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Abstract: In this paper, we propose a facile approach to the management of graphene oxide (GO)
chemistry via its synthesis using KMnO4/K2Cr2O7 oxidizing agents at different ratios. Using
Fourier Transformed Infrared Spectroscopy, X-ray Photoelectron Spectroscopy, and X-ray Absorption
Spectroscopy, we show that the number of basal-plane and edge-located oxygenic groups can be
controllably tuned by altering the KMnO4/K2Cr2O7 ratio. The linear two-fold reduction in the num-
ber of the hydroxyls and epoxides with the simultaneous three-fold rise in the content of carbonyls
and carboxyls is indicated upon the transition from KMnO4 to K2Cr2O7 as a predominant oxidizing
agent. The effect of the oxidation mixture’s composition on the structure of the synthesized GOs
is also comprehensively studied by means of X-ray diffraction, Raman spectroscopy, transmission
electron microscopy, atomic-force microscopy, optical microscopy, and the laser diffraction method.
The nanoscale corrugation of the GO platelets with the increase of the K2Cr2O7 content is signified,
whereas the 10–100 µm lateral size, lamellar, and defect-free structure is demonstrated for all of the
synthesized GOs regardless of the KMnO4/K2Cr2O7 ratio. The proposed method for the synthesis
of GO with the desired chemistry opens up new horizons for the development of graphene-based
materials with tunable functional properties.

Keywords: graphene oxide; oxidation method; chemical composition management

1. Introduction

In recent years, graphene has attracted much attention from both experimental and
theoretical research groups due to its unique structural, mechanical, heat-conducting, and
electricity-conducting properties [1–5]. This makes graphene attractive for application in
various fields, such as microelectronics [6–10], sensors [11–15], biomedicine [16], and the
accumulation of electrical energy [17,18], etc.

It should be noted that the ideal graphene structure is not required in all potential
applications. An increasing number of studies have been devoted to the synthesis and
application of graphenes modified with organic groups and having a defect structure,
which—in many publications—are also called ‘functionalized graphenes’ or ‘chemically
modified graphenes’ (CMGs) [19–22]. One of the most important CMGs is graphene oxide
(GO), a nonstoichiometric derivative of graphene, the edges and surfaces of which are
covered with various oxygen-containing functional groups. The interest in GO is primarily
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due to the fact that it forms stable dispersions in water and a number of other polar solvents,
and can also be reduced by thermal or chemical action to a graphene-like material (reduced
graphene oxide, rGO) [23–27] with a given composition of organic groups. By controlling
the chemical composition, one can adjust the electronic structure of materials, their sorption
capacity, ability to electrical and thermal conductivity, affinity for composite components,
and ability to participate in ion exchange reactions and bind to various biological objects
(proteins, antibodies, aptamers, etc.). This opens up new opportunities to optimize the
physical properties of graphene for practical applications, and to form new graphene-based
smart materials.

Brodie, for the first time, synthesized GO by the treatment of graphite with a mix-
ture of HNO3 and KClO3, with the subsequent product isolation and re-treatment with
a reaction mixture several times. The thus-produced GO had low oxidation degree, and
was described by the formula C11H4O5 [28]. An application of the Staudenmaier method,
based on the use of concentrated H2SO4 as a reaction medium and an increased amount of
KClO3 [29,30], made it possible to achieve a high content of hydroxyl groups (C-OH) with
a small amount of the edge-located carbonyls (C=O) [31]. According to the X-ray photo-
electron spectroscopy data, the C/O ratio of the resulting product was 2.47. However, the
method turned out to be laborious and dangerous: despite only one stage being involved,
the addition of potassium chlorate lasted more than 1 week (due to the explosiveness of
the reaction mixture), and the released chlorine dioxide had to be removed with an inert
gas [29].

