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Abstract
This study reports a gram scale synthesis of a turbostratically aligned carbon material
containing regions of graphite and few-layer graphene located in carbon-only nanodomains.
The material, obtained from the combustion of magnesium in a carbon dioxide atmosphere,
displays 2D and layered 3D molecular architectures. Of particular interest is that the
introduction of an in-air high-temperature calcination process yields a carbon material
possessing discrete turbostratic structural regions, as evidenced by Raman spectroscopy,
transmission electron microscopy, electron energy loss spectroscopy and X-ray powder
diffraction characterisations.

1. Introduction
Although graphene is ideally a single 2D layer, ‘few-layer’ graphene of up to five sheets
retains many of the interesting properties of its single-layer parent. Accordingly, a range of
graphene-like materials (GLMs) possessing both 2D and layered 3D molecular architectures
are under active investigation for a wide range of applications[1] such as electronics[2,3],
composites[4], energy[5] and also biological[6] applications. The diversity of application
drives the development of facile routes for the assembly of these materials. Thus far, a
number of different approaches, such as mechanical and liquid exfoliation[7], chemical
manipulation of graphite (oxidation and subsequent reduction reactions)[8], chemical vapour
deposition (CVD)[9], arc discharge[2], hydrothermal[8] and microwave methods[10] have
been reported. The varying methods outlined differ in the morphology, quality and quantity
of graphene and carbon materials they produce. Variations within the materials include (but
are not limited to) different sheet sizes, variable layer thicknesses, defect location, size and
frequency, variable domain composition as well as the actual amount of usable material
produced. Accordingly, much work is being undertaken to produce graphene and GLMs
possessing both consistent and useful chemical and physical properties[7–10].

Differences in stacking order in carbon materials have been reported using both Raman
spectroscopy (specifically by analyses of the 2D band[11,12]), and using X-ray powder
diffraction (XRD) analysis[13,14]. In Raman, phonon decoupling of a single-layer graphene
(SLG) within the turbostratic graphite results in the disappearance of the multiple- component
2D band which arises due to the random orientation of the SLGs, initiating the appearance of
a single-component 2D band[15–17]. In XRD, a turbostratic stacking of SLGs can also be
differentiated since the regular AB pattern usually seen in multilayer graphene and graphite is
replaced by a random orientation, resulting in an increased interplanar spacing, with values
greater than 0.34 Å compared to ~0.33 Å for graphite[14,18].

Due to the stacking order, turbostratic carbon materials often possess altered physical
properties relative to crystalline graphite[18]. It has been reported that the electronic
properties for turbostratic carbon materials can be described more accurately as a quasimonolayer graphene material[13,19], potentially making them attractive for a range of
practical applications. The recent discovery of new electronic ground states in twisted
graphene layers further broaden the possibilities as tuneable carbon materials[20,21].

The successful development of graphene-based applications depends on a large-scale
availability of the material. Thus far, these misaligned carbon materials were demonstrated
using CVD methods[14,17], which may limit the scalability. Herein, we report a large, upscalable and reproducible synthesis of misaligned graphene-like material (GLM) using a
carbon dioxide reduction method[22]. The material obtained from this synthetic route was
originally reported as multilayer graphene as characterised by Raman and X-ray diffraction
(XRD)[22]. Further processing and analysis of the resulting material suggests that the GLM
sample prepared contains turbostratic nanodomains. The transmission electron microscopy
(TEM) reveals that the GLM sample contains two dissimilar nanodomains, whilst Raman
characterisation indicates that the 2D peak in this material was comparable to the 2D Raman
peak observed in ‘true’ monolayer graphene, suggesting random orientations of graphene-like
sheets[15–17]. Furthermore, XRD analysis further indicates that the interplanar spacing was
larger than the spacing of graphite[14,18].

2. Experimental
2.1 Materials and methods
As illustrated in Scheme 1, a 5 kg block of dry ice (12 cm × 15 cm × 20 cm, local supplier)
was sawn in half using a commercial band saw. A small hollow was excavated into the

centre of one half of the block which was partly filled by magnesium (Mg) ribbon (5g, Sigma
Aldrich). To aid ignition, a small amount of Mg powder (0.5g, Sigma Aldrich) was placed on
top of the ribbon. The Mg powder was initially ignited using a party sparkler followed by
covering with the other half of the dry ice block. The magnesium ribbons were allowed to
combust completely (Scheme 1, I). After combustion a grey-black product consisting of a
mixture of magnesium oxide (MgO) and carbon material was collected. This process was
repeated until the dry ice had almost fully sublimed (approximately 20 runs) after which the
combined product was mechanically ground to a fine powder in a mortar and pestle. Caution
must be taken since the combustion process involves a highly exothermic reaction producing
heat and light.

