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Graphene oxide (GO) is widely considered as a graphene precursor when chemically reduced. Nevertheless,
through the precise control of two parameters: lateral size and oxidation degree, GO can be useful in many
applications as modified graphene oxide or functional reduced graphene oxide. Commonly, the decrease in
GO lateral size, involves a change in the C/O ratio and therefore a modification in a large humber of
characteristics. Here, a simple but effective approach to synthesize GO with lateral dimensions below
100 nm and without modification of its chemical, optical and electronic features is presented. The use of
a sonifier at low temperature allows to rapidly reduce the lateral size in ~82% while preserving the C/O
ratio and consequently the chemical stability, the band gap, the electronic energy levels and the
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1. Introduction

Graphene holds a myriad of exceptional characteristics,
becoming one of the most promising two-dimensional mate-
rials. One of the most explored approaches to overcome the
major challenges of graphene's synthesis and processing is
through graphene oxide (GO). Basically, GO is a highly oxidized
graphene, exhibiting oxygen groups such as hydroxyl, carboxyl,
epoxy and carbonyl, described by the Lerf-Klinowski model.? As
expected, after its chemical reduction, GO is frequently
perceived as a precursor for graphene, rather than chemically
derived graphene** or reduced graphene oxide® (rGO). In this
context, the rGO synthesis through GO as an intermediate has
several advantages, being the two most important: scalability®
and simple further chemical modification ability of GO to
obtain functional rGO,*” for even wider range of properties and
applications than pure graphene.®

In this regard, it is also important to point out the two most
significant GO parameters such as: (i) lateral size, and (ii)
oxidation degree (C/O ratio). It has been reported that GO lateral
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dimensions around 100 nm improves significantly its
stability.”'® Moreover, the lateral size is especially important in
biomedical applications,”** as well for the optical and elec-
tronic properties.”>” Several studies have been conducted to
synthesize GO with lateral dimensions around 100 nm using
different techniques, such as ultrasonication and
milling,'>***41%1°  oxidation,***  ultracentrifugation,'>**>>?3
circular flow fractionation,* oxidation/centrifugation' and
filtration.”

A challenge arises when the lateral size of GO is intended to
decrease without modification of its chemical, optical and
electronic features. The second parameter, C/O ratio, is related
to the total number of functional groups in GO and therefore, is
considered as the oxidation degree. The C/O ratio is the most
crucial parameter because it simultaneously controls two
properties: electronic (i.e., band gap) and further chemical
functionality.>”*®* When the lateral size reduction process of GO
is prepared without considering a possible chemical reduc-
tion,'*'®?¢ it may lead into a different C/O ratio. Thus, rGO with
low solubility in a wide range of solvents is obtained, because of
the coexistence of remaining oxygen groups and the sp>
recovery in the structure.® As the aforementioned oxidation
degree is carefully taken into consideration in a lateral size
reduction process, allows further fine tuning when GO is
chemically reduced, i.e., rGO final surface chemistry and char-
acteristics through simple chemical techniques.®’

When both parameters are accurately controlled, is
possible to use GO not only as graphene precursor, but also in
different applications like biomedicine,""'®**?*” catalysis,*

polymer nanocomposites,***® adsorption,® electronics,*

This journal is © The Royal Society of Chemistry 2020
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organic solar cells,**** and specially in energy storage such as
supercapacitors, where if the precise C/O ratio and size can be
controlled, the small lateral size GO could be used in hierar-
chical structures.*>* Based on that, is crucial to control both
parameters, because if a lateral size reduction leads into a C/O
ratio modification on GO, it will affect the electronic proper-
ties, its solubility and further chemical functionalisation.
Herein, we report a simple but, highly effective approach to
synthesize GO around 100 nm in lateral size and high
concentration by means of ultrasound and low temperature
conditions, without change in the electronic properties and
excellent solubility in water.

