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Abstract. In this work, we explore the electrical, optical and spectroscopic properties of different Graphene
Oxide (GO) samples focusing on new oxidative strategies to tune their physicochemical properties. Three
types of GO samples were prepared by changing the oxidative conditions resulting in carbonyl-, epoxy- or
hydroxyl-rich GO. These materials were characterized by UV-VIS absorption, Raman spectroscopy and X-
ray diffraction. The experimental results indicate that all samples exhibit oxidation and exfoliation degrees
typical of graphene oxides obtained by using the modified Hummers’ method. The optical bandgap values
were measured using the Tauc’s plot from UV-VIS data and showed that the stoichiometry of GO impacts
the width of the bandgap. The carbonyl-rich sample presented the lowest gap around 3.20 + 0.02 eV, while
epoxy- and hydroxyl-rich GOs showed out gaps of about 3.48 + 0.07 and 3.72 4 0.05 eV, respectively. These
experimental results are consistent with theoretical calculations of bandgaps obtained with coronene and
circumcoronene GO models. The calculations were obtained using different theoretical approaches, such
as: Huckel, PM3, AM1 and DFT. The present work suggests that a precise tuning of the optical bandgap
of GOs can be achieved by only changing their stoichiometry thus allowing their use in a large range of

electronic applications.

1 Introduction

Graphene Oxide (GO) is a carbon-based nanomate-
rial prepared through the chemical oxidation of natural
graphite in the presence of strong oxidants. This material
has been identified much before pristine graphene [1] and
was first reported in the XVII century by Brodie et al. [2].
Nowadays, GO is considered as one of the most important
materials to obtain graphene [3,4]. Among many poten-
tial applications, GO can be used to produce reduced
GO (rGO) for transparent conducting electrodes (TCEs),
which has been, for instance, employed in the prepara-
tion of organic-light emitting diodes [5,6] (OLEDs) and
organic photovoltaic devices [7,8] (OPVs). Other works
also report the successful use of GO for the preparation of
membranes for desalination and water purification [9,10]
as well as active layers in biosensors [11,12], among many
other applications. To address the needs of theses versatile
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applications several modifications in the synthesis of GO
have been developed [13].

However, the crystalline nature of graphene turns the
GO atomic structure strongly dependent of the method-
ology and oxidation protocol employed. Previous works
have reported that the precise stoichiometry of GO can
be tuned if the reactional conditions are modified [14—
18]. By doing so, many physicochemical properties of GO
can be influenced by its chemical composition, i.e., if they
have high quantities of an oxygenated chemical function
than other one. The most common methodology to pre-
pare GO is the Hummers’ method [19]. According to Lerf
and Klinowsk [20,21], a sheet of GO is composed of a mix-
ture of sp? and sp? carbon atoms, the latter ones being
bound to oxygen atoms. Among the different oxygenated
chemical functions present in GO, the most abundant
are epoxy (C—0O—C), hydroxyl (C—OH), carbonyl (C=0)
and carboxylic acids (HO—C=C).

In a previous work, our group prepared a GO with
a chemical composition presenting predominantly car-
bonyl functional groups [5]. We showed that thin films
of this carbonyl-rich GO reduced at low temperatures
possess lower sheet resistance (RS) than the rGOs made
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from graphene oxide precursors with high quantities of
epoxy, which are usually prepared using the traditional
Hummers’ method. Other works from Kim et al. [22]
and Shi et al. [23] made modifications in the reaction
media (such as changes in the oxidation time, tempera-
ture of the reaction and also with the addition of water in
the oxidizing media) to oxidize natural powder graphite
aiming to synthesize GOs with high quantities of epoxy
and hydroxyl groups. Despite all spectroscopic charac-
terizations made in these works, there is no systematic
information linking their stoichiometry to their physico-
chemical properties. Furthermore, several works discuss
the existence of an electronic and optical bandgap in
GO samples [4,24-28], and that fluctuations on their
value are mostly attributed to the oxidation degree or
even to the size of the GO sheets. A theoretical work
of Kumar et al. [29] spotted out that the work function
of GO is strongly related to the quantities and types of
each oxygenated chemical function bounded to the basal
plane of GO sheets. For instance, it is shown that car-
bonyl and hydroxyl groups have higher impacts over the
work function than the epoxy ones for GOs with similar
oxidation degrees.

In this work, we investigate and compare the optical and
electrical properties of carbonyl-, epoxy- and hydroxyl-
rich GOs. This allows to adjust the energy band levels
between optically active materials and the electrodes in
organic electronic devices, which is one of the mandatory
conditions to efficiently inject or extract charges (electrons
and holes) in these devices, thus increasing their efficiency.
GO samples with different stoichiometries were prepared
using modifications of the Hummers’ method previously
reported. All the samples were characterized by UV-VIS
absorption, Raman spectroscopy and X-ray diffraction.
The sheet resistance of the GO films was measured by
a Hall Effect system. The experimental optical bandgap
of the carbonyl-, epoxy- and hydroxyl-rich samples were
determined using the Tauc’s plot [30]. In addition, molec-
ular computational models in two size scales have been
studied in a multilevel approach. Our results point out
that a good control over the GO stoichiometry is in fact a
promising approach to tune not only the optical bandgap
of GO, but also improve the electrical properties of their
thin films. Thus, the change in the stoichiometry of GO
can lead to the preparation of materials with tunable prop-
erties to be used in different areas, especially in Organic
Electronics.

2 Experimental section

2.1 Graphene oxide synthesis

The different graphene oxides were synthesized using mod-
ifications of the well-known Hummers’ method [19]. In
order to prepare GO with different stoichiometries: car-
bonyl (C=0), epoxy (C—0O—C) or hydroxyl (C—OH) rich,
three distinct oxidative protocols based on the modifi-
cations of the oxidative reaction media were employed.
Figure 1 shows a schematic image summarizing the oxida-
tive conditions (time of oxidation and the main oxidizing
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Fig. 1. Schematic representation of the oxidative conditions
(time of oxidation and the main oxidizing chemical species
responsible for the oxidation of natural graphite) used to
prepare the carbonyl-, epoxy- and hydroxyl-rich GOs using
modifications of the Hummers’ method. Although not explicit,
the permanganate ions (MnOj ) also act as oxidant species to
form the carbonyl- and epoxy-rich samples.

chemical species responsible for the oxidation of natural
graphite) used to prepare our GO samples.

