer. kaj ¼ (4pdj sin q)/l where dj is a gra-
phene layer spacing. q is an angle between the incident beam
and the scatting planes. l is wavelength of incident X-ray beam.
For the graphene peak of GFeNi2.5981, the tting curve is
calculated using the parameters in Table S1.† The calculation
curve reveals that the graphene layer spacing is 3.42 Å and the
thickness of graphene is non-uniform. The information about
the graphene thickness and layer spacing of GFeNi2.5981 is
shown in Fig. 2(c) and Table S2.† In addition, the XRD patterns
reveal the graphene layer spacings of GFeNi0, GFeNi0.6719,
GFeNi1.6407 and GFeNi2.5981 are 3.43 Å, 3.44 Å, 3.44 Å and
3.42 Å, respectively. These graphene layer spacings are much
larger than the interlayer spacing of AB-stacked graphene (3.35
Å) implying all samples contain turbostratic stacked
graphene.24

Fig. 3(a) presents Raman spectra of GFeNi0, GFeNi0.6719,
GFeNi1.6407 and GFeNi2.5981. The results show the charac-
teristic graphene peaks at �1570 cm�1 (G band) and
�2680 cm�1 (2D band) indicating the presence of graphene in
all samples. The intensity of G peak is higher than that of 2D
peak. It is corresponding to the turbostratic stacked graphene
prepared by laser-assisted process25 and direct carbon ions
implantation.26 Whereas it is different from the turbostratic
25050 | RSC Adv., 2022, 12, 25048–25053
stacked graphene prepared by physical vapor deposition (PVD)7

which shows the Raman intensity of 2D peak is signicantly
greater than that of G peak. In 2009, Casiraghi proved that the
intensity of 2D peak drastically decreases when doping
increases while the intensity of G peak is independent on the
doping.27 Therefore, the synthesis of graphene by different
methods may produce turbostratic stacked graphene with
different doping. The Raman spectra also show graphene D-
band (�1340 cm�1) which originates from the sp2-hybridized
disordered carbon materials.28 Fig. 3(b) displays the intensity
ratio of D peak to G peak (D/G) and the graphene grain size of all
samples. The graphene grain size is calculated by the following
equation:29

LaðnmÞ ¼ 560

E4
laserðeVÞ

�
ID

IG

��1

where La is the graphene grain size. Elaser is the energy of inci-
dent laser in the Raman measurements. ID/IG is the intensity
ratio of graphene D peak to G peak. The calculation results show
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the graphene grain size decreases when the nickel mass
increases. Moreover, all samples contain the weak intensity
peak of iTALO� at �1850 cm�1 as shown in Fig. 3(c). The
iTALO� Mode is originated from a combination of in-plane
transverse acoustic (iTA) and the longitudinal optic (LO)
phonons. The intensity of the iTALO� peak is high for mono-
layer graphene and turbostratic graphene but it reduces with
increasing number of graphene layers. The iTALO� peak almost
disappears in the case of AB-stacked few-layer graphene and it
becomes absent for AB-stacked graphite.30 Therefore, the
appearance of iTALO� indicates the presence of turbostratic
stacked graphene on all samples.

