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Abstract: We report characterization data of novel graphene-like materials prepared by new cheap
and environmentally friendly synthetic methods. FT-IR, Raman and X-ray photoelectron
spectroscopy, scanning electron microscopy and thermal and elemental analysis methods were
used to describe features of novel graphene-like materials and obtained data were compared with
the data of commercial standards.

It was found that employment of gentle oxidizing agents supported by ultrasound action instead of
harsh oxidizers and strongly acidic solutions provides a-few-layer graphene oxides with
low-defect layers in high yields. Although keeping the same level of oxidation like commercial
standards new products are more stable due to a lower damage of carbon layers. Obtained
products can then be further modified to reduced graphene oxides or amine-modified derivatives.
All of the characterization data are presented and discussed in the article.
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1. Introduction

Graphene and graphene-like materials passed through a period of a huge interest and intense
research in recent years as evidenced by a huge number of publications [1-4]. Although time of boom
and often of a non-critical adoration of graphene is behind thus research can now be focused only on
the most promising areas of application such as electrical engineering and electronics, energy
storage, adsorption and catalysis, medicinal and biochemical applications and material science
[1,3,5,6]. As the industry standing behind the fields of interest are capable of enormous consumption
of graphene-like materials there is still a big effort in research of easy and cheap methods of their
synthesis and especially manufacturing. Moreover, particular application often requires a specific
features and quality of a graphene-like material which makes the task more challenging.

In this paper we report a detailed characterization data of a-few-layer graphene oxides (GO)
which were prepared by a new, cheap and environmentally friendly method from graphite. Both of
the synthetic ways follow the principles of green and sustainable chemistry and employ mild
oxidizing agents in water supported by ultrasound action. Simple reaction scheme can be easily
expanded into industrial scale to yield large batches of graphene oxide. The key aspects of utilization
of mild and non-hazardous oxidizing agents can be seen in fact that no toxic waste is formed, and
products are obtained in a good quality as their carbon structure is not stressed by harsh oxidizers
and highly acidic solutions. Moreover, savings in costs and time can be appreciated especially by
potential commercial manufacturers.
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2. Materials and Methods

Graphene oxides were prepared by oxidation of graphite using mild oxidizing agents. First,
graphite was dispersed in water using ultrasonic bath then a solution of the oxidizer was added
dropwise at 60 °C for 16 hours. Then graphene oxide was filtered off and washed with water to neutral
reaction. Subsequently crude product was washed with organic solvents to remove side products and
especially low molecular weight carbon fragments. Finally, it was dried to a constant weight at 140 °C.

Process details are a subject of a classified know-how of Masaryk University as an originator.

Reduced graphene oxides were then obtained from graphene oxides using ascorbic acid or
hydrazine hydrate as reducing agents at higher temperatures following the known procedures [3,7].

Carbon-oxide functional groups of graphene oxides can be alternatively modified using standard
organic chemistry methods, e.g. amination or esterification [3,8].

FT-IR spectra were measured on Bruker Alpha FTIR Platinum-ATR. Raman spectroscopy
(micro-spectrometer Horiba LabRAM HR Evolution), scanning electron microscopy (Tescan MIRA3
equipped with a Schottky Field Emission electron gun and with SE (Secondary electrons) and BSE
(Back-scattered electrons) detectors), X-ray photoelectron spectroscopy (ThermoScientific ESCALAB
250Xi) and X-ray diffraction analysis (diffractometer Rigaku SmartLab Type F) were performed at
R&D Centre for Low-Cost Plasma and Nanotechnology Surface Modifications (CEPLANT),
Department of Physical Electronics, Faculty of Science, Masaryk University, Brno. Thermal analysis
was measured at Institute of Technology of Building Materials and Components, Faculty of Civil
Engineering, Brno using instrument Mettler Toledo — TGA/SDTA 851e. Elemental analysis was
measured at Regional Centre of Advanced Technologies and Materials, Faculty of Science, Palacky
University, Olomouc using ThermoScientific Flash 2000 Analyzer.

3. Results and Discussion

A series of starting materials (graphite of the flake, expandable or expanded type) and oxidizing
agents were tested and investigated. Finally, graphene oxides of a desired quality and yield were
prepared using two oxidizing agents which met all of the requirements such as low price, common
availability, safe and easy handling and last but not least a low side impact to the structure of carbon
plates.

Here we report characterization data of two graphene oxides further denoted as GO I and GO 1I
which have similar features although some differences can be observed as well. For ilustration we
compare our products with similar compounds of a commercial supplier Sigma-Aldrich (graphene
oxide, cat. no. 796034; denoted as GO-SA and reduced graphene oxide, cat. No 805424; denoted as
rGO-SA).

When discussing graphene oxide we should be interested in a level of oxidation. Oxygen content
was determined by X-ray photoelectron spectroscopy (XPS) and elemental analysis (EA). Although
XPS brings information about oxygen content only from the thin layer of surface, it provides data on
specific oxygen containing groups which are present on graphene oxide particle surface.
Summarized data are presented in Table 1. It can be seen that all of the graphene oxides have a
similar content of oxygen functional groups. GO I and GO II have similar oxygen content as
determined by XPS but they differ in distribution of carbon-oxygen groups as GO II is richer in
carboxyl groups. Some difference can be additionally observed in a volume distribution of oxygen as
elemental formula is quite different in case of GO I indicating more homogeneous distribution of
oxygen in the mass of graphene oxide particles.
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Table 1. Graphene oxides — elemental analysis and XPS analysis results.

