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ABSTRACT: The extraordinary properties of graphene are truly observable when it
is suspended, being free from any substrate influence. Here, a new type of multilayer
graphene is reported wherein each layer is turbostratically decoupled, resembling
suspended graphene in nature, while maintaining high degree of 2D crystallinity. Such
defect-free graphene multilayers have been made over large areas by Joule heating of a
Ni foil coated with a solid hydrocarbon. Raman spectra measured on thick flakes of
turbostratically single layer graphene (T-SLG) (100−250 nm) have shown
characteristics similar to suspended graphene with very narrow 2D bands (∼16
cm−1) and I2D/IG ratios up to 7.4, importantly with no D band intensity. Electron
diffraction patterns showed sets of diffraction spots spread out with definite angular
spacings, reminiscent of the angular deviations from the AB packing which are
responsible for keeping the layers decoupled. The d-spacing derived from X-ray
diffraction was larger (by ∼0.04 Å) compared to that in graphite. Accordingly, the c-
axis resistance values were three orders higher, suggesting that the layers are indeed
electronically decoupled. The high 2D crystallinity observed along with the decoupled nature should accredit the observed
graphene species as a close cousin of suspended graphene.

Graphene as a two-dimensional carbon material offers wide
range of interesting properties such as high charge

mobilities,1 superior thermal conductivity,2 high degree of
transparency,3 as well as mechanical flexibility4 among others.
Because of such properties, it has attracted great attention in
the context of flexible electronics,5 printable optoelectronics,6

photonics,7 etc. Ideally, graphene has to be perfectly two-
dimensional well extended and flat, for it to possess the
characteristic electronic band structure and properties
associated with it.8 In reality, the properties of graphene get
modified due to the presence of wrinkles,9 edges,10 defects11

and also due to adsorbed foreign species12 and dopants.13 In
addition, the substrate hosting the graphene can itself
significantly influence its electronic,14 magnetic,15 and chemical
properties16 and such modifications, intentional and otherwise,
have been effectively utilized in various contexts.17 However, if
one is serious in exploiting the native properties of graphene, it
has to be prepared and handled in such a way that the above
influences are minimal. One such case is the suspended
graphene, which comes close to ideal graphene in nature, and
therefore has attracted greater attention in recent years due to
its extraordinary properties,18 especially in order to achieve near
ideal ballistic transport19 and ultrahigh mobility in field effect
transistors.20 However, synthesis and fabrication of large-area
suspended graphene reproducibly is a daunting task21 involving
several lithographic processes. The purity of the graphene
produced is also under question as such steps leave behind
residues from photoresists. In this context, we considered it

interesting to explore turbostratic graphite as a form of
suspended graphene.
Unlike normal graphite where the layers are perfectly AB

stacked,22 in turbostratic graphite there is no definite stacking
order between adjacent layers. The popular form of normal
graphite is the highly oriented pyrolitic graphite (HOPG),
which is synthetically prepared at elevated temperatures to
achieve a high degree of crystallinity.23 In turbostratic graphite,
each stacked layer is randomly rotated with respect to its
adjacent layers24 and this angular disorder causes decoupling of
the adjacent layers, resulting in increased interlayer spacing
(3.35 to 3.42 Å).25 Due to the absence of the interlayer
interaction, the Raman spectrum of turbostratic graphite shows
signatures of single-layer graphene (SLG), namely, single
Lorenztian 2D peak, but the full width at half-maximum
(fwhm) (2D) is almost double that of SLG.26 Unfortunately,
Raman spectra of turbostratic graphite reported in the literature
invariably contain noticeable D peak intensity implying the
non-negligible presence of defects.26 These defects are present
in turbostratic graphite in the form of stacking faults and a large
number of sp3 carbon atoms.27 Despite being a decoupled
system, turbostratic graphite is considered ill-defined and not so
useful solely due to its defects.
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Recently since the graphene era, the turbostratic nature of
graphite is being revisited. Ab initio calculations using DFT
have shown that few layered graphitic systems with angular
stacking disorder can possess massless Fermion behavior
showing Dirac cones in the electronic structure, typical of
SLG.28 Experimentally, Kim et al. studied Raman spectra of
double layer graphene with varied rotation between them and
found that intensity and fwhm of 2D peak varied sensitively
with rotation angles.29 Among multilayer systems, SLG-like
behavior has been observed only in the case of epitaxially grown
graphene (MEG) on C-terminated SiC.30 Hass et al. have
provided evidence based on low energy electron diffraction
(LEED), scanning tunnelling microscope (STM) and surface
X-ray diffraction (SXRD) that the adjacent graphene layers in
MEG are electronically isolated from each other31 due to
angular disorder. Its Raman spectrum contained a single
Lorenztian 2D peak with fwhm of 40 cm−1.32 Using glazing
incidence XRD (GIXRD), it was shown that MEG consisted of
both Bernal and turbostratic stackings.33 Orlita et al. reported a
mobility of 250 kcm2/(V s) in MEG calculated using far-
infrared (FIR) transmission experiments.34 In the above
examples unfortunately, significant intensity is seen with the
D band. Further, it has been reported that MEG grown on SiC
loses its SLG-like behavior upon transferring onto other
substrates.35

