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ABSTRACT
Different carbon allotropes, including Vulcan Carbon (VC), Multiwall carbon

nanotubes (MW), Graphene (Graph) and nanoDiamonds (nD) were processed by chemical

purification and treated in a mixture of H,SO4-HNOs. The materials were characterized by
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Infrared (IR) and Raman spectroscopy, as well as by scanning (SEM) and transmission (TEM)
electron microscopy. Oxidative differences are indicated by Raman through the G band (~1570
cm™), D band (~1340 cm™) and G’ band (~2684 cm™). The crystal size (La) and purity,
relative to the amorphous carbonaceous material, were studied as well, along with the

morphological changes induced by the treatments.
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INTRODUCTION

The different allotropes of carbon are the focus of great attention nowadays, including
their  synthesis, characterization and application of a variety of carbon-based
nanostructured materials, according to the spatial orientation of the hybridized orbitals, such as
graphene, carbon

nanotubes, nanodiamonds, and mesoporous carbon, all showing unique and novel properties [1].
Oxidation is frequently used for purification of carbon-like materials, since, when properly
functionalized, these material open new venues for novel materials design [2]-[4].
Specifically, purification has been extensively explored to achieve certain insertion of defects

and/or breakdown of the original carbon structure, to attach some functional groups [2], [5]-
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[8]. Therefore, functionalized carbons are of great relevance, for example, for applications such
as chemical and gas sensors [9], [10].

Vulcan carbon (VC), also known as carbon black, is practically an ideal support because
of its high surface area, good electric conductivity and high porosity. VC consists of
agglomerated spherical primary particles, comprising graphitic and amorphous-like portions,
with average particle sizes between 10 and 100 nm, depending on the specific mechanism of
formation [11]-[13]. Opposite to VC, nanodiamond (nD) has superior properties, such as
electrical insulation, high thermal conductivity, chemical inertness, optical transparency
(from UV to IR), high mechanical stability and corrosion resistance, and have triggered
active research activities on device-oriented applications, and it is, nowadays, used in
electronic industry as field emitter [14]-[18].

As for the carbon nanotubes (CNTSs), their mechanical, thermal and electrical properties
are outstanding. Therefore, a large number of experimental and theoretical studies have
been dedicated to their chemical and structural characterization [2], [19], [20]. Since their
electrical and mechanical conductivity decrease when increasing the number of defects, thus
their graphitic degree of orientation on the external walls of the multi-wall carbon
nanotube (MW) reduces. The thermal properties of the CNTs are more similar to a graphitic
plane in less ordered forms of carbon, being able to stand over 1000 °C [21]-[23]. As compared
to CNTs, Graphene (Graph) is less expensive to produce and more miscible, due to its large
surface area. Studies have reported hardness, electrical conductivity and thermal properties of
functionalized Graph. Furthermore, organosilane-functionalized Graph has shown a high thermal

degradation and high tensile strength [24].
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Raman spectroscopy is known to be quite sensitive to a wide range of disordered carbon
allotropes, such as low-dimensional crystals or small grain sized polycrystalline materials.
However, the detailed interpretation of the Raman spectra of carbonaceous materials has
generated considerable debate among the experts.
in the literature, due to the complex microstructure of these systems [25], Raman spectroscopy
was first used to characterize different carbon species not long after the discovery of the Raman
Effect in 1928 [26], prior to the knowledge of the very existence of carbon nanostructures [2].
We now know that carbon is a unique element that can give rise to materials as diverse as
diamond, graphite, fullerenes, carbon nanotubes, and nanostructured disordered and
amorphous carbons [27]. The full understanding of Raman spectra of carbon nanomaterials led
to the extension of this technique from simple carbon allotrope detection (fingerprinting) to
analysis of the dimensions and ordering [18], [28].