30f8

Formula Cl1s, specific groups abundance (rel. %)
(EA) (XPS)
C=C C-C C-O Cc=0 C(O)O  sum C~O
GOI CsO 61.96 23.66 6.69 2.62 2.69 12.00
GOII Cis0 63.72 24.10 5.38 1.76 471 11.85
GO-SA CusO 69.88 18.52 8.69 1.24 1.67 11.60

Concerning literature methods [9,10] of graphite oxidation, products mostly suffer from low quality
of carbon layers as they are strongly damaged by harsh oxidizing agents such as potassium
manganate or dichromate or sodium nitrite in strongly acidic solutions which are employed. In
addition products can be contaminated by impurities in a form of low molecular weight carbon
fragments which are formed as by-products during oxidation. They are very often intercalated
among carbon layers.

Damage of carbon layers is mostly determined using Raman spectroscopy because intesity of the
peak at ca 1350 cm! (D- peak) is related to disorder in sp? hybridization of carbon atoms in the layers
[11,12]. Regular structure of sp? hybridized carbons gives rise to the G-peak at ca 1580 cm. Figure 1
represents Raman spectra of graphene oxides and it is evident that in case of GO I and GO II D-peak
intensity is very low compared to that of GO-SA. Thus we can claim that employment of mild
oxidizing agents does not cause a significant damage to carbon layers despite the same level of
oxidation. Preservation of undamaged regular carbon layers can be considered as a very important
aspect because unique features of graphene(-like) materials arise from regular carbon structure and
its electronic arrangement. Position and intensity of 2D-peak at ca 2700 cm™ is then related to the
number of layers of a graphene-like materials [11,12]. Spectra show features of a-few-layer graphene
oxides produced in a basic arrangement but when it is required, for example due to a further
application, we are able to reduce the number of layers using some additives as it is clearly seen in
inset of Fig. 1 b.
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Figure 1. Raman spectra of graphene oxides: (a) GO I; (b) GO II, inset — product with reduced number of layers
and (c) GO-SA.

On the contrary FT-IR spectra of all of the compounds (Figure 2) bring us only brief infromation as
they suffer a lot from low intensities. We can hardly observe broad bands belonging to C=C bonds
(below ca 1650 cm™) and carbonyl/carboxyl groups (above ca 1650 cm™). Not even other measuring
techniques were succesful to provide FT-IR spectra of a better quality.
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Figure 2. FT-IR spectra of graphene oxides: (a) GO I; (b) GO II and (c) GO-SA.

Products were also examined using scanning electron microscopy (SEM). When observing SEM
images of GO I and GO II (Figure 3) we should highlight the presence of thin and large layers which
are not damaged by oxidation. Additionally no low molecular weight fragments are observed on the
surface of carbon plates as it can be seen in case of GO-SA product. Larger and undamaged plates of
graphene oxides GO I and GO II can be easily ground using ball or vibratory mill if necessary for a
further application.
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Figure 3. SEM images of graphene oxides: (a) GO I; (b) GO II and (c) GO-SA.

Above mentioned results and stated conclusions concerning the stability of undamaged oxidized
plates are also in corespondence with the results of thermal analysis showing better thermal stability
of GO I and GO II (Table 2). Beginning of the decomposition was observed at significantly higher
temperatures than in case of GO-SA. Slightly lower temperature of the beginning of decomposition
can be observed in case of GO I probably due to an idea of homogeneous distribution of oxygen in
the structure as it was proposed when discussing results of elemental analysis.

Table 2. Thermal analysis results of graphene oxides.

Decomposition (°C)

Beginning Inflexion
GOI 550 725
GOII 630 745

GO-SA 355 580
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Also investigations into the crystal structure of products (including GO-SA) were performed using
X-ray diffraction analysis (XRD) but all of the results showed unaltered patterns of a graphitic
structure with dominant peak at ca 26 = 26.4°. No significant changes of interplanar distances were
observed and thus it can be stated that oxygen containing groups are bound especially on edges,
eventually close to carbon layers, and they do not cause increase of distances among the planes.

Prepared and characterized graphene oxides GO I and GO II were subsequently chemically
modified to reduced graphene oxides using literature methods [3,7] when hydrazine hydrate
(further denoted as rGO X.I, where X indicates original GO) and ascorbic acid (rGO X.II) were
employed as the most suitable reducing agents.

Two pairs of reduced graphene oxides (rGO) were prepared from original graphene oxides using
both of the reducing agents. As expected we observe decrease in oxygen content in case of all of the
prepared rGOs althought it is not very significant (Table 3). However oxygen content in prepared
rGOs is much lower than in case of standard rGO-SA (declared as hydrazine reduced) which shows
significantly higher content of C-O bonds (even higher than in graphene oxide GO-5A). This is also
reflected in the results of elemental analysis.