In this Letter, we report a new species of graphene
multilayers prepared by Joule heating a hydrocarbon coated
Ni foil.36 Detailed characterization using Raman spectroscopy,
conducting atomic force microscopy (C-AFM), transmission
electron microscopy (TEM), and X-ray diffraction (XRD) have
been carried out. The aspect which made the study worthwhile
is the Raman spectrum consisting of 300−700 graphene layers
showing single Lorenztian 2D peak with fwhm of 16−20 cm−1

with no D peak in it, resembling suspended graphene
characteristics. This multilayer system may be termed as

turbostratically single layer graphene (T-SLG), as detailed in
Scheme 1.
The synthesis procedure is similar to our previous work36

with minor but important modifications (see Figure 1a). Briefly,

a polycrystalline Ni foil (7 μm, 99.9%, Advent Research
Materials) was taken and cut into a 4 × 0.6 cm2 strip and
connected to the current-carrying electrodes. Naphthalene
solution (10 μL, 1 mM) in chloroform was drop cast onto the
Ni foil and allowed to dry. After reaching a rotary vacuum of ∼5
mTorr, the Ni foil was Joule heated to red hot (∼800 °C) with
a current density of 120−150 A/mm2 using a DC source for 15
min and then immediately cooled. We found that the DC
source produced higher yield of the desired species (Figure S1,
Supporting Information). Graphene on Ni foil is visibly seen as
shown in the photograph in Figure 1b. The optical microscopy
image in Figure 1c shows large graphene domains surrounded
by graphene wrinkles. Low magnification FESEM image in

Scheme 1. Classification of Different Types of Graphitic Materials Known in the Literaturea

aDotted bar separates the graphene related materials from graphite. SLG: single-layer graphene; FLG: few-layer graphene; MLG: multilayer
graphene; T-graphene: turbostratic graphene; MEG: multilayer epitaxial graphene; SiC: Silicon carbide; T-MLG or TMG: turbostratically multilayer
graphene.

Figure 1. Synthesis and microscopy of graphene. (a) Schematic of
graphene synthesis procedure. It involves drop coating of naphthalene
solution on a Ni foil followed by Joule heated to red hot and cooling.
(b) digital photograph, (c) optical microscopy, and (d) low
magnification FESEM image of graphene on Ni. Relatively darker
region in (b) is due to graphene formation on Ni.
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Figure 1d, where darker regions correspond to graphene, shows
uniform large area growth on Ni. The Ni polycrystalline
domains are also seen.
The graphene obtained on Ni foil was transferred on to gold