2. Experimental
2.1 Materials

Graphite nanoparticles (GNPs) from ACS materials were used as
a starting material. Potassium permanganate (KMnO,), potas-
sium nitrate (KNOjy), hydrochloric acid (HCI 37.3%) and sulfuric
acid (H,SO, 98%) were purchased from CTR Scientific. Ethanol,
hydrogen peroxide (H,O, 30%) and methanol were purchased
from J.T. Baker. All the chemicals were used as received.
Deionized water (DI H,0) was employed for the complete
process.

2.2 Graphene oxide synthesis

The GO synthesis was performed from GNPs by a modified
Hummers' method as reported elsewhere.>*?* Briefly, 0.5 g of
GNPs were oxidized in 30 mL of H,SO, and 0.295 g of KNO;
with 3 g of KMnO, to achieve formation of Mn,0, complex.
The reaction was carried out for 6 hours, stirring the solution
at 450 rpm controlling the temperature below 15 °C. The
reaction was quenched with 100 mL of DI H,O and 6 mL of
H,0, 30%. Next, the obtained bright yellow dispersion
(graphite oxide) was centrifuged at 3500 rpm for 10 minutes to
remove the supernatant and 100 mL of HCI 10% were added to
the precipitate and centrifuged under the same conditions.
The washing process was repeated 3 times with DI H,O.
Afterwards, 80 mL of DI H,O were added, and the dispersion
was placed in the ultrasonic bath VWR Symphony Ultrasonic
Cleanser Model 97043-944 for 1 hour for exfoliation. Finally,
the supernatant in water dispersion was recovered, stored and
labelled as GO-0.

2.3 Graphene oxide lateral size reduction

The lateral size decrease of GO was achieved by a Branson
sonifier model SFX250, applying a 40% amplitude and
a controlled temperature of 18 °C. The procedure was per-
formed as follows: the starting GO dispersion (GO-0) was
diluted at [3 mg mL™'] and gauged to 10 mL followed by soni-
cation. Every 30 minutes for a lapse of 240 minutes, 1 mL of the
GO dispersion was taken and gauged at 10 mL in centrifuge
vials named as GO-30, GO-60, GO-90, GO-120 and GO-240,
referring to the time in the ultrasonic probe. Later, the disper-
sions were centrifuged at 3500 rpm for 1 hour to remove the less
stable GO, then the supernatant was analysed. The resulting
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yield after the size reduction and centrifugation was determi-
nate to be 90%.

2.4 Characterisation

The Scanning Electron Microscopy in Scanning Transmission
Electron Microscopy (STEM) mode was used for morphology
characterisation using a FEI Nova NanoSem200 equipment.
Diluted [0.1 mg mL~"] water dispersions were analysed by Zeta-
potential and Dynamic Light Scattering (DLS) Malvern Zetasizer
Nano S to determine stability and size distribution, respectively.

A dried sample by vacuum filtration at room temperature
was analysed by X-ray photoelectron spectroscopy (XPS), anal-
yses were carried out with a Thermo Scientific Escalab 250Xi
instrument. The base pressure during analysis was ~10~"°
mbar and the photoelectrons were generated with the AlKa
(1486.68 eV) X-ray source with monochromator and a spot size
of 650 um. The X-ray voltage and power were 14 kV and 350 W,
respectively. The acquisition conditions for the high-resolution
spectra were 20 eV pass energy, 45° take-off angle and 0.1 eV per
step. Selected high resolution region spectra were recorded
covering the Cl1s and O1s signals. The recorded photoelectrons
peaks were analysed with the Avantage software V 5.41.

A drop casting sample on a glass substrate was prepared
from the GO dispersion, in order to be analysed by Raman
spectroscopy which was performed on a confocal Raman
microscope alpha300R from WITec. A 50x objective was used
for all measurements and the system was used unpolarized with
a 2.33 eV laser. The laser power was reduced to avoid sample
damage. All spectra were gathered over 2 s exposures and 10
accumulations.