The resulting ground material (200 g) was transferred to a 5 L beaker and 2.5 L of
hydrochloric acid (3 M, Chem-Supply, Australia) was introduced and stirred overnight (16 h)
to digest the MgO by-product (Scheme 1, II). The resulting carbon slurry was filtered and
rinsed copiously with pure water until reaching pH 7. Finally, the carbon solids were
collected using vacuum filtration with a 0.22 μm nylon membrane (Scheme 1, III). The
collected sample was dried in a vacuum oven overnight at 80°C (producing Acid-washed
Graphene-Like Material, A-GLM). Approximately 30 g of the A-GLM was obtained after
the digestions and washes.

A-GLM (30g) was divided evenly into four 30 mL porcelain crucibles and calcined in air for
4 hours in a furnace at 570 °C (20 °C·min-1). Approximately 15 g of calcinated A-GLM was
obtained. The calcinated A-GLM was digested again under the same digestion procedures for
preparing A-GLM. Finally, the sample was filtered and dried using the same protocol
(producing Processed Graphene-Like Material, P-GLM, Scheme 1, IV) yielding
approximately 1g.

Scheme 1. Synthesis routes and their reactions for GLMs.

2.2 Instrumental
Scanning Electron Microscopic (SEM) characterisations were carried out in a JEOL JSM7001F and the images were acquired at 15 kV accelerating voltage. Transmission Electron
Microscopy (TEM) and Electron Energy Loss Spectroscopy (EELS) were performed in a FEI
Tecnai Osiris 80-200 operated at 80 kV. Raman spectra were recorded on a Renishaw inVia
Raman microscope equipped with a 50mV 514 nm laser. Deconvolution of the Raman
spectra were performed using OriginPro software package (v9.0). X-ray Diffraction (XRD)
patterns were obtained on a Panalytical X’Pert Pro instrument, using non-monochromated
CuKα radiation (λave = 1.5418 Å). A background correction was applied using the X’pert
HighScore software package (v1.0b). X-ray Photoelectron Spectroscopy (XPS) spectra were
acquired using a Kratos Axis ULTRA X-ray photoelectron spectrometer incorporating a 165
mm hemispherical electron energy analyser and mono Al Kα (1486.6 eV) X-ray source.
Calculations of atomic concentrations and peak fittings of the high-resolution data were
carried out using the CasaXPS software package (v2.2.73). Thermogravimetric Analysis
(TGA) was performed in a Netzsch STA 449F3. The sample was heated to 900 °C at 5
°C·min-1 heating rate using either argon or air as the purge gas. Fourier transform infrared
(FTIR) spectra were recorded on a Perkin Elmer Spectrum Two IR spectrometer equipped

with a diamond attenuated total reflectance (ATR) attachment and a baseline correction was
applied using the PerkinElmer Spectrum software package (v10.03.09.0139).

3. Results and discussion
As described in the experimental, the synthesis involved the ignition of magnesium turnings
inside a small hollow within a block of dry ice. Once ignited a dry ice lid was placed over the
top of the block producing large amount of heat and light (Fig. 1 (a))[22].

Fig. 1 - (a) Picture taken during the synthesis of GLMs, (b) Scanning Electron
Microscopy (SEM), (c) Transmission Electron Microscopy (TEM) of P-GLM sample
presenting (1) turbostratic nanodomains and (2) multilayer Graphene like nanodomains
and (d) interlayer spacing of the turbostratic nanodomains.

Analysis of P-GLM by a scanning electron microscopy (SEM, Fig.1 (b)) revealed large, fewlayer carbon sheets in which the length of larger sheets was up to 3 μm with an average
length of ~1 μm. The transmission electron microscopy (TEM) in Fig.1 (c) further revealed
very thin areas typical of few-layer stacked graphene sheets. Interlayer spacing of the PGLMs were measured by XRD at ~3.42 Å (0.342 nm, Fig.1 (d)) against a value of 3.35 Å for
crystalline graphite[18].

Fig. 2 - Raman spectra (514 nm) of (1) A-GLM, (2) P-GLM sample in contrast with (3) a
single layer CVD graphene reference sample.