Accordingly, the purpose of this present work is to analyze the most relevant
structural information on carbonaceous nanomaterials, both functionalized and
unfunctionalized, aiming to understand the significant differences of the chemical oxidative
purification by  Raman  spectroscopy and other complementary techniques. The
unfunctionalized nanocarbon allotropes included VC, nanodiamonds nD, MW and Graph, and

their functionalized nanocarbons (VC-f, nD-f, MW-f and Graph-f).

MATERIALS AND METHODS

> ACCEPTED MANUSCRIPT



Downloaded by [Orta Dogu Teknik Universitesi] at 13:20 08 February 2016

ACCEPTED MANUSCRIPT

Materials and reagents

VC, XC-72 carbon black was purchased from Sigma—Aldrich Co., USA. nD powder was
supplied from Saint Gobain New Materials Development Co., USA. Graphene was
prepared from natural sources by an improved Hummer’s method [29]. MW were obtained
from Sun Nanotech Co. Ltd, which produced them by chemical vapor deposition, with a
diameter from 10 to 30 nm and lengths 1 to 10 um, with a purity >90% and surface area of 90 to
350m?g™. Nitric acid (HNOs, purity > 70%) and sulfuric acid (H2SO4, purity > 95-99%) were

purchased from Sigma-Aldrich Co. Ltd.

Functionalization

Based on a previous report [30], the purification/oxidation of all materials used in this
work (except graphene) was achieved in liquid phase with a 3:1 mix of NHO3:H,SO, at 80 °C for
3 h in a reflux process. The resulting material was vacuum-washed to a neutral pH with
deionized water. Graphene oxide was prepared according to a previous report from our group

[29].

Characterization techniques

Samples were observed in a HITACHI TM1000 scanning electron microscope (SEM) at
15 KV with a backscattered detector, after dispersed in ethanol. Samples, as pellets of KBr, were
analyzed in a Bruker Tensor 27 infrared (IR) spectrometer. The resolution was of 4 cm™ at 32

scans between 4000 and 400 cm™. Raman spectra were recorded at room temperature using a
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Renishaw Raman system, model 1000, with a 200-mW argon-ion laser, at an excitation
wavelength of 514.5 nm and an integration time of 30 s, except for nD, which was characterized
by a Senterra Bruker Raman scattering instrument with a 785 nm laser. Transmission electron

microscopy (TEM) of the carbons was performed in a JEOL JEM-1010 instrument.

RESULTS AND DISCUSSION

Raman characteristic bands for the carbon nanostructures with hibridation sp? and sp,
such as CNTs [31], Graph [32], VC [25] and nD [33], appear at ~1570 cm™ (G band), ~1340 cm™
(D band) and ~2684 cm™ (G’ band) [19], [34]. To verify the oxidation/purification of the
nanostructures, some publications [35], [36] consider the G band as an indicator of purity and
crystallinity. On the other hand, some papers [37], [38] evaluate the purity of these carbon
allotropes by the D band, characteristic of the diamonds, because it is sensitive to the
carbonaceous impurities and structural defects in the graphitic sp2 networks, different to the G
band. The intensity of the G’ band, according to other authors [31], [32], is proportional to the
purity of the MW and Graph, due to the absence of nano-carbons and it provides unambiguous
information about the number of constituents in the Graph layers. Hence, in this work, we related
the areas of the G’/G, G’/D and D/G bands to establish a relationship of the purity of nanocarbon
materials in the Graph and MW with regard to VC. The dimensionless area values of G, D and
G’ bands and its relations, could thus indicate the carbonaceous purification of these

nanomaterials. Also, in addition to the intensity of the band, its width is very relevant, according
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to full-width-at-half-maximum (FWHM) widely-reported parameter [37]. For example, the D
band is broader in graphite than in other nanocarbons, with 29 and 25 cm™ for CNTs.
On the other hand, the lateral average size of graphitic crystallites by L, [39] was

evaluated by using the empirical formula:
Ly = 4.35-C [nm] (1)
D

Where I and Ip correspond to the intensity of the G and D bands, respectively.