UV-Vis-NIR Cary 5000 was used for optical measurements in
diluted [0.1 mg mL '] water dispersions. An Electrochemical
Workstation CH-Instruments 650A was used to determine the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) levels. The cyclic voltam-
metry (CV) was carried out using a three-electrode cell with
a platinum wire as working electrode, as well as counter electrode
and Ag/Ag" as the reference electrode, prepared with an AgNO;
[0.1 M] aqueous solution, calibrated with ferrocene (Fc/Fc'). A
solution of tetrabutylammonium hexafluorophosphate (Bu,NPF)
[0.1 M] in anhydrous acetonitrile was used as the support elec-
trolyte. Prior to each measurement, N, was bubbled in the cell for
15 minutes to remove the oxygen. Afterwards, the needle was
placed over the solution and kept it there during the
measurements.

3. Theory: proposed lateral size
reduction mechanism

In this work, it was proposed to synthesize GO and afterwards
decrease the lateral size without compromising the C/O ratio and
therefore without affecting its chemical functionality and elec-
tronic properties. In this regard, we propose that the mechanism
must be different from the hot spot,'® where the final product is
reduced both chemically and in lateral size. The hot spot theory is
associated to an atomic reduction of GO by heat, in other words,
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Fig. 1 Morse potential energy curve for (a) H-H bonding and (b) C-C bonding.
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Fig. 2 Schematic representation of the size reduction mechanism in the x—y plane, without modification of the C/O ratio.
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Fig. 3 STEM micrographs of (a) the starting GO and (b) after 240 minutes treatment.

a chemical-thermal reduction, leading to a rGO and not to GO."®
In the present work, the mechanical anharmonicity behaviour,
was explored. Hereof, for a simple molecule, the homolytic
cleavage of a bond that defines the Bond Dissociation Energy
(BDE) is described in the Morse potentials, i.e., a mathematical
function that describes how the potential energy changes along
the coordinate for the internal motion. All these functions derive
from the bonding forces that hold the atoms together in the
molecule, by assuming that vibrational motion obeys Hooke's
law. The Morse potential describes bond-stretching vibrations: in
the y-axis, the potential energy in eV versus the internuclear
distance in the x-axis see Fig. 1.>%%

At small values of internuclear distance, the positive charges
on the two nuclei cause mutual repulsion, which progressively
increases the potential energy, preventing their approaching. At
large values of internuclear distance the molecule dissociates:
two neutral atoms are formed and, since they do not influence
each other, the force constant is zero and internuclear distance
can then be increased to infinity with no further change of the
potential energy. As one can see from the examples in Fig. 1, the
H-H bond can handle a higher distortion before the breakage,
when compared with the C-C bond. In this context, will be ex-
pected that the decrease in lateral size is carried out by the
breakage within the GO structure of the sp® bonding, i.e., the
lower BDE compared with the sp”. Nevertheless, by the control
of the low temperature, it is possible to avoid the modification
in the average C/O ratio, ie., preventing the thermal-chemical
reduction, as seen in Fig. 2.

Table 1 DLS average size-time dependent

Sample Time (min) Size (nm)
GO0 0 500

GO 30 30 144

GO 60 60 118

GO 90 90 108

GO 120 120 98

GO 240 240 86

This journal is © The Royal Society of Chemistry 2020

4. Results and discussion

In order to analyse the lateral size decrease, SEM in STEM
mode was used as well as DLS. Afterwards, to confirm that
lateral size modification did not lead to a chemical reduction,
XPS was performed to all the samples in order to compare the
chemical state and modifications of GO at the surface.
Optical characteristics were analysed by UV-Vis and refined
by Tauc plot. The electronic features such as the HOMO,
LUMO and electrical band gap was analysed by cyclic
voltammetry.