Raman spectroscopy is usually the first method for the initial characterisation of the materials
arising from the various synthetic approaches to graphene and GLM syntheses. The literature
is replete with information on the interpretation of Raman data, both from a practical and
theoretical perspective Raman analysis affords information on both atomic structure,
electronic properties and other information such as defect density and defect special
distribution, all from the one experiment[11]. The typical graphene spectrum consists of
several bands; the D and G bands appear around 1350 and 1580 cm-1 respectively, whilst the
characteristic 2D band appears at around 2700 cm-1. Although the G and 2D bands are
always present in graphene and related polyaromatic materials[23,24], the D band is

associated with defects and its presence and intensity varies with the sample. Other peaks
may also be present depending on the quality and defect density of the material. In singlelayer graphene, the 2D peak is a single Lorentzian peak. Addition of more layers from fewlayer graphene, to multilayer graphene to graphite results in a 2D peak that broadens and
splits as the number of layers increases.

The Raman spectrum of our A-GLMs (measured at 514 nm, 2.51 eV, Fig. 2) was comparable
to the spectrum reported previously[22,25] with a D, G and 2D bands at 1350, 1580 and 2700
cm-1 respectively, indicating A-GLMs consist of few-layer graphene materials (I2D/ID = 1.37,
2D FWHM = 79 cm-1). The band positions from the Raman spectrum of the P-GLMs showed
no notable changes compared to the A-GLMs and the I2D/IG ratios also showed no significant
changes (I2D/IG P-GLMs = 1.78 cf. I2D/IG A-GLMs = 1.37). Interestingly, however, the 2D
peak from the P-GLMs was comparable to the 2D peak from a single-layer graphene
reference sample (P-GLMs 2D FWHM = 30.5 cm-1 cf. SLG 2D FWHM = 30.0 cm-1).
Although the electron microscopic results of the P-GLMs showed strong evidence of multilayer structures, the 2D Raman band behaves like a single- layer graphene which is
comparable to the single Lorentzian 2D band from the CVD graphene. This is due to the
turbostratic (or misaligned) stacking of single graphene layers resulting in the phonon
decoupling of a single-layer graphene in the P-GLM leads to the single Lorentzian peak,
typical of SLG[15–17].

Fig. 3 - X-ray diffraction (XRD) patterns of (1) A-GLM, (2) P-GLM in contrast with (3)
a graphite reference sample. In A-GLM, the prominent peaks other than 002 are
attributable to MgO (periclase) and Mg(OH)2 (brucite) by-products.

X-ray diffraction patterns are presented in Fig. 3. Both A-GLM and P-GLM display a
prominent 002 peak at 26.1°, indicating the presence of multilayer structure[26,27]. For AGLM, the other visible peaks (2θ ≈ 18.6, 37.0, 38.0 and 43.0°) can be attributed to MgO
(periclase) and Mg(OH)2 (brucite) by-products (see Supplementary Information for further
details). The 002 peak position is identical in the P-GLM and A-GLM, indicating similar
structure. The d-spacing of the P-GLM was measured at 3.41 Å, which is in agreement with
the value obtained from the TEM characterisation (3.42 Å). Furthermore, the d-spacing of the
graphene layers in the P-GLM is notably different from the measured graphite reference
sample (P-GLMs = 3.41 Å cf. graphite = 3.36 Å). The greater interplanar spacing from the PGLM, compared to the graphite, indicates the turbostratic stacking of SLGs within the PGLM due to the randomly rotated layers and the angular disorder of the single graphene
layers [14,18,28]. Some asymmetry is evident for the 002 peak of P-GLM, extending towards
the d-spacing observed for graphite, indicative of some ordered graphite-like regions.

Fig. 4 - XPS survey spectra of (1) A-GLM, (2) P-GLM sample in contrast with (3) a
graphite reference sample. High-resolution spectra are presented in Supporting
Information.

The samples were examined by X-ray photon spectroscopy (XPS) in order to assess the role
of the calcination process as well as the purity of the samples prepared. As presented in Fig.
4, the A-GLM displayed four major constituents including magnesium and chlorine. The high
level of oxygen (~10 At. %) was also noted which is from the reduction by-product such as
MgO, Mg(OH)2 and Mg(ClO4) (See Supplementary Information for high resolution scans and
their deconvolutions). The copious acid washing of the A-GLM improved the purity, but
more than 6 atomic % magnesium was still observed, likely due to trapped Mg constituents
located within various carbon matrices (e.g. MgO trapped in amorphous carbon) which could
not be digested. Upon further processing including calcination and digestions (to form PGLM), no traceable constituents were detected other than carbon and oxygen.