The classical method for the synthesis of GO is considered to be the method proposed
in 1958 by Hummers and Offeman [32]. The method is based on the application of a
concentrated H2SO4, NaNO3, and KMnO4 mixture at temperatures below 45 ◦C. The entire
oxidation process is completed within 2 h, and provides a higher oxidation degree (C/O
ratio 2.05) than the Staudenmaier method, along with a higher content of C=O groups
in the resulting GO [31]. In order to reduce the amount of the unoxidized fraction after
graphite oxidation via the Hummers method, Kovtyukhova et al. proposed, in 1999,
to pretreat graphite with a mixture of H2SO4, K2S2O8, and P2O5 at 80 ◦C for several
hours [33]. Modified Hummers methods are currently the most common way to synthesize
GO. The use of one of the most common modifications, the Marcano method [34], leads to
a product with an even higher oxidation state (C/O ratio 1.95) compared to other methods.
Furthermore, it contains an increased content of C-OH and C=O functional groups, with
the appearance of a noticeable amount of carboxyls (COOH) [31]. Other works on various
modifications of the Hummers method also suggest an increase in the amount of potassium
permanganate, and changes in temperature conditions and processing time, etc. [25–27].

In 2010, Chandra et al. [35] proposed an alternative approach for the synthesis of
GO by the replacement of KMnO4 with K2Cr2O7. Graphite was mixed with NaNO3 and
concentrated H2SO4 in an ice bath. Then, K2Cr2O7 was slowly added and kept under
stirring for 5 days at room temperature. In 2018, Martin Rosillo-Lopez and Christoph G.
Salzmann [36] presented an optimized technique for oxidizing graphite with K2Cr2O7.
The authors reduced the reaction time from 5 days to 20 h, and also showed that sodium
nitrate does not affect the reaction. A key feature of the GO obtained by the aforementioned
method is the many times higher content of the edge oxygen-containing groups, namely
carboxyls and ketones/aldehydes, with the simultaneous drastic decrease in the content of
the basal plane hydroxyl and epoxy (C-O-C) groups.

Furthermore, in order to obtain GO with various oxidation degrees, electrochemical
methods of oxidation of thermally-expanded graphite have been used [37,38]. Such meth-
ods are environmentally-friendly and fairly simple to implement; however, the functional
composition of the oxidation products obtained in the above articles has not been studied.

Despite these results, the question of a simple, scalable synthesis method of GO with
a given oxidation state (C/O ratio), a relative concentration of given oxygen-containing
groups, and the absence of contaminants remains open. Furthermore, for the relationship
between the parameters of synthesis and the chemistry of graphene oxide, in particular,
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the ratio of oxygen-containing groups on the surface and edges of the graphene layer
remains unclear.

In this article, we propose a novel approach for the synthesis of GO, which allows
the management of GO chemistry via the use of a combination of KMnO4 and K2Cr2O7
oxidizing agents. The novelty of the presented work is in a simple, previously-undescribed
approach to the production of GO with a controlled, predetermined functional composition
through the selection of the ratio of oxidants in the mixture directly in the process of GO
synthesis. It should be noted that the results obtained indicate the possibility of the fine
quantitative tuning of the content of basal-plane and edge-located functional groups of
GO. This is an excellent opportunity for the development of the field of functionalized
graphene compounds, as most of them are obtained from GO, and the possibilities of its
functionalization directly depend on its initial functional composition. Using a set of spec-
troscopic methods, we have studied in detail the interplay between the KMnO4/K2Cr2O7
ratio in the oxidizing mixture and the composition of basal-plane and edge-located oxygen-
containing groups. The structural, morphological, and optical features of the synthesized
GO samples due to the changes in the chemistry of the material have also been studied via
a set of microscopic methods, the laser diffraction method, and UV-Vis spectroscopy. Given
all of the results, the facile method for the one-step synthesis of CMGs with the desired
composition of oxygen-containing groups and optical properties is presented, opening
up new possibilities for advances in the optoelectronic (e.g., organic solar cells based on
rGO with covalent-bonded perovskite quantum dots) and electrochemical (batteries, li-ion
accumulators, hybrid supercapacitors) applications of graphene-related materials.