4.1 Lateral size determination

The STEM micrographs are presented in Fig. 3 for GO-0 and GO-
240, corresponding to the initial and the final samples, see all
pictures (at low and high magnifications) in Fig. S1 in the ESL.{
As one can see, the lateral size acquired from the STEM are
similar from the values obtained by DLS, presented in Table 1,
which is in agreement from previous works.»***>*
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Fig. 4 Lateral size obtained by dynamic light scattering versus applied
energy during sonication.
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Fig. 5 High resolution XPS Cl1s analysis of GOs at 0, 30, 60, 90, 120 and 240 minutes.

Table 2 C/O ratio from high-resolution XPS results and carbon—oxygen content from survey

Sample Time (min) C/O ratio Carbon (atomic%) Oxygen (atomic%)
GO-0 0 1.95 67.76 32.24

GO-30 30 1.96 68.4 31.6

GO-60 60 1.89 67.54 32.46

GO-90 90 1.89 66.45 33.55

GO-120 120 1.95 67.88 32.12

GO-240 240 2.01 68.36 31.64

29436 | RSC Adv, 2020, 10, 29432-29440 This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Raman spectra of GO at 0, 30, 60, 90, 120 and 240 minutes.

The average size obtained by DLS, is shown in the Table 1,
and the complete information from the technique can be found
in Fig. S2 in the ESLf{ Also, stability measurements by Zeta-
potential are presented in Fig. S3 in the ESL{

In order to analyse the relation between lateral size against the
applied energy during sonication, the plot in Fig. 4 shows the

View Article Online
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progression in size reduction depending on the energy during the
time of the experiment. It is clear that the major change in size is
achieved during the first stage of the experiment (first two hours),
however, based on the plot one can interpolate or extrapolate the
required energy in order to obtain a specific desired size. This
plateau behaviour could be explained by the depletion of sp®
breakage areas, confirming that the mechanism is related to the
lowest BDE by mechanical vibration.

4.2 XPS analysis

The chemical state of the synthesized materials was analysed
by X-ray photoelectron spectroscopy (XPS). The high resolu-
tion C1s were recorded from 279 eV to 298 eV and are pre-
sented in Fig. 5. The signal coming from all the GOs is
characterised of highly oxidized material, produced by C-C at
~284.5 eV, but also C-O and C=0 at ~286.7 eV and ~288.7 eV,
respectively.>3®

It is clear that there was a minor variation between the
samples (+£3%), as seen in Table 2, where the average value is

GO Tauc plot for indirect optical Eg

Ind w
o o

(ahv)%5(eVem-1)05
5: n

0 0.5 1 15 2 25 3 35 4 45 5 5.5 6 6.5 74
eV

Fig. 8 Tauc plot of GO, the extrapolation of the dotted tangent line,
intersect the x-axis defining the E9°* to 3 eV.
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Fig.7 UV-Vis spectra of GO-0, GO-30, GO-60, GO-90, GO-120 and GO-240. (a) Spectra from 220 to 800 nm, the green dotted arrow points
out a 412 nm onset. (b) The spectra are a zoom between 220 nm to 320 nm for a better appreciation of the overlap between each sample.
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1.94, which corresponds to a highly oxidized material. The C/O
ratio was calculated adding the area in the high-resolution C1s,
from the signals for the three species (C-C, C-O and C=0) and
then divided it by the area of C-O and C=0. However, also the
carbon and oxygen content per atomic percentage from the
survey is also included, see surveys in Fig. S4 in ESL}

4.3 Structural study by Raman spectroscopy

In order to compare the structural quality of the starting
material against the synthesized one, Raman spectra is pre-
sented in Fig. 6. It is well known that the particular dispersion
of m electrons in graphene offers a powerful and efficient
insight of their electronic properties, and therefore its struc-
tural crystallinity. It can be noticed that all spectra exhibit an
intense band from 1450-1660 cm™ ' corresponding to the G
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band, due vibrational E,, degenerative mode observed in sp®
carbons. Furthermore, an equal intense band is observed at
1260-1400 cm ™, assigned to the D band an is related to the
Ay mode.” The D peak is originated due the interaction
between phonons and defects, such as in-plane substitution
heteroatoms, vacancies, or grain boundaries. In this study, the
ratio between the D and G band are basically the same except
for the last sample, GO-240, which can be explained by an
increment in the number of grain boundaries attributed to the
smaller size.