2.1.1 Carbonyl-rich GO synthesis

Carbonyl-rich GO was prepared using two oxidation steps,
which were applied to allow the formation of high quan-
tities of carbonyl chemical functions [5]. First, 5 g of
graphite flakes (Sigma Aldrich) were mixed and stirred
in an ice-water bath together with 3.75 g of sodium
nitrate (NaNOs) and 375 ml of concentrated sulfuric acid
(H2SOy4, 98 wt.%). Then, 22.5 g of potassium perman-
ganate (KMnOy) was slowly added to the mixture during
1 h. This dispersion was stirred over 120 h at room tem-
perature. After that, a dark-brown viscous liquid was
obtained and then submitted to a second oxidation step
through the slow addition of 700 ml of a 5 wt.% HaSOy4
solution, which was heated to 80 °C in the first 30 min, and
then finally adjusted to 98 °C. This led to a yellow mixture
which was stirred at 98 °C for other 2 h. To obtain the
purified carbonyl-rich GO powder, the second oxidation
process was interrupted using hydrogen peroxide (H2Os,
30 wt.%). Finally, 3 series of washing steps with mixed
aqueous solutions of HoSO4, HoOs and hydrochloric acid
(HC1) were performed in order to remove the metallic ions
present in the GO medium. Then, only washings with
deionized water were made until the pH of the supernatant
become neutral.

2.1.2 Epoxy-rich GO synthesis

Epoxy-rich GO was prepared using only an oxidation step
previously developed by Kim et al. [22]. In their work
they evaluated the influence of the KMnQO,4 concentration
during the oxidation of natural graphite and its impact
over the synthesis of GO with high quantities of epoxy
chemical functions. To synthesize the epoxy-rich GO, 2 g
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of powder graphite (Sigma Aldrich) and 45 ml of HySO4
98 wt.% were mixed and stirred during 2 h in an ice-water
bath. Sequentially, 6 g of KMnO,4 were slowly added into
the above dispersion in three portions during 30 min (a
portion each 10 min), and its temperature was monitored
in order to keep it below 10 °C. The resulting green mix-
ture was transferred to a hot-oil bath and the temperature
was carefully adjusted to 35 °C. The dispersion was then
stirred at this temperature for another 2 h. During this
preparation step, the color of the mixture changed from
dark green to brown. Finally, 10 ml of HoO5 30 wt.% were
added to interrupt the oxidation processes. In this step,
the colour of the mixture changed from brown to bright
yellow. In order to purify the epoxy-rich GO, a series of
washings were made by centrifugation using 5 wt.% HCI
solution. Finally, the purified epoxy-rich GO was thor-
oughly washed using only deionized water and centrifuga-
tion until the pH of the supernatant become neutral.

2.1.3 Hydroxyl-rich GO synthesis

Hydroxyl-rich GO was also prepared using an oxidation
step previously reported by Shi et al. [23]. In their work,
they showed that water molecules play an important role
over the stoichiometry of GO, thus allowing the formation
of GO with high quantities of hydroxyl chemical functions.
To synthesize the hydroxyl-rich GO, 12 ml of deionized
water was slowly added into 46 ml of H,SO4 98 wt.%. The
system was stirred in an ice-water bath during 15 min, and
its temperature was kept below 10 °C. After that, 1.0 g
of powder graphite (Sigma Aldrich) was added, followed
by a slow addition of 3.0 g of KMnO, divided into three
portions during 30 min (a portion each 10 min). Then,
the system was transferred to a hot-oil bath and kept
under mechanical stirring for another 2 h at 40 °C. Finally,
300 ml of deionized ice water was carefully added into the
resultant dispersion and stirred for 15 min. Another ice-
water bath was employed during this step to avoid the
temperature increases above 10 °C. After these oxidation
processes, 5 ml of HoOs 30 wt.% was added into the dis-
persion to stop the oxidation reaction. The final purified
hydroxyl-rich GO was obtained after a series of wash-
ings using HCI solutions and centrifugations, followed of
washings using only deionized water until the supernatant
reached a neutral pH.

2.2 Graphene oxide characterizations

Ultraviolet-Visible spectra (UV-VIS) of carbonyl-, epoxy-
and hydroxyl-rich GOs were measured with a dual-beam
spectrometer model UV-1800 from SHIMADZU. Prior to
the measurements, we prepared aqueous dispersions of
these GOs with concentrations of 1 mg/ml from their dried
powders. These dispersions were obtained by ultrasonica-
tion using a tip sonicator for 15 min at a power of 140 W.
Then, they were centrifuged at 4000 rpm for 30 min to
remove aggregates and unexfoliated GO sheets. For the
UV-VIS measurements, 25 ul of each GO dispersion were
added in a quartz cuvette and then filled with 4 ml of
deionized water. Another quartz cuvette also filled with
deionized water was used as reference. Each dispersion
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was homogenized for 5 min before the measurements were
carried out.

Raman spectroscopy measurements were performed
using a Senterra spectrometer from Bruker, with a laser
excitation of 633 nm at a power intensity of 0.2 mW. All
measurements were obtained from the GO thin films pre-
pared onto clean silicon oxide substrates using a sprayer-
deposition technique. The distance between the tip of the
sprayer nozzle and the substrates were kept at 20 cm, and
compressed air was used as carrier gas. Prior the analysis,
these films were dried in a vacuum oven at 120 °C during
1h 30 min to eliminate water.

X-ray diffraction patterns of the GO powders were
obtained with a D8 Advance diffractometer from Bruker.
These measurements were taken using a Cu - Ka radia-
tion source (A = 1.5406 A) at room temperature in a range
from 5 to 80° with steps of 0.02°. The cathode voltage and
current were set in 40 kV and 40 mA, respectively.