2. Materials and Methods
2.1. GO Synthesis

Graphite (EG-350-80, China), H2SO4 (92%, chemical grade, Sigmatec, Moscow, Rus-
sia), HCl (37%, chemical grade, Sigmatec, Moscow, Russia), H2O2 (30%, chemical grade,
Merck, Darmstadt, Germany), KMnO4 (chemical grade, Mosreaktiv, Moscow, Russia), and
K2Cr2O7 (chemical grade, Mosreaktiv, Moscow, Russia) were used for the GO synthesis.

The synthesis of the GO samples was carried out according to a method based on the
Hummers [32] and Rosillo-Lopez [36] methods. For the oxidation of graphite, a mixture
of KMnO4/K2Cr2O7 oxidizing agents in a different ratio was used. The proportion of
each oxidizing agent in the mixture was determined in accordance with the proportion of
the amount required for the complete oxidation of graphite. It is known [32,36] that the
complete oxidation of 1 g of graphite requires 3 g of KMnO4 or 7.5 g of K2Cr2O7. According
to our synthesis method, if the KMnO4/K2Cr2O7 ratio is 20:80, then the KMnO4 fraction
was calculated as 20 wt.% of 3 g, and the K2Cr2O7 fraction as 80 wt.% of 7.5 g. Thus, the
complete oxidation of such a sample requires 0.6 g of KMnO4 and 6 g K2Cr2O7. A set of six
samples denoted hereinafter as MC#1–MC#6 were synthesized with the KMnO4/K2Cr2O7
ratio varying from 0:100 to 100:0. Table 1 shows the composition of the samples, and the
oxidant ratios used for their synthesis.

Table 1. Composition of oxidizing agents used in the synthesis of the GO samples.

№ K2Cr2O7, g KMnO4, g K2Cr2O7:KMnO4

MC#1 0 3 0:100
MC#2 1.5 2.4 20:80
MC#3 3 1.8 40:60
MC#4 4.5 1.2 60:40
MC#5 6 0.6 80:20
MC#6 7.5 0 100:0

Each sample was synthesized as follows. In total, 1 g of graphite was added to a
cold 80% H2SO4 and stirred on a magnetic stirrer in an ice bath (T = 4 ◦C). Then, the
oxidizing agent or the mixture was added in small portions within 30 min. Afterwards, the
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reaction mixture was heated to 45 ◦C and stirred for two hours. After the completion of
the oxidation, hydrolysis was carried out by adding distilled H2O to the reaction mixture,
followed by adding 30% H2O2, in accordance with the Hummers method. The product
was washed with 2.5% HCl with the sequential centrifugation of the sample, decantation
of the solution, and dilution with a new portion of HCl until the estimated residual H2SO4
content in the sediment was less than 0.0001 wt.%. The final part of the washing was carried
out with distilled H2O via several cycles of centrifugation using a laboratory centrifuge
(SIGMA 8KS, Osterode am Harz, Germany) at 20,000× g acceleration, until the residual
HCl content in the sample was less than 0.001 wt.%. Then, the product was passed several
times through a mesh with a mesh size of 60 µm in order to remove unoxidized particles.

2.2. Characterization

The chemistry, morphology, and optical properties of the synthesized MC#1–MC#6
samples were analyzed by means of Fourier transformed infrared spectroscopy (FTIR),
X-ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS), laser diffrac-
tion (LD), X-ray diffraction (XRD), Raman Spectroscopy, UV–Vis spectroscopy, transmission
electron microscopy (TEM), atomic-force microscopy (AFM), and optical microscopy.

The Fourier transform infrared spectroscopy was carried out using an Infralum-08
IR spectrometer (InfraLUM, St. Petersburg, Russia) equipped with an attenuation of total
reflectance (ATR) attachment.