coated glass substrates by peeling off graphene multilayers using
scotch tape. Two such multilayer flakes (flake 1 and flake 2),
shown in Figure 2, are random in shape with lateral size larger
than 200 μm2. On flake 1, at different regions 1 (black), 2 (red),
and 3 (blue) the thickness, as measured using AFM, was found
to be approximately 204, 245, and 205 nm respectively (Figure
2a). Considering typical interplanar distance of graphite of
∼0.34 nm, the total number of layers may be counted as ∼597
± 10, 717 ± 10 and 600 ± 10 respectively. The variations in the
thickness within a flake arise due to the steps as evident from
AFM images (Figure S2, Supporting Information). Raman
spectra recorded on these regions (Figure 2b, optical
microscopy image in the inset), surprisingly, exhibit single
Lorentzian symmetric 2D band at ∼2710 cm−1 with the fwhm
varying between 18−20 cm−1, resembling SLG characteristics.
The calculated I2D/IG ratios were found to be 2.75, 3.45, and
2.54, respectively, which are typical values observed for SLG
(Table S1, Supporting Information, for Raman analysis). AFM

topology images show that the surfaces are indeed smooth
(Figure S2, Supporting Information) with local roughness of
the regions being ∼1.10, 0.607, and 0.774 nm, respectively.
These details clearly indicate that the obtained Raman spectra
were intrinsically due to the turbostratic nature of graphene
layers.
To further confirm the turbostratic nature of graphene, its c-

axis resistance was measured using C-AFM by acquiring I−V
curves on the same three regions. All the I−V curves were
found to be nonlinear due to nonohmic contact between the tip
and the sample (see Figure 2c). The c-axis resistance values
calculated at −1 V were found to be 1.59, 1.81, and 1.71 MΩ
respectively. These values are similar to that reported for
graphene sheet measured using C-AFM.37 As a control, the I−
V characteristic of HOPG was acquired in a similar way, and its
c-axis resistance value was measured to be merely 1.37 kΩ
(Figure S3, Supporting Information), which agrees with the
literature value.38 Clearly, there is three orders increase in the c-
axis resistance values of flake 1 compared to HOPG. The
increase in resistance is solely due to the high degree of
interlayer decoupling between graphene layers present in the
flake.

Figure 2. Raman and C-AFM measurements on T-SLG. (a,d) AFM topology of typical T-SLG flakes. Arrows marked 1 (black), 2 (red), and 3
(blue) indicate the spots where Raman and I−V measurements have been made. The flake thicknesses are shown adjacent to the spots. (b,e) Raman
spectra from the corresponding regions with its I2D/IG values. Insets show optical micrographs of the T-SLG flakes with incident Raman beam. (c,f)
I−V characteristics of graphene multilayers measured using conducting AFM at the designated spots.
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Similarly, flake 2 was studied in detail by measuring its
thickness, I2D/IG ratio and c-axis resistance values. At two
regions 1 (black) and 2 (red), thickness was found to be 100
and 93 nm, respectively (Figure 2d) corresponding to 294 ± 10
and 273 ± 10 layers, respectively. The local surface roughness
values of these two regions were calculated to be 1.17 and 1.42
nm, respectively. The Raman spectra (see Figure 2e) from
these regions are very similar to those from flake 1 with I2D/IG
ratios of 2.37 and 3.65 respectively. Similarly, c-axis resistance
values were found to be 6.0 and 6.9 MΩ respectively (Table S1,
Supporting Information, for Raman analysis and c-axis
resistance values).
In the above cases, in spite of being thick, the flakes behave

as SLG in Raman measurements due to decreased interlayer
interaction between graphene layers. We denote these flakes as
T-SLG. The striking feature of these T-SLG flakes is that the
Raman spectra contain are devoid of any D peak in contrast to
conventional turbostratic graphite as well as recently reported
turbostratic graphene, which contain noticeable D peak
intensity.26 It is well-known that the presence of structural
defects can strongly influence electronic properties of
graphene,39 the current focus on graphene research being

defect-free graphene structures. Graphene obtained by other
thermal methods is made defect-free by Joule heating post
synthesis, aiding lattice reconstruction and self-repair of
defects.40 Since in our study, graphene synthesis itself involves
Joule heating, the defects are naturally absent.
As controls, we examined conventional graphitic flakes