The sheet resistance of the GO thin films was measured
using an ECOPIA HMS-3000 Hall Effect system. The
films were prepared onto clean glass substrates also using
the sprayer-deposition technique. Prior to deposition, the
aqueous dispersions of these GOs with concentrations of
0.2 mg/ml were diluted with ethanol alcohol (1:1 v/v) and
mixed using a magnetic stirrer bar. Then, 4.0 ml of each
GO sample was vaporized onto the glass slides pre-heated
at 120 °C. Finally, these films were dried in a vacuum oven
during 1 h 30 min at 120 °C before the measurements were
taken.

2.2.1 UV-VIS characterizations of the oxidant solutions

The oxidizing solutions used to form carbonyl-, epoxy-
and hydroxyl-rich GOs were also analyzed by UV-VIS
spectroscopy. These analyses were important to further
understand the mechanisms involved in the stoichiome-
tries of the samples synthesized in this work. All reactional
conditions i.e., ice-water bath, slow addition of KMnOQOy,
hot-oil temperature and oxidizing time, etc., were kept
as the same ones used during the synthesis performed
with the addition of natural graphite. These oxidizing
solutions were put in a quartz cuvette, and then diluted
with their respective solvents before measurements. Other
quartz cuvette filled only with the specific solvent for each
oxidative medium was used as reference.

3 Computational section

In previous studies from our group [31-34] we had treated
the problem of computational simulating GO using both
molecular and periodical models, accordingly to each case.
Our previous results reproduced all the aspects and behav-
iors of experimental data we were focusing on, even in
cases where all calculations were made considering finite
systems. For finite system calculations, the molecular
models present confinement and edge effects that are
strong and can turn the results to be very different from
the ones expected in bulk materials. In our previous works,
and also here, all of these non-periodic features are advan-
tages since experimental works have shown that graphene
oxide sheets suffer strong confinement effects due to their
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highly non-uniform oxidized sp® domains be isolated from
each other by small sp? ones [35,36].

In addition, our previous experimental results [5]
showed that GO sheets have diameter sizes ranging from
400 to 500 nm, which means they are generally bigger
than the GO models used in our calculations here, but too
small and non-homogeneous to be treated with periodic
models. Indeed, GO is an intermediate system, and this
feature is one of the things that makes it so interesting.
In summary, choosing a computational approach that fits
the simulation goals is not a trivial task and our choose
here is justified by our personal experience with this mod-
els, previous literature reports and good agreements of
our computational results with experimental data (as can
be seen in Results and Discussion). To perform the the-
oretical calculations related to this work, we used two
families of molecules derived from two key representative
forms of the polycyclic aromatic hydrocarbons (PAHs):
the coronene (Ca4Hi2) and the circumcoronene (Cs4Hisg).
These two molecules were chosen because they are two
of the smallest PAHs which show both a Dg, symmetry
and at least one sp? carbon bound to other three similar
atoms. These features are important to obtain accurate
results regarding the electronic and spectroscopic proper-
ties of these molecules in comparison to the experimental
results obtained from pristine graphene oxide, since GO is
material with a mix of sp? and sp? carbon atoms [32,34].
More details regarding the methodology applied in the
GO coronene based models is given in the Supplementary
Information.

For circumcoronene, we have built five molecular mod-
els: carbonyl-, epoxy-, hydroxyl-, carboxyl-rich and a
GO-mimic circumcoronene, this latter being built using all
the functional groups above. These groups are the main
oxygenated functions present in the basal plane of GO
according to Lerf and Klinowsk [20,21], the same ones used
in our previous work to investigate the spectroscopy prop-
erties of graphene oxide using a GO-coronene based model
[32]. The positions of the functional groups were randomly
chosen using uniform probability in all five cases. For
completeness, all calculations were also performed with
pure circumcoronene. In these GO models derived from
circumcoronene, the DOS [34,37] calculations were per-
formed using Huckel [38] methodology via YAeHMOP!. In
addition, semiempirical methods PM3 [39], AM1 [40-42],
and DFT (GGA/PBE-DZ) [43] via SIESTA [44] were per-
formed. DFT and semiempirical results for pure coronene
and circumcoronene agree with previous reports from our
group [34,37].

4 Results and discussion

4.1 UV-VIS optical characterization
of the as-prepared GOs

UV-VIS optical absorption is commonly used to character-
ize GOs [22,45-47] since the optical absorption behavior
of GO is mainly governed by the electronic transitions in
the ultraviolet region, being then useful to estimate the
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Fig. 2. UV-VIS absorption spectra of carbonyl-, epoxy- and
hydroxyl-rich GOs. All samples exhibit two main absorption
peaks centered at 230 nm and 300 nm. In the right graphic
is shown their normalized spectra in order to emphasize the
intensity of the band around 300 nm related to the n — 7~
transitions regarding its m — 7" ones.

GO oxidation degree after synthesis or thermal/chemical
reducing treatments. Figure 2 shows the UV-VIS absorp-
tion spectra of carbonyl-, epoxy- and hydroxyl-rich GOs.
These data are an average over 10 measurements and
all samples were prepared and measured under the same
conditions. All spectra exhibit their maximum absorp-
tion band in the UV region, centered around 230 nm.
These bands are related to the electronic transitions from
the delocalized bonding () to antibonding (7*) orbitals
of the conjugated (C=C) bonds, which is represented
as m — 7 [16,48-50]. This absorption band is disper-
sive and suffers redshifts when the aromatic sp? carbon
network of GO is partially recovered due to the partial
removal its oxygenated functions, which is in agreement
with measurements reported in other works [38,51-53].

In addition to the m# — 7* transition, the UV-VIS spec-
tra of these GO samples show another typical broad
and low intensity absorption band around 300 nm. This
band is commonly attributed to the electronic transitions
involving non-bonding (n) and antibonding orbitals of
some oxygenated functions present in GO, specially the
carbonyl ones [54-57]. This electronic transition comes
from the absorption of a photon by an electron from a
lone-pair in a non-bonding oxygen orbital and its con-
sequent promotion to an antibonding orbital, which is
represented as n — w*. This energy transition is lower
than the m — 7" since the non-bonding orbitals are
localized between the bonding and antibonding orbitals
[50].