4.4 Optical properties and optical band gap

The UV-Vis spectra for the DI H,O dispersions of GO-0, GO-30,
GO-60, GO-90, GO-120 and GO-240 is presented in Fig. 7. As one
can see, the spectrum is the same for all the samples, with the

Cyclic Voltammetry
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Fig.9 Voltamperograms of GO-0, GO-30, GO-60, GO-90, GO-120 and GO-240. The insets show the inflection points used as oxidation and

reduction onset.
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Table 3 HOMO-LUMO values for all the samples

Sample HOMO (eV) LUMO (eV)
GO-0 —6.69 —4.25
GO-30 —6.68 —4.20
GO-60 —6.67 —4.22
GO-90 —6.67 —4.23
GO-120 —6.66 —4.20
GO-240 —6.67 —4.23

typical® transitions T — w* and n — w* at 232 and 305 nm
indicating the absence of a chemical reduction process, despite
the fact that in previous reports'®***® the size reduction is
associated to a chemical reduction process. The optical band
gap (Eg™) stablished from the spectra in Fig. 7 (green dotted
arrow) is calculated with an onset of 412 nm, which corresponds
to 3 eV.

In order to analyse the indirect EgP* values with a more
precise approach, Tauc plots were performed using the UV-Vis
data which are shown in Fig. 5. The Tauc's relation®*** is
written below:

(chv)? = () — E, (1)

The Tauc's plot is constructed to determine the Eg** value,
extrapolating a tangent line (red dotted) to achieve intersection
with the x axis (E, in eV), as shown in Fig. 8, obtaining a value of
3 eV.

4.5 Electronic features: HOMO-LUMO levels and electronic
band gap

The analysis of energy levels corresponding to the HOMO and
the LUMO was performed by cyclic voltammetry, using the
oxidation onset (E,,) and reduction onset (E,.q) values obtained
from the voltamperograms. In Fig. 9 it is illustrated the vol-
tamperogram for all the samples. It is worth mentioning that,
the discontinuities at 0 V are inherent to the technique. First,
a swept from 0 V to 2 V and back to 0 V is done, followed by
a swept from 0 V to —2 V and back to 0 V. The current is in the
order of pA, so when it is normalized the effect on the discon-
tinuities become larger. However, the inflections on the plots
(pointed by black arrows in Fig. 9), are the more relevant
section. The HOMO and LUMO values were calculated with
reference against ferrocene using the following equations:***

Eyonmo = —(Eox + 5.13) €V @)

Erumo = —(Ereq +5.13) eV 3)

The HOMO-LUMO values obtained from eqn (2) and (3),
are —6.6 eV and —4.2 eV respectively, being 2.5 eV the elec-
tronic band gap (Egv), in accordance to previously reported
values.??%31:4%% These values measured by CV show differ-
ences compared to the EgP obtained from UV-Vis data. This
difference has been attributed to the intrinsic nature of the

This journal is © The Royal Society of Chemistry 2020
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methods per se used for the measurements, as previously re-
ported,*> Table 3 summarise the HOMO-LUMO estimated
values.

5. Conclusions

The graphene oxide lateral size decreases without compro-
mising other relevant parameters, such as C/O ratio, crystal-
linity and band gap was achieved. This easy method of synthesis
opens the opportunity to produce not only chemical derived
graphene, but also to synthesize specific functionalised gra-
phene oxide and reduced graphene oxide with a desired size for
a specific biomedical, films, sensors or photovoltaic applica-
tion. Moreover, the highly stable values for HOMO-LUMO
levels, band gap, structural and C/O ratio are highly desirable,
since facilitate further chemical modifications.
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