(obtained by slightly varying synthetic conditions; see Figure
S1, Supporting Information) of similar thicknesses where
Raman spectra contained broad and asymmetric 2D band with
I2D/IG ratio of ∼0.31, typical of Bernal graphite41 (see details in
Figure S4, Supporting Information). The c-axis resistances
values were found to be ∼7.80 kΩ, which are nearly same as
that of HOPG but three orders lower than T-SLG (c-axis
resistance ∼1 MΩ) (Table S1, Supporting Information). For
overall comparison, I−V characteristics of all flakes along with
that of HOPG are presented in Figure S5a (Supporting
Information). All the c-axis resistance values are plotted in a
histogram plot (Figure S5b, Supporting Information). It is
evident that flake 1 and flake 2, even though consist of more
than 300 layers, tend to exhibit SLG-like Raman signatures with
the I2D/IG ratios in the range 2.5−4.0. The position of 2D band
is observed at 2710 cm−1. The 2D bands are sharp with

Figure 3. Raman analysis of T-SLG. (a) A photograph of Joule heating of Ni foil using DC current source. The uniform heating of foil can be seen.
(b) A photograph of graphene formed on Ni foil on which Raman spectra were recorded at 22 different random regions. (c) All the spectra were
normalized to G band and hence intensity of 2D band is same as I2D/IG ratios. Variations of positions of (d) G and (f) 2D and fwhm of (e) G and
(g) 2D with I2D/IG ratios for T-SLG obtained from different samples.
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FWHMs of 18−20 cm−1 indicating that the graphene obtained
(T-SLG) is quite different compared to conventionally
obtained SLG (Table S2, Supporting Information) and other
forms of turbostratic graphite/graphene known so far (see
Scheme 1).
Raman spectra were recorded for many such T-SLG samples

to carefully analyze the positions and widths of G and 2D
bands. Raman spectra obtained from one such sample (shown
in Figure 3a and 3b) is shown in Figure 3c, where the sampling
area was 1 cm × 2 cm. All spectra are typical of SLG with single
Lorentzian 2D band. Clearly, it can be seen that the I2D/IG ratio
is greater than 3 in most locations, the maximum value being
7.4. For graphene in general, an I2D/IG ratio greater than 2
refers to SLG, a value between 1 and 2 refers to bilayer
graphene (BLG), and if it is less than 1, it amounts to few-layer
graphene (FLG). It is noteworthy that for chemical vapor
deposition (CVD)-grown SLG lying on any substrate, it is hard
to find a region with I2D/IG > 4.42 Only suspended graphene
routinely shows I2D/IG values more than 4,43 rarely up to 9,44 in
the absence of any substrate influence. It is therefore not
surprising that the extraordinary transport properties of
graphene have been observed only in the case of suspended
graphene.18−20 We have observed I2D/IG values between 3 and
7.4 indicating that T-SLG from this study virtually behaves as

suspended defect-free graphene. Similarly, other spectral
features fall in line. The position and fwhm of the G band
are scattered in a narrow range with increasing I2D/IG ratio,
∼1587 to 1583 cm−1 and 14.2 to 16 cm−1, respectively (Figure
3d,e). Similarly for the 2D band, the position decreases from
2712 to 2707 cm−1 and fwhm, from 24 to 16 cm−1 as I2D/IG
varies between 1 and 7.4 (Figure 3f,g). This variation with I2D/
IG is similar to that of suspended graphene43 with the position
of the 2D band the same (∼2710 cm−1) as that of turbostratic
graphite.26 Indeed, fwhm is lower than the value observed for
suspended SLG (24 cm−1),43 and much lower compared to
turbostratic graphite values, ∼50 cm−1.45 These values are also
superior when compared to CVD-grown SLG where the fwhm
of 2D is ∼30 cm−1.46 What is noteworthy is that, in the case of
T-SLG, the fwhm and I2D/IG are insensitive to the presence of
the substrate, as one would expect for thick flakes.
Angular disorder in turbostratic graphite/graphene has been

a subject of investigation. In the case of MEG grown on SiC,
angular mismatch values of 30° have been probed successfully
using LEED and STM techniques.31 Here we used selected area
electron diffraction (SAED) technique to investigate the
angular relations among T-SLG layers (Figure 4). Unlike
SLG, which shows hexagonal diffraction spots,47 and bilayer
graphene which normally exhibits split spots,48 in the present