In the right graphic in Figure 2 is shown the normal-
ized UV-VIS spectra of our samples, where we can see that
the hydroxyl-rich GO presented the less intense n — 7*
band regarding its m — 7* one. Its analysis indicates this
sample has lower quantites of carbonyl groups and agrees
with the fact that it was synthesized in a medium that
favored the formation of hydroxyl functions in spite the
carbonyl ones. For the case of the epoxy- and carbonyl-rich
GOs, their n — 7* bands are quite similar in intensity and
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broader for the latter. However, it would be expected that
the carbonyl-rich GO had presented an intense and narrow
n — 7% band than the other samples. Once we can infer
is that its broadening in the carbonyl-rich sample might
be related to two main aspects: (i) the high quantity of
carbonyl functions in the carbonyl-rich GO and the con-
sequent high density of n orbitals allows them to suffers
superpostions that difficults photons to be absorbed and
generate these transitions, and (ii) the high quantity of
carbonyl functions increases the possibility that there are
carbonyl groups surrounded by different chemical envi-
ronments that can change the energy of the n orbitals;
thus the energies to make these n — 7* transitions suf-
fer energy shifts leading the band around 300 nm to
broaden.

As it can be observed in Figure 2, the band positions are
practically the same for the three different samples. Only a
small red shift for the carbonyl-rich GO was observed, in
which the maximum of the absorption band is centered
in 227 nm. As mentioned earlier, the oxidation degree
changes the position of the most intense absorption band,
which blueshifts for higher oxygen concentrations. Our
results indicate that the oxidation degree of our samples is
practically the same, despite of different oxidation routes.
In average, GOs presenting a maximum UV-VIS absorp-
tion band at 230 nm have carbon to oxygen ratio (C/O)
measured using X-ray photoelectron spectroscopy (XPS)
ranging from 1.8 to 2.4 [47,53,58-60)

Nevertheless, the overall absorption intensity changes
for each sample, being smaller for the carbonyl-rich GO,
especially in the ultraviolet region, indicating that the
samples have different concentration of 7 electrons. Since
the oxidation degree is the same for these three sam-
ples, this difference in free electron concentrations can
be explained by distinct levels of structural defects, such
as holes and carbon vacancies. Higher oxidizing times
in the presence of strong oxidants increases the quan-
tities of holes and carbon vacancies in the basal plane
of graphene oxide sheets due to the release of CO and
CO4 [14,56,60-62]. Harsh oxidative conditions are used
in the preparation of carbonyl-rich GO, while epoxy-
and hydroxyl-rich samples are prepared in mild oxidative
media and less oxidizing time, resulting in more free elec-
trons in the final sample, explaining the differences in the
intensity of the absorption spectra.

The analyses of the oxidant species responsible for the
oxidation of natural graphite in each GO sample prepared
in this work were also evaluated by UV-VIS spectroscopy.
These oxidizing chemical species as well as the differ-
ent oxidation times to prepare our samples dictated the
formation of GO with different concentration of perma-
nent structural defects. Briefly, while the main oxidants
present in the oxidant media of carbonyl- and epoxy-rich
GOs were manganese heptoxide (MnyO7), permanganyl
(MnO3+) and permanganate ions (MnO4—), the chem-
ical species responsible for the oxidation of graphite to
form the hydroxyl-rich sample were the hydroxyl radicals
(eOH) and atomic oxygens (eQOe). A detailed description
of the chemical reactions and the oxidizing species present
in the synthesis of the carbonyl-, epoxy- and hydroxyl-rich
GOs are discussed in the Supplementary Information.
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4.2 Optical bandgap analysis of the as-prepared GOs

The electronic structure of GO based-materials is still not
well understood. Many works [4,24-28] have reported GOs
as materials with large optical bandgaps. The origin of
these bandgaps is usually attributed to the functionaliza-
tion of the basal plane of graphene with oxygen atoms.
Most of the carbon atoms which are bonded to oxy-
gen in GO are sp® hybridized, thus disrupting the sp?
hexagonal network of graphene. Therefore, it is expected
that the optical and electronic properties of GO to be
different from the ones of graphene. In fact, the hetero-
geneous chemical structure of GO difficult the precise
understanding of their electronic structure and their con-
sequent tuning in order to successfully apply the GO
based-materials in electronic devices. Eda et al. [27] also
showed that a change in the ratio between the sp? to sp®
contents in GO allows to tune its bandgap, thus making
possible to transform it from insulator to semiconduc-
tor, or even recover a graphene-like semimetal trend with
energy levels compatible with their applications as charge
transport layers in optoelectronic devices.

As monolayered GO is an amorphous material, there
is no true electronic bandgap as defined for crystalline
semiconductors. For sp?/sp? carbon-based materials like
graphene oxide, it is usual to obtain the optical bandgap
from the UV-VIS absorbance spectrum and using the
Tauc’s plot [30]. The Tauc optical bandgap is defined as
the intercept Fq found from plotting

1
(ahv) M = A(hw—Eg), (1)

where « is the absorption coefficient, hv is the photon
energy in electron-volts (eV), A is a constant and Eg is the
optical bandgap. The parameter n is related to the nature
of the optical electronic transitions, being considered 1,
or 2 for direct and indirect transitions, respectively. The
optical bandgaps of the as-prepared carbonyl-, epoxy-
and hydroxyl-rich GOs were determined using Tauc’s plot
from their UV-VIS absorption spectra by assuming indi-
rect transitions. These indirect transitions were considered
due to the amorphous-like character of GO. For this, wave-
lengths ranging from 200 to 1100 nm were used for all
plots, and the values presented are an average over 10 dis-
tinct measurements taken from different aliquots of each
GO stock dispersion.