M band (�1750 cm�1) is an overtone of the oTO phonon. M
band has been observed in bilayer and few-layer AB stacked
graphene and highly ordered pyrolytic graphite (HOPG) because
the M band is activated by strong interlayer interactions
between adjacent graphene layers.30 The M band is absent for
single layer graphene and turbostratic stacked graphene.
Therefore the absence of M band from the samples implies that
the stacking pattern of graphene on all samples is turbostratic.
It is in good agreement with the XRD results. Fig. 3(d)–(g)
display the curve tting on Raman spectra of 2D band of
GFeNi0, GFeNi0.6719, GFeNi1.6407 and GFeNi2.5981 that can
well t using a single Lorentzian peak (red) with the full width at
half maximum (FWHM) of 85 cm�1, 92 cm�1, 96 cm�1 and 100,
respectively. These FWHM values are corresponding to the
turbostratic stacked graphene prepared by laser-assisted
process25 and direct carbon ions implantation.26 Whereas,
these FWHM values are much higher than that of monolayer
graphene (�24 cm�1)24 and the turbostratic stacked graphene
prepared by PVD (27–65 cm�1). Although the FWHM of these
samples is wide and similar to AB stacked multilayer graphene
(�100 cm�1),7 the well-tted 2D band by a single Lorentzian
peak in all samples can conrm the structure of graphene is
turbostratic stacking. In addition, the single Lorentzian t can
Fig. 3 (a) Raman spectra of GFeNi0, GFeNi0.6719, GFeNi1.6407 and G
GFeNi0, GFeNi0.6719, GFeNi1.6407 and GFeNi2.5981. (c) Magnified R
2300 cm�1 of GFeNi0, GFeNi0.6719, GFeNi1.6407 and GFeNi2.5981. (d)–
the 2D band of GFeNi0, GFeNi0.6719, GFeNi1.6407 and GFeNi2.5981, re

© 2022 The Author(s). Published by the Royal Society of Chemistry
reveal the value of the c-axis lattice constant using the following
empirical formula31

cðnmÞ ¼ 0:682� 0:11

�����
IG0

3DB

IG0
3DB

þ IG0
2D

�����
where IG0

2D
and IG0

3DB
are the intensities of the single Lorentzian

peak and its coexisting Lorentzian, respectively, at 2D band.
Since all samples can be well t by a single Lorentzian peak, the
IG0

3DB
vanishes resulting in the c-axis lattice constant and inter-

layer spacing of graphene is 0.682 nm and 0.341 nm, respec-
tively (the interlayer spacing of graphene is half of the value of c-
axis lattice constant32). The interlayer spacing of 3.41 Å is near
the XRD results that reveal the graphene layer spacings of
GFeNi0, GFeNi0.6719, GFeNi1.6407 and GFeNi2.5981 are 3.43
Å, 3.44 Å, 3.44 Å and 3.42 Å, respective.

The vaporization is an important process to arrange carbon
atoms around the metal before the growth of graphene by
calcination at 700 �C. Fig. 4 shows XPS spectra of the C 1s of the
GFeNi0 before and aer calcination at 700 �C for 6 hours. The
XPS spectrum of GFeNi0 before calcination process is decon-
voluted into 5 peaks at 283.0 eV, 284.6 eV, 286.3 eV, 287.5 eV and
289.1 eV, which correspond to the bonds of C–Fe, C–C (sp3), C–
O, C]O and O–C]O, respectively. The high intensity peak of
C–Fe implies that aer the sample underwent the vaporization
process, the metal catalyst is surrounded by amorphous carbon
and the C–Fe bonds occur between the metal catalyst and its
nearest carbon atoms. Aer calcination at 700 �C for 6 hours,
the XPS spectrum of the GFeNi0 is deconvoluted into 5 peaks at
284.1 eV, 285.2 eV, 286.2 eV, 288.3 eV and 290.5 eV, which
correspond to the bonds of C]C (sp2), C–C (sp3), C–O, C]O
and O–C]O, respectively. The peak areas of C–O bond, C]O
bond and O–C]O bond decrease signicantly due to the
carbon oxidation.33 The dominant C]C (sp2) corresponds to
the p-bonded carbon atoms of the graphene network.34
FeNi2.5981. (b) D/G (left axis) and graphene grain size (right axis) of
aman spectra (after baseline subtraction) between 1600 cm�1 and
(g) Experimental Raman spectra (blue) and single Lorentzian fit (red) of
spectively.

RSC Adv., 2022, 12, 25048–25053 | 25051
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Fig. 4 XPS spectra of C 1s of the GFeNi0 before and after calcination
process, GFeNi0.6719, GFeNi1.6407, GFeNi2.5981.