Thermogravimetric analysis of A-GLM (Fig. S2) resulted a 30% mass loss at the calcination
temperature used here (570 °C) indicating oxidation of amorphous carbon. This was
confirmed using infrared spectroscopy, where the A-GLM showing notable stretching and
bending absorptions in the relevant regions, including C-C at 1610 cm-1 and C-H between
1180 and 960 cm-1 respectively[29]. These IR absorptions are absent in the P-GLM and the
reference CVD-derived graphene (Fig. S3) materials.

A series of calcinations at lower temperatures (300 and 400 °C) was performed and the
Raman spectra were obtained. The D and 2D peaks from the A-GLM calcined at 300 and 500
°C are comparable to the D and 2D peaks from the starting A-GLM material (Fig S4). Also,
the lower calcination temperature correlates well with the observation of TGA shoulder peaks
between 300 and 400 °C suggesting the presence of amorphous materials when A-GLM is
calcinated at lower temperature. Temperatures between 550 and 600 °C are thus optimal for
the oxidation and removal of amorphous carbon matrices.

Scheme 2. Changes in the carbon and Mg constituents during digestions and calcination

As illustrated in Scheme 2, the first digestion removes the majority of Mg constituents whilst,
the Mg exists in amorphous carbon cannot be digested. Upon the oxidation of the amorphous
carbon via the calcination process, the Mg constituents are exposed. The remnants of the Mg
can be digested using the same digestion protocol obtaining, affording pure turbostratic
materials.

It has been reported that parallel polyaromatic molecular orientations appear around 400 °C
when carbon materials are prepared by carbon monoxide disproportionation and the degree of
the molecular orientation decreases when the material is subjected to oxidation[30]. Similar

to the previous report, the misalignment of the carbon layers can occur during the CO2
reduction in the dry ice blocks or decomposition of the amorphous carbon in the calcination
process. However, we rejected the possibility of the calcination process since the d-spacing
from the XRD strongly suggested that the turbostratic carbons were formed prior to the
calcination. On the other hand, progressive carbonisation of various carbon species may
occur during the reductive decomposition of CO2 and the concomitant oxidation of Mg. It has
been reported previously that decomposition of carbon precursors produces turbostratic
carbons at relatively lower temperatures than the temperature required for
graphitisation[28,30,31]. Since the reduction of CO2 and the oxidation of Mg is highly
exothermic (~2000 °C), the temperature gradient within the reaction system (dry ice blocks,
sublimation at -78 °C) cannot be ignored. Therefore, we hypothesise that the temperature
within the reaction system may be ideal for the production of both amorphous and
turbostratic carbons. Further studies are required to elucidate the precise mechanisms that
lead to the formation of misaligned graphene layers.

Fig. 5 - Electron energy loss spectrum of P-GLM (Inset: image of the measured area, no
constituents other than carbon were noted).

The P-GLM was examined using an electron energy loss spectroscopy (EELS). The spectrum
suggests (Fig. 5) that the material is graphitic in nature[32] but differs from pure
graphene[33]. The peak at 330 eV is notably different from other graphite-like materials[32–
34]. This peak is highly likely due to multiple scattering, originated from both thin and thick
areas of the P-GLM.

4. Conclusion
In conclusion, calcination and digestion processes facilitated the isolation of turbostratic
graphene-like materials, as illustrated in Scheme 2. Prior to the calcination, the A-GLM
sample showed a broad 2D Raman band similar to carbon containing few layers of graphene.
A noticeable amount of impurities was also observed. However, no constituents other than
carbon and oxygen were observed after the calcination and additional acid digestion.
Furthermore, the 2D Raman peak in the P-GLM shows a Raman 2D band that is a single
Lorentzian peak similar to that observed in a single-layer graphene. From the various
experimental observations, it is clear that the calcination and subsequent and acid washing
processes, when performed upon the A-GLM material, leads to the facile isolation of highpurity turbostratic P-GLMs. Based on the Raman spectroscopy results, the electronic
structure for P-GLM can be approximated to single-layer graphenes. They possess a
broadening of the 2D feature due to the relaxation of the displacement representation Raman
selection rules associated with the random orientation of the graphene layers with respect to
each other. The unique electronic structure of turbostratic graphite coupled with the economic
and scalable synthetic method described here may enable the development of applications
such as molecular electronics and energy storage and conversion materials.
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