As can be seen in Figure 3, the Tauc’s plot for all
GO samples does not exhibit sharp absorption edges, and
the value of Fg were extracted by extrapolating the lin-
ear region of the curve to the energy axis. The optical
bandgaps for carbonyl-, epoxy- and hydroxyl-rich samples
were determined as 3.20 £+ 0.02, 3.48 4+ 0.07 and 3.72 +
0.05 eV, respectively. Since the oxidation degree is one
of the main properties responsible for tuning the optical
bandgaps of GOs, the fluctuations we found could lead us
to assume that these samples have different levels of oxida-
tion. However, the UV-VIS data discussed above showed
that our GO samples have very similar oxidation degrees.
But the oxidation degree cannot be considered the only
parameter responsible for the fluctuations in the optical
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Fig. 3. Tauc’s plot to determine the optical bandgap of the
as-prepared carbonyl-, epoxy- and hydroxyl-rich GOs. It was
considered indirect electronic transitions for all the calculations
due to the amorphous-like character of graphene oxide.

bandgaps of GOs. Other fact must be taken in account
is the quantity of permanent structural defects present in
the graphene oxide. The random distribution of defects in
graphene oxide sheets creates a non-uniform distribution
of sp? carbon islands, which has diameters ranging from
1 to 3 nm in most samples [35]. Based on it, Eda et al.
[63] developed a theoretical model in which the bandgap
of GO was studied regarding the size of these sp? carbon
islands and the fraction of the sp? contents. They demon-
strated that an increase in the diameter of the sp? islands
decreases the bandgap of GO. In other study, Robertson
[64] showed that materials composed of a mix of sp?
and sp® carbon contents such as graphene oxide has a
bandgap primarily governed by the size of the sp? islands.
In summary, these works showed that higher the diameter
size of the sp? islands in these materials, the lower their
bandgaps are.

The reactive media used to prepare the carbonyl-rich
GO was the most aggressive of all because of the long
time and the use of a second oxidation step. This favors
the creation of holes and carbon vacancies in the basal
plane of its sheets, and it is natural to think that this sam-
ple is the most structurally defective. This was confirmed
by the UV-VIS absorption spectra, where it was shown
that this sample has the lowest 7w electron concentration,
which means it has sp? islands lower in diameter than the
other GOs. Being the most defective sample and having
the same oxidation degree that the epoxy- and hydroxyl-
rich GO, the carbonyl-rich sample should have presented
the highest optical bandgap, and not the contrary. Inter-
estingly, the lower experimental optical bandgap obtained
for the carbonyl-rich GO agrees with the predictions of
a theoretical work reported by Johari et al. [25]. They
showed that an increase in the amount of carbonyl groups
decreases the optical bandgap of GO due to the increase
in the diameter of vacancies and holes (or decrease in the
diameter size of the sp? islands) that are simultaneously
generated when the population of this group is increased.
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But if the decrease of the sp? network is the main responsi-
ble for lowering the bandgap, we again should have found
that the carbonyl-rich GO would have the highest optical
bandgap among our samples.

Even though the trend of our optical bandgaps does
not match the oxidation degree nor the level of defects of
our samples, their values are in the range usually reported
for GOs. Mathkar et al. [65] found an optical bandgap of
about 3.50 eV for a GO with low quantities of carbonyl
functions, while Kimiagar et al. [66] reported an indirect
optical bandgap of 3.30 eV for GO. Many other works
[28,67—69] have reported optical bandgaps ranging from
2.70 to 4.10 eV for GOs presenting similar stoichiome-
tries, where epoxy and hydroxyl are the most abundant
oxygenated chemical groups. It is possible then that the
chemical composition of GO is the one responsible for
these different bandgaps, since the level of oxidation or
defects do not explain our experimental bandgaps. In
order to investigate this possibility, we have performed
theoretical calculations, which are discussed below.

4.2.1 Theoretical bandgap calculations

Our initial tests with GO coronene based models (see
Sect. 1.2.2 of Supplementary Information) indicate that
the effects of the individual groups have been an initial
approach to evaluate the fluctuations in the gap of GOs
with different stoichiometries. Nevertheless, the collective
behavior of these functional groups must be studied in
order to see the full effects of the electronic rearrangement
between them in the HOMO, LUMO and HOMO-LUMO
gap of these molecules. Because of that, we performed
other tests with models based in the circumcoronene
molecule, which can be seen in Figure 4. The values for
HOMO, LUMO and HOMO-LUMO gap for these struc-
tures are shown in Table 1. They are also graphically
summarized in Figure 5.

The results from these calculations highlight the need
of a multilevel study when we are interested in the energy
levels. This is necessary because semi-empirical meth-
ods make a series of approximations when compared to
DFT, especially with respect to parametrized integrals.
The results from Huckel, from semi-empirical and from
DFT proved to be very discordant about the values of the
energy levels, although semi empirical methods agree with
each other. However, the methods agree with the hier-
archy of gap of the studied structures. Circumcoronene,
the base molecule for these models, is the model in which
this gap is greater, what is natural for a molecular model,
since the presence of edges induces the opening of a gap
in comparison to the infinite and ideal pristine graphene.

Among all oxidized structures, the carbonyl and the
hydroxyl-rich samples are distinguished by the lower val-
ues of this gap, the carbonyl-rich being the smallest for the
semi empirical methods and the hydroxyl-rich for Huckel
and DFT, as depicted in Table 1. It is important to real-
ize that, comparing carbonyl and hydroxyl-rich structures,
the gap values are in the order of 0.02 eV for the DFT and
0.1 eV for the Huckel, thus indicating that these struc-
tures would be mostly metallic in the point of view of
these methodologies.
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GO Model

Hydroxyl-rich Model

Epoxy-rich Model

Fig. 4. Graphical representation of the molecular GO
circumcoronene-based models used in this work. Gray, red
and white spheres represent carbon, oxygen and hydrogen
atoms, respectively. In (a) the circumcoronene, (b) graphene
oxide molecule, (¢) the carbonyl-rich, (d) carboxyl-rich, (e)
epoxy-rich and (f) the hydroxyl-rich GO circumcoronene-based
models.

Table 1. Values of HOMO-LUMO gap obtained for
the GO circumcoronene-based models. All values are
presented in eV.