Fig. 5 Schematic diagram of growth mechanism of turbostratic gra-
phene using waste ferric chloride solution as a feedstock.
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However, the C–Fe peak is absent from the XPS spectrum
indicating there is not C–Fe bonding between iron and the rst
carbon layer (innermost carbon layer). Therefore, the rst
carbon layer is graphene layer. Fig. 4 also displays the XPS
spectra of the C 1s of GFeNi0.6719, GFeNi1.6407 and
GFeNi2.5981. A peak at �281.7 eV corresponds to C–Ni bonds.
The peak area of C–Ni bond increases when nickel content
increases. The binding energy of this C–Ni peak is lower than
that of nickel carbide thin lm (283.3 eV).35 The presence of C–
Ni bonds implies that there are C–Ni bonds between nickel and
the rst carbon layer (innermost carbon layer). Therefore, the
rst carbon layer is buffer layer while the second carbon layer is
graphene layer. It is similar to the growth of epitaxial graphene
on Si-terminated SiC that the rst carbon layer is buffer layer
which contains Si–C bonds between the rst carbon layer and
the silicon layer underneath.36,37

Fig. S3(a)† shows XRD patterns of the GFeNi0 prepared with
and without vaporization process. The intensity ratio of gra-
phene peak (�26�) to Fe peak (�44�) (Igraphene/IFe) for the
GFeNi0 prepared with and without vaporization process are
0.72 and 0.33, respectively, revealing that the GFeNi0 prepared
25052 | RSC Adv., 2022, 12, 25048–25053
with vaporization process contains a higher quantity of gra-
phene since only the carbon atoms near the metal catalyst can
be dissolved and formed graphene aer the calcination at
700 �C for 6 hours. Aer the graphene growth process, all
samples can be attracted by a magnet (Fig. S3(b)†) due to the
presence of metal inside. However, the magnetic property can
be removed (Fig. S3(c)†) aer etching the metal catalyst inside
by immersion in HCl.

The growth mechanism of turbostratic stacked graphene
using waste ferric chloride solution as a feedstock is illustrated
schematically in Fig. 5. First, the sucrose is dissolved in waste
ferric chloride solution. Subsequently, the solution was vapor-
ization at 90 �C for 24 hours resulting in the amorphous carbon
surrounds the nickel and iron. The C-metal bonds occur between
the metal and the nearest carbon atoms. Aer that the sample is
calcined in the quartz tube under argon atmosphere at 700 �C for
6 hours. At this annealing temperature, the surrounding carbon
atoms are dissolved into the nickel and iron. Thereaer the
sample is fast cooled down to room temperature, the carbon
atoms in the nickel and iron precipitate and form turbostratic
stacked graphene encloses the nickel and iron. The formation of
turbostratic stacked graphene may arises from the fast heating
and cooling rate.25,38,39 However, in the case of nickel metal
catalyst, the rst carbon layer is buffer layer while the second
carbon layer is the rst layer of graphene. The layer spacing of the
turbostratic stacked graphene is �3.42 Å.
Conclusion

We have demonstrated the growth of turbostratic stacked gra-
phene using waste ferric chloride solution as a feedstock by
vaporization at 90 �C for 24 hours and calcination at 700 �C for 6
hours. SEM images and EDX elemental distribution maps
showed graphene can be grown on iron and nickel catalysts
meanwhile XRD patterns conrm the presence of turbostratic
stacked graphene with the interlayer spacing in the range of
3.42 Å to 3.44 Å. Moreover, the Raman spectra display the weak
intensity peak of iTALO� and the well-tted 2D band by a single
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Lorentzian peak indicating the presence of turbostratic stacked
graphene. In addition, XPS spectra reveal the growth mecha-
nism of the turbostratic stacked graphene. The rst carbon
layer (innermost carbon layer) which surrounds iron is gra-
phene layer meanwhile the rst carbon layer which surrounds
nickel is buffer layer. This synthesis process of turbostratic
stacked graphene is not only simple, low-cost, and large-scale
production but also decreases the environmental issues from
releasing the waste ferric chloride solution with improper
disposal.
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