Figure 4. TEM analysis of T-SLG. (a) A bright-field TEM image of thin T-SLG flakes. (b) SAED pattern of T-SLG acquired on the dotted circle
region in (a). (c,d) Histogram of angle between diffraction spots and its intensity profile of spots numbered 1 to 8 pointed by arrow mark in (a). A
thin region of thickness ∼15 nm was chosen, which is transparent enough for an electron beam.

Figure 5. Effect of heating on the turbostratic nature of graphene. (a) Raman spectra recorded at the same region before (black curve) and after (red
curve) heating T-SLG at ∼1500 °C. Insets are optical micrographs of the same T-SLG flake with incident Raman beam. (b) X-ray diffraction pattern
of T-SLG (red curve) measured in bulk compared to that of HOPG (black curve). Blue curve is the XRD of T-SLG after it is subjected to heating at
∼1100 °C for an hour at ∼10−5 Torr.
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case surprisingly, each diffraction feature has split into sets of
eight distinct spots (see Figure 4b). The sharpness of the spots
clearly indicates the 2D crystallinity associated with the
graphene layers. The angle between the split spots varies
typically from 2° to 6° (see Figure 4c) which directly relates to
the angular orientation between each graphene layers.49 These
correspond to superlattice reflections with varying weights
depending on the number of participating layers with similar
angular relation, which in turn decides the spot intensity
(Figure 4d). The SAED of graphitic flakes was also acquired,
which shows that typical of multilayer graphene50 (Figure S6,
Supporting Information).
Conventional turbostratic graphite is usually defect annealed

at high temperature to convert to crystalline graphite.51 We
used the annealing approach to cross-examine the inherent
turbostraticity in T-SLG. A T-SLG flake with I2D/IG ratio of 3.2
(Figure 5a, black curve) was placed in a molybdenum boat and
was heated to ∼1500 °C for an hour at 10−5 Torr. Interestingly,
the flake got converted to graphite with 2D band appearing at
∼2725 cm−1 and a left shoulder at ∼2680 cm−1 (Figure 5a, red
curve). Accordingly, the XRD peak at 26.28° (see Figure 5b,
black curve) shifted to 26.49° (blue curve) with the
corresponding change in the d-spacing (from 3.39 to 3.36 Å).
It may be noted that HOPG (red curve) exhibits the XRD peak
at 26.56° (d-spacing is 3.35 Å). From above observations, it is
clear that recrystallization (reorganization) of T-SLG has led to
the graphitic form.

■ EXPERIMENTAL METHODS

The Raman spectra were recorded in the backscattering
geometry using a 532 nm excitation from a diode pumped,
frequency-doubled, Nd:YAG solid-state laser (model GDLM-
5015L, Photop Suwtech, China) and a custom-built Raman
spectrometer equipped with a SPEX TRIAX 550 mono-
chromator and a liquid nitrogen cooled CCD detector
(Spectrum One with CCD3000 controller, ISA Jobin
Yvon).52 After every acquisition, an optical micrograph was
captured with the laser excitation Raman beam incident on the
sample using Moticam-2500 camera. The morphology of the
grown graphene on Ni was examined using a field emission
SEM (Nova Nano SEM 600, FEI Company). AFM imaging
and I−V measurement was done using a diInnova SPM (Veeco,
USA) using Si3N4 probes (spring constant 0.1 N/m) in contact
mode at a scanning force of 5 nN. Transmission electron
microscopy (TEM) and selected area electron diffraction
(SAED) were performed using a Technai F30 UHR nstrument
operating at 200 kV. Graphene on Ni was transferred onto the
holey carbon film of the Cu TEM grid by an electrochemical
delamination method followed by lifting off poly(methyl
methacrylate) (PMMA) using acetone. XRD was carried
using a Bruker D8 Discover diffractometer, Cu Kα (1.5419 Å).
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