Huckel PM3 AMI1 DFT (GGA)
Circumcoronene 1.59 5.76  5.74 2.01
Graphene Oxide 0.66 5.13  5.09 0.30
Carbonyl-rich GO  0.23 5.13 1.32  0.08
Epoxy-rich GO 1.03 6.06 6.01 1.11
Hydroxyl-rich GO 0.15 3.51  3.60 0.06
Carboxyl-rich GO  0.55 3.57 3.66 0.15

These results indicate that graphene oxide samples rich
in epoxy and carboxyl functional groups have higher
gap values than the hydroxyl and carbonyl ones. The
same trend was not fully observed in our experiments, in
which the carbonyl-rich GO presented the lowest optical
bandgap. Nevertheless, the experimental bandgap evolu-
tion with the stoichiometry of our samples agree with the
theoretical predictions when the individual effect of each
functional group was investigated in the GO coronene-
based model, which trend and values are depicted in
Table S1 of Supplementary Information.

The larger models have shown a smaller gap in compar-
ison with the results obtained for coronene-based models
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Fig. 5. Box-plot of the HOMO-LUMO gap interval for all cal-
culated structures and methodologies based on circumcoronene
models.

(Tab. S1 of Supplementary Information), which can be
directly compared to the discussion previously made over
the importance of the defect density and the size of
sp? islands in the optical bandgap values. But we also
have seen that, even with a small sized molecule, a large
range of HOMO and LUMO values were obtained. This
reinforces the power of the stoichiometry over the gap
engineering of graphene oxide and opens a general possi-
bility for future studies in which the stoichiometry of GO
can be designed and tested using theoretical calculations,
thus making possible to give insights for the preparation of
graphene oxide with specific physical-chemical properties
for different applications.

4.3 Impact of stoichiometry in the structural ordering
of the as-prepared GOs

X-ray diffraction pattern analyses of carbonyl-, epoxy-
and hydroxyl-rich GOs were performed in order to inves-
tigate the structural order as a function of the oxidation
degree and stoichiometry. Two different sources of natural
carbon were used to prepare our samples (flake graphite
for carbonyl-rich GO, and powder one for epoxy and
hydroxyl-rich GOs), and their XRD patterns are shown
in Figure S1 in the Supplementary Information. The
XRD patterns of both graphite show a strong diffraction
peak centered around 20 ~ 26.5°, which corresponds to
the (002) diffraction plane, and are typical of crystalline
graphite [70,71]. From the Bragg’s equation, their inter-
layer distances were estimated to be 3.36 A. Other low
intensity peak due to the (100) plane was also observed at
20 ~ 44.5° [72,73].

The XRD patterns of the GO samples are shown in
Figure 6. The peak at 20 ~ 26.5° disappear as the same
as the oxidation of natural graphite goes on. The attach-
ment of different oxygenated chemical functions at the
basal plane and in the edges of graphite induces the for-
mation of a new broad and strong peak located at lower
diffraction angles. This broad diffraction peak has been
indexed to the (002) plane. The position of this diffraction
peak is widely used to estimate the degree of oxidation
and exfoliation of GOs [5,22,74,75]. Finally, its broadening


https://epjb.epj.org/

Page 8 of 12

1
Carbonyl-rich GO|
Epoxy-rich GO
—— Hydroxyl-rich GO

( il
Intensity (arb. u.)

Intensity (arb. u.)

—

T r I
10 20 30 40 50 60 70 80
2theta (degree)

15 20 25 30 35 40 45 50
2theta(degree)

Fig. 6. Powder XRD patterns of the carbonyl-, epoxy- and

hydroxyl-rich GOs. The inset in the left graphic shows a scheme

of a carbon hexagon with its C;, C2 and C3 atoms, and the
black arrow represents a bond length of 2.46 A.

results from the lattice distortions that are caused in the
stacking order of the layers that compose natural graphite
due to the oxidation processes [3,22,76].

The powder XRD pattern of the carbonyl-rich GO
presented a broad peak at 20 ~ 11.70°, which corre-
sponds to an interlayer distance of 7.61 A. Concerning
the epoxy and hydroxyl-rich GOs, their powder XRD
patterns showed broad peaks at about 20 ~ 9.60° and
20 ~ 10.74°, and their interlayer distances were esti-
mated in 9.20 and 8.23 A, respectively. The interlayer
distances obtained for all samples (higher than 7.5 A) con-
firm that the oxidative media used to prepare them had
led to the formation of highly oxidized and exfoliated GOs
mainly formed by uncoupled layers [5]. This argument is
supported by the complete disappearing of the diffraction
peak corresponding to the (002) plane of both natural
graphite, as shown in Figure 6. Moreover, the interlayer
distances obtained for these GOs are not the same. While
it was found an interlayer distance about 2.3 times higher
than the one of natural graphite (3.36 A) for carbonyl-rich
GO, the epoxy- and hydroxyl-rich samples showed 2.7 and
2.4 times increased values.

Although it seems these differences could be related to
the fact these samples have different oxidation degrees, the
discrepancies in the interlayer distances found among the
carbonyl-, epoxy- and hydroxyl-rich GOs can be under-
stood only based on their stoichiometry. It is widely
accepted that higher the oxidation degree, higher the
interlayer distances among the GO [77,78] due to the
easy for the intercalation of water molecules between their
sheets. Nevertheless, there is not enough information in
the literature exploring the influence of each oxygenated
chemical function present in GOs over their interlayer
distances. As firstly discussed by Kang et al. [16], an
increase in the quantity of carbonyl chemical functions
with a decrease of epoxy ones lead to a systematically
decrease in the interlayer distances of GOs. Its report
agrees with the experimental interlayer distances obtained
for our carbonyl-rich sample, which showed the lowest
interlayer distance (7.61 A) among all samples.
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The intercalation of water molecules between the GO
sheets allows them to interact with the oxygenated chem-
ical functions as epoxy and hydroxyl through hydrogen
bonds. Hence, the partial negative charge of each oxygen
atom in a chemical group has a strong influence over the
hydrogen bond interactions with the intercalated water
molecules [16,79]. In a previous theoretical work, Wang
et al. [80] showed that the negative charge of the oxy-
gen atom is higher in a hydroxyl than in an epoxy group,
and concluded that the exfoliation of a GO with huge
quantities of epoxy groups would be facilitated. As the
intercalated water molecules interact with these groups
through hydrogen bonds in GO, then the strengthening
of the hydrogen bonds between the water molecules and
hydroxyl groups might be higher than the bonds with
the epoxy ones. Consequently, an epoxy-rich GO would
have a higher interlayer distance. These tendencies are
observed in our samples, where the interlayer distances
of the epoxy- and hydroxyl-rich GOs were determined
as 9.20 and 8.23 A, respectively. The differences in the
interlayer distances of our GO samples confirms that dif-
ferent levels and types of oxygen functional groups were
bound to the graphite lattice to form each GO, and our
XRD results agree with the information obtained with the
UV-VIS analysis.