Table 3. Reduced graphene oxides — elemental analysis and XPS analysis results.

Formula Cl1s, specific groups abundance (rel. %)
(EA) (XPS)
C=C C-C C-O C=0 C(O)O  sum C~O
rGO LI Cis0 62.50 26.92 6.02 2.55 1.99 10.56
rGO IL.I C210 60.96 29.24 5.44 2.04 2.32 9.80
rGO LII C2s0 61.29 28.88 5.84 2.33 2.00 10.17
rGO ILII C210 63.23 25.08 7.12 2.30 2.28 11.70
rGO-SA CsO 61.74 21.16 12.19 2.93 1.99 17.11

Above mentioned differences are evident when comparing Raman spectra (Figure 4) as rGO-SA
spectrum shows a significant D-peak (ca 1350 cm™) having even higher intensity than G-peak (ca
1580 cm™) evincing very high level of carbon layers damage. Thus we can claim that rGOs prepared
from GO I and GO II are not further disrupted during the reduction process and thus keeping
carbon layers in a fine quality of the starting graphene oxide. We can also observe that reduction

using ascorbic acid is generaly more gentle to carbon layers as D-peak has a very low intensity in
case of rGO LII and rGO ILIL

(a) (b) (c)
Figure 4. Raman spectra of reduced graphene oxides: (a) rGO LL (b) rGO LII and (c) rGO-SA.
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FT-IR spectra (Figure 4), similarly as in case of graphene oxides, suffer from low intensities although
we can see bands at ca 1600 cm (C=C bonds) and ca 1700 cm™ (C=O bonds). We can observe very
low intensity of C=0 bands especially in case of ascorbic acid reduced products rGO LII and rGO
ILIL In case of rGO-SA bands at ca 1630 cm™ lose their intensity while bands at ca 1560 cm™ become
the most prominent.
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Figure 4. FT-IR spectra of reduced graphene oxides: (a) rGO LL (b) rGO LII and (c) rGO-SA.

Preliminary results are also confirmed by scanning electron microscopy (Figure 5). Images of
reduced graphene oxides prepared from GO I and GO II show large and undamaged plates while in
case of rGO-SA we can observe significantly different appearance of the sample. Again we can
mention slightly less fragmentation in case of ascorbic acid reduced products rGO LII and rGO ILIL
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Figure 5. SEM images of reduced graphene oxides: (a) rGO LI; (b) rGO LII and (c) rGO-SA.
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Thermal analysis of reduced graphene oxides brought similar results regarding comparison among
prepared products and the standard (Table. 4) althought difference is not so significant as in the case
of graphene oxides. Only slightly better thermal stability can be considered rather unexpected as on
the basis of above mentioned results we expected more significant differences.

Table 4. Thermal analysis results of reduced graphene oxides.

Decomposition (°C)

Beginning Inflexion
rGO LI 560 740
rGO ILI 580 680
rGO LII 600 770
rGO ILII 550 730

rGO-SA 510 600
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On the contrary results of X-ray diffraction analysis of new products and standard differ
significantly (Figure 6). While prepared products still keep graphite diffraction patterns with
prominent peak at 20 = 26.4°, standard tGO-SA shows additional new peaks at lower angles (26 =
22.4° and 21.3°) indicating some increase in interplanar distances probably due to a higher level of
oxidation or other structural changes caused by reduction/oxidation processes.
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(a) (b)
Figure 6. XRD diffractograms of reduced graphene oxides: (a) rGO LI; (b) rGO LII and (c) rGO-SA.

4. Conclusion

As a result of our recent study we present characterization data of a series of new graphene-like
materials. Graphene oxides were prepared according to a new and cheap method following
principles of green and sustainable chemisty which is a subject of a classified know-how of Masaryk
University. Moreover a simple experimental scheme allows an easy expansion into industrial scale.
Modification to reduced graphene oxides was achieved using literature methods and further
research concerning other derivatives of graphene oxides, e.g. amides, esters etc., is still in progress.

On the basis of results of a thorough characterization using a variety of methods we can claim that
generally new graphene-like products do not suffer from the utilization of harsh oxidizing agents
and strongly acidic solutions and they feature large and unaltered layers of sp? carbons which were
not damaged during reactions. The fact can be considered as very important as unique features of
graphene arise from structural and electronic (aromaticity) arrangement of the carbon layers.
Additionally products are free of impurities and low molecular weight carbon fragments although
they keep the same level of oxidation. Distribution of oxygen containg groups can be varied using
different oxidizing agents. Variations on oxygen containing groups can be with advantage utilized
in practical applications and in further research. Low damage of carbon layers is then reflected in
higher thermal stability of the compounds as well.

All of the products can be utilized in a chemical research as well as in a variety of practical or
industrial applications such as electrical engineering and electronics, energy storage, adsorption and
catalysis, medicinal and biochemical applications and material science. At the time, described
products can be purchased via Masaryk university on request, commercial marketing is now under
intense negotiation.

5. Patents

New methods of graphene oxide preparation are a subject of a classified know-how of Masaryk
University as an originator.
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