According to Figure 1la and Figure 1b, the characteristic Raman spectra for Graph, MW,
VC and nD, are present [25], [33], [37]. To confirm the oxidative activity of the acids over these
carbon allotropes, we present calculations of L, for the intensities and the R2 = D/(D+G+D”),
G’/G, G’/D and D/G bands area values for each carbon, both untreated and purified. No
significant difference for the oxidized carbons was observed. These samples show high
microcrystalline planar size, i.e. La, higher than 4 nm; high order sp? bonded carbons [25]. VC
shows a significant higher degree of structural order arising from larger graphitic domains (L, =
21-22 nm), as compared to all other carbons, which show low L, values in the range of 4 to 6
nm. Moreover, only VC shows a marked difference of intensity in the bands G and D, which is a
hint for higher structural order [13], [40]. VC has high crystallinity due to high L, and R2
(D/D+G+D’), and does not contain amorphous carbonaceous material for high values of G'/D

and G'/G, and with a low value in D/G. This result is similar for perfect graphene with two or
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three layers [32], with the difference that the crystal size L, is larger than in the nanostructured
materials, as calculated and reported in this work. Accordingly, the oxidation/purification for
every carbon material is clear, as revealed by the increase of L, and R2 and to the amorphous
carbons removal for increase in G’/D and G’/G, and the low value in D/G for VC, MW and
Graph. For nD, the D band intensity decreased because their oxidation is done through the
generation of structural defects in its sp® hybridization [41]. Figure 1c, confirms the relationship

between FWHM and the area value for all the Raman bands.

IR spectra for the functionalized and unfunctionalized carbons are shown in Figure 2, VC and
VC-f (a) have few similar features: VC-f spectrum presents some noise that overshadows some
characteristic peaks, but the bands at 3500 - 3900 cm™, corresponding to O—-H groups, C=0
(carboxylic acid) and C=C in aromatic ring groups at 1750 - 1550 cm™ in different environments,
are clearly seen. Also, C—H, stretching vibrations sp® where x=3 (symmetric) and x=2
(asymmetric) are present at 2850 and 2925 cm™ bands. These peaks appear weak in the IR
spectrum of VC. However, the others bands described are not visible and a well-defined peak
related to C=0 stretching vibration at 1250 cm™ band appears [30], [42]. For MW (b), the wide
stretching vibrations for O—H peak centered at 3850 cm™ are displaced to 3630 cm™ for MW-f.
The complex bands around 1540, 1050 and 665 cm * in the MW spectrum are attributed to C=C
stretching for carboxylate salts, C—O—C stretching and C-H vibration of vinyl alkene,
respectively [43], [44]. These bands are defined for MW-f but displaced to 1240 and 780 cm™
that would involve C-O and C-H stretching vibrations for aromatic benzene, respectively. A

broad band of O—H stretching at 3000-3450 cm™ and a peak of the C—H stretching at 2950 cm™
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appear only for functionalized MW [9]. The IR spectrum for nD and nD-f (c) at 2800-3600 cm *
clearly show the C—H and O-H stretching of the carboxylic acid on its surfaces, with a shoulder
assigned to C—H stretching vibrations around 2940 cm* on the C(100) plane [45], [46]. Most
defined differences between nD and nD-f IR spectra, are the C-H, C-O or C=C stretch vibrations
in a broad absorption at 1100 cm™ [42]. The other peak at 1380 cm™ is more clear in nD and it
corresponds to C-H vibrations, that are more intense when next to a C—O group [30]. Clear
differences are present in the IR spectra of Graph and Graph-f (d), mainly the broad band in the
2800-3650 cm™ region, due to the carboxylic O-H stretches and peaks of the C-H stretching are
present only in Graph-f. Also, this material exhibits well-defined bands corresponding to Graph
at 1720, 1580 and 1380 cm™; the first two are assigned to C=0 stretching for a six member
carbon ring structure and for carboxylate salts, respectively; and the last peak to C—OH
stretching [44]. Moreover, C-O groups present in the bands at 1100, 1180 and 1250 cm™

correspond to alcohols and carboxylic acids.