Unlike the case of carbonyl-rich GO, the XRD pat-
tern of epoxy- and hydroxyl-rich samples showed a low
intensity and broad peak at 20 ~ 20.50°. In our previ-
ous work [5] we showed this signal is due to the shift
to lower diffraction angles of the peak associated to the
plane (002) of crystalline graphite. This peak is represen-
tative of GO sheets that are closer along the basal plane of
GO. In addition, once the oxidant media in which epoxy-
and hydroxyl-rich GOs were formed are less aggressive
than the one used for synthesize the carbonyl-rich sample,
the m — 7 interaction between the epoxy- and hydroxyl-
rich GO sheets along their own basal planes are stronger
than in carbonyl-rich sample. As shown in the UV-VIS
results, the carbonyl-rich GO showed the lowest ultravio-
let absorption intensity due to its low 7 electron concen-
tration, and this might contribute to the disappearance of
the diffraction peak around 20 ~ 20.50°.

Comparing the XRD patterns of our GOs with the
one for natural graphite, the presence of the peak in
20 ~ 42.50° for epoxy- and hydroxyl-rich samples indi-
cates that their hexagonal structures are less defective
than the one of carbonyl-rich GO, since the XRD pat-
tern of the latter does not show any diffraction signal in
this region. This means that the epoxy- and hydroxyl-rich
samples have less permanent structural defects such as
holes and vacancies in their basal plane. Therefore, these
XRD analyses also agree with our UV-VIS results, wherein
it was shown that these samples have a higher 7 electron
concentration than the one of the carbonyl-rich GO.

4.4 Electrical properties of the as-prepared GOs

The electrical properties of the as-prepared carbonyl,
epoxy and hydroxyl-rich GO thin films onto glass sub-
strates were also evaluated in order to see if their sto-
ichiometry have impacts over the sheet resistance (Rg).
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The values presented herein are an average of the Rg of
six different thin films which were fabricated, dried and
measured using the same conditions. It is well known
that the thin films of GO are electrically insulators
[25,49,81-83]. Becerril et al. [63] showed that thin films of
single-layered GO made by spincoating have sheet resis-
tances around 10712 Ohm/sq [64]. Other works [84-87]
also reported that the thin films of GO possess Rg higher
than 107! Ohm/sq. Such high sheet resistances for GO
thin films is due to the disruption of the hexagonal sp?
carbon network, which comes both from the attachment
of the oxygenated chemical functions as well as from the
presence of vacancies and holes at the basal plane of GO.

It is worth to note that most of the studies regarding the
fabrication of transparent conducting electrodes (TCE)
from the chemical and/or thermal reduction of GO have
prepared a material with a similar stoichiometry. Usually,
most of the modifications in the Hummers’ method devel-
oped in many works, [85,87,88], lead to a GO wherein the
epoxy is the most abundant chemical function, followed
by hydroxyl, carboxyl and carbonyl ones, and their thin
films also have Rg around 1012 Ohm/sq. Nevertheless,
there are only a few works whose have focused in chang-
ing the intrinsic stoichiometry of graphene oxide in order
to control its physical-chemical properties, specially the
electrical ones aiming the fabrication of TCEs. Among
them, our group have used a second oxidation step dur-
ing the oxidation of graphite that allowed us obtaining a
GO with huge quantities of carbonyl functions. Kim et al.
[22] used a short time oxidation in which the proportion
between KMnQOy4 to graphite was varied, thus prioritiz-
ing the formation of epoxy functions despite the hydroxyl
ones, the epoxy-rich GO. Other important work was devel-
oped by Chen et al. [23], in which the addition of water
in the oxidant solution lead to an increase in the quantity
of hydroxyl functions, the as-called hydroxyl-rich GO.

As the direct comparison of the electrical properties
of the carbonyl-, epoxy- and hydroxyl-rich GO thin films
would not be completely trustworthy if we only used the
values extract from the works of Kim et al. [22] and
Chen et al. [23], we had reproduced our own epoxy-
and hydroxyl-rich GOs based in their reports. This is
of primary importance since the electrical properties of
the as produced GO thin films depends not only of its
oxidation degree, but also from its density of defects,
which can simply vary if the graphite source, oxidizing
time, purity of the reagents, etc., are not the same. Our
carbonyl-rich GO thin films presented an average sheet
resistance of 2.21 x 107 Ohm/sq. Different from the Rg
values usually reported for GO thin films, this much
lower (three orders of magnitude) sheet resistance was
attributed to the particular stoichiometry of our material,
since carbonyl-chemical functions are planar groups and
their carbon atom are sp? hybridized, which in turn con-
tributes to a high electronic delocalization than the one
of other GO thin films reported. In addition, these car-
bonyl groups might minimize the sheet wrinkles, which
is known to create charge scattering centers that impacts
the electronic transport in graphene.

The average sheet resistance of the epoxy- and
hydroxyl-rich GO thin films were found as 4.56 x 1078 and
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Fig. 7. Raman spectra of carbonyl-, epoxy- and hydroxyl-rich
GO. All spectra were measured at room temperature with an
excitation laser of 633 nm. The spectra were normalized by the
D band intensity.

3.38 x 1078 Ohm/sq, respectively. Although it might be
surprising found even lower Rg (one order of magnitude)
for these samples than the one for the carbonyl-rich GO
thin films, their values agree with our UV-VIS data. From
these analyses we concluded that the epoxy- and hydroxyl-
rich samples have a more intact sp? structure and thus
an increased 7 electron concentration. Our XRD analyses
also confirmed these GOs are more structurally ordered
than the carbonyl one, though all of them present a high
oxidation degree. The standard deviations for six differ-
ent thin films of carbonyl-, epoxy- and hydroxyl-rich GOs
were determined as 1.32 x 1079, 2.32 x 1018 and 1.83 x
10*® Ohm/sq, respectively. Finally, the evaluation of the
electric properties of the as-prepared carbonyl-, epoxy-
and hydroxyl-rich GOs show that these samples have
different stoichiometries, despite being prepared using
modifications of the Hummers’ method.

4.5 Raman spectroscopy

Raman spectroscopy (RS) is one of the most important
non-destructive techniques to characterize carbon-based
nanomaterials, and it has been largely used to estimate the
degree of oxidation and the level of defects in GOs [89-
91]. Our carbonyl-, epoxy- and hydroxyl-rich GOs were
analyzed by RS in order to evaluate if some of their spec-
tral features could be related with their stoichiometry and
structural ordering. Figure 7 shows the Raman spectra of
the GOs samples, and as can be seen all spectra show
two prominent broad strong bands: D and G bands, cen-
tered around 1340 and 1600 cm™!, respectively. The D
band comes from the in-plane breathing-vibrational mode
of the hexagonal sp? carbon atoms [92,93], and its pres-
ence is related to a break in spatial symmetry due to
structural defects. In GO, these defects are usually oxy-
genated chemical functions, vacancies and holes. The G
band of GO samples are also broaden and blue shifted
when compared to the G band of pristine graphene [93],
which appears around 1580 cm 1. Cangado et al. [94] asso-
ciated the blue shift of the G band to the increase of the
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number sp? carbon atoms due to the oxygenated sites in
GO. Other works, L95797] explain this shift by the for-
mation of small sp? carbon islands (surrounded by sp?
defects) that vibrate in higher frequencies.

Both shift and broadening of the D and G bands
observed in Figure 7 confirm that our carbonyl-, epoxy-
and hydroxyl-rich GOs are highly disordered when com-
pared to pristine graphene and graphite. The peak posi-
tion found for the G band in our GOs agree with the one
reported by Kim et al. [22], in which it was showed that the
G band achieve a maximum position around 1596 cm™!
for highly oxidized graphene oxides.

Moreover, the ratio of the intensities between the D
and G bands (Ip/Ig) can be used to estimate the degree
of oxidation as well as the level of defects of GOs [98-100].
For GO and rGO, an increase in the oxidation degree as
well as in the quantities of permanent structural defects
lead to a decrease in the Ip/Ig ratio [3,94,101,102]. The
Ip /I ratios of our GO samples are 1.37, 1.42 and 1.46
for the carbonyl-, epoxy- and hydroxyl- rich GOs, respec-
tively. These values were obtained by taking the average
of 10 measurements. From these Ip/Ig values and using
the relation proposed by Cancado et al. [94], the average
distance between defects are in the range between 1.25
and 1.42 nm. Nevertheless, this analysis does not clearly
indicate differences in the degree of oxidation in GO sam-
ples, since the Ip /I ratios are quite similar. In addition,
our Raman analyses do not allow us to distinguish the
differences among the 7 electron concentration, as shown
in the UV-VIS spectra, in which the carbonyl-rich sample
presented the lowest absorption in the overall wavelength
range as a result of its sp? carbon islands diameter be
lower than the ones for epoxy- and hydroxyl-rich samples.

The full width at half maximum (FWHM) values of
their D and G bands were also determined. For the
D bands we obtained FWHM of 138.75, 130.66 and
132.31 cm~! for carbonyl-, epoxy- and hydroxyl-rich GOs.
In the case of G bands, the values were found as 90.36,
84.60 and 83.79 cm~! for carbonyl-, epoxy- and hydroxyl
samples. The FWHM of the G band increases with respect
to the oxidation degree of GO. Although the I'n /I ratio
values found for our samples did not show significative
differences, the FWHM of the D and G band of the
carbonyl-rich GO were found to be slightly higher than the
ones for the epoxy-and hydroxyl-rich samples. This trend
indicates that the carbonyl-sample is more structurally
defective than the other two GOs. In fact, its assumption
is in agreement with UV-VIS data and with the fact that
the carbonyl-rich GO were prepared in a strong oxidizing
medium than the epoxy- and hydroxyl-rich samples using
long time oxidation. A complete analyses of the oxidizing
media of all samples prepared in this work is presented in
the Supplementary Information.

5 Conclusions

In this work we investigated the fluctuations in the optical
bandgap in a series of GO prepared using modifications of
the Hummers’ method. The optical bandgaps were exper-
imentally determined from the GO aqueous dispersions
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using the Tauc’s plot. In addition, the electrical prop-
erties were evaluated, and our results showed that GO
with high quantities of carbonyl functions present lower
optical bandgaps, which were found to be around 3.20 +
0.02 eV. GO with lower quantities of carbonyl-functions
despite the high quantities of epoxy and hydroxyl ones
showed higher optical bandgaps. The highest value was
estimated in 3.72 + 0.05 eV for the hydroxyl-rich GO sam-
ple. Our work showed that the fluctuations in the optical
bandgaps reported for GOs do not come only from the size
of the sp? islands or due to their own oxidation degree,
but also from the stoichiometry of these materials. The
trend observed in our samples were also confirmed by the-
oretical calculations for GO coronene and circumcoronene
based models, in which the influence of each of the main
functional groups present in GO were investigated by the
HOMO-LUMO bandgap analyses. All results presented
and discussed herein can be used as a guide for future
engineering of the optical and electrical properties of GO
based-materials for specific applications.
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