Molecular vibrations may be detected and measured either by an infrared spectrum or
indirectly from a Raman Spectrum. This means that the two types of spectra are complementary
to each other if a full characterization of carbon allotropes is to be achieved. Infrared is the most
informative for organic chemists because most functional groups are not centrosymmetric [47].

Raman provides information relevant for the chemical analysis of nanocarbon allotropes.
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Figure 3 shows the surface morphology of the nanocarbon allotropes studied in this work. 2D
Graph is the basic building block for graphitic materials of other dimensionalities (OD fullerenes,
1D nanotubes and 3D graphite). Functionalized Graph was produced through reduction of Graph
oxide and displays multiple-layer flexible sheets, different from the typical wrinkled and folded
morphology of the Graph sheets (a and b). The surface morphologies of nD and nD-f (c and d,
respectively) do not show significant changes. Both samples display clusters of carbon spheres,
but nD-f presents higher resolution. It can be seen that the two consist of a heterogeneous
agglomeration of micrometer-sized spherical secondary particles. The size of these secondary
particles is estimated by considering them as spherical particles smaller than the relatively large
particles called agglomerates or tertiary structures [48]. Likewise, morphology VC and VC-f
exhibits a structurally heterogeneous single-layer planes structure [13], [49] (e and f); this is

confirmed by the TEM images, Figure 4. The impurities have been removed and the clustering of

MW is significantly improved (h). MW-f is a disordered entanglement, because of the impurities

present. In all carbon morphologies, the presence of lighter elements, commonly grouped in
organic particles [50], clearly displayed in oxidized carbons, was detected.

To support the Raman spectroscopy, TEM observation was conducted ,as shown in
Figure 4. nD and nD-f particles are well-defined with a diameter ranging between 5 to 9 nm, as
shown in the TEM micrographs (c and d). In both samples, all primary particles are nearly

spherical-shaped and clustered in larger aggregates. Therefore, nD and nD-f do not present
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significant difference. In addition, the surface of the VC samples shows carbon layers. VC
presents rough surface layers, while that of VC-f is a smooth layer (a and b). After oxidation, the
VC-f layers are well ordered, since functional groups generate stacks of planar layers, as a kind
of exfoliation on the outer sheets of VC. The TEM micrograph for MW-f shows ~15
nmnanotubes, slightly narrower than that of the original MW (e and f). MW-OH clearly shows
the expected defects on the walls of the nanotubes, as it has already been reported by using high

resolution TEM [51]. The typical morphology of Graph and Graph-f is shown in TEM images

already reported [29, 51].

CONCLUSIONS

We have reported the comparative characterization, by using spectroscopies and microscopies,
of different nanocarbon allotropes, including raw (VC, nD, MW, Graph) and treated (\VC-f, nD-f,
MW-f, Graph-f). The results indicate that there is a relative increase in the various hydroxyl,

carbonyl and carboxyl carbon groups of the acid-treated, as seen by IR. On the other hand,
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according to the values of L, and the different Raman studie,s VC and VC-f have highly oriented

pyrolytic graphite (HOPG) and their size is within the nano scale.
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Figure 1. a) Raman spectra for each carbon allotrope, b) Calculated areas and relationship

among them, ¢c) FWHM plotted.
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Figure 2. IR spectra of functionalized and unfunctionalized carbons: (a) VC, (b) MWCNT,

(c) nD, and (d) Graph
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Figure 3. SEM images of the carbon nanoallotropes (a and b) Graph, Graph-f; (c and d)

nD, nD-f; (e and f) VC, VC-f; and (g and h) MW, MW-f, respectively.
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Figure 4. TEM images of a) VC, b) VC-f, c) nD, d) nD-f, e) MW and f) MW-T.
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