The X-ray photoelectron spectra were measured on the Russian–German channel of
the BESSY-II electron storage ring (Helmholtz-Zentrum Berlin, Berlin, Germany), using
an ultrahigh vacuum experimental station on the beam channel [39]. The survey X-ray
photoelectron spectra were measured at an excitation energy of 736 eV with a step of 0.5 eV,
200 µm slit width, and an energy pass value of 50 meV. The C 1s X-ray photoelectron
spectra were measured at the excitation energy of 850 eV with the step of 0.05 eV, a
200 µm slit width, and an energy pass value of 20 meV. The as-measured C 1s spectra were
further aligned with respect to the position of the reference Au 4f7/2 line (84.0 eV) and
deconvoluted with the use of CasaXPS@ software (Version 2.3.16Dev52, Casa Software
Ltd., Teignmouth, TQ14 8NE United Kingdom). The C 1s spectra were fitted by Shirley
background and a set of one asymmetric Doniach–Sunjic function (DS) and five symmetric
Gaussian-Lorentzian product functions of 70:30% ratio (GL (30)). A nonlinear least-squares
routine was applied in order to achieve the best agreement between the experimental
spectra and their fitting.

The XAS measurements were carried out within the range of 280–305 eV at a magic
angle (48◦), with a step of 0.1 eV in the total electron yield (TEY) mode realized by chang-
ing the energy of the incident photons and the simultaneous recording of the sample
drain current. The obtained spectra were further subjected to the standard procedure
of normalization and smoothing [40]. The samples for the FTIR, XPS, and XAS studies
were prepared by the drop-casting of 25 µL of the MC#1–MC#6 aqueous suspension of
0.05 wt.% concentration onto the surface of a silicon wafer, with subsequent drying at room
temperature overnight.

The size distribution of the GO platelets was estimated on the base of the LD mea-
surements of the MC#1–MC#6 aqueous suspensions of 0.01 wt.% concentration using a
Mastersizer 2000 (Malvern Panalytical, Malvern, United Kingdom) in accordance with the
procedure described by Rabchinskii et al. [41].

The X-ray diffraction (XRD) analysis was carried out by applying two geometries to
thoroughly investigate the structural parameters of the studied GOs. In order to acquire the
detailed information on the staking order, XRD measurements with the reflection geometry
were carried out using an URD-6 X-ray diffractometer (Seifert FPM GmbH, Freiberg,
Germany). GO papers of ~1–5 µm of thickness were studied during these measurements.
The GO papers were obtained by drying 5 mL of the corresponding GO suspensions
1.1 wt.% in concentration overnight at room temperature. At the same time, in order
to study the in-plane imperfections in the layers of the studied GOs, additional XRD
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measurements with the transmission geometry were performed, using instrumentation
for single-crystal X-ray diffraction analysis, namely a Bruker Smart Apex Duo (Bruker,
Karlsruhe, Germany). For these measurements, free-standing GO films of 200–300 nm
thickness with a lateral size of several millimeters were fixed on the cactus needle using
nitrocellulose lacquer and placed within the aperture of the X-ray beam. The GO films
were manufactured analogously to the procedure described for the FTIR, XPS, and XAS
studies. The XRD patterns were acquired at different angles between the samples’ normal
surface and the direction of the X-ray beam, lying within the range from 15◦ to 75◦. Thus,
the acquired sets of the 2D XRD patterns were further recalculated into 2θ data.

The Raman spectra were obtained on a Centaur U HR Raman spectrometer (Nano
Scan Technologies LLC, Dolgoprudny, Russia) at an excitation length of 532 nm at several
points for each sample. The samples for the Raman studies were prepared analogously to
the ones for the XPS and FTIR studies.

The UV-Vis optical density spectra of the MC#1–MC#6 aqueous suspensions of
0.01 wt.% of concentration were measured using a Shimadzu-2450 spectrophotometer
(Shimadzu, Kyoto, Japan) in the range of 190–800 nm, with a 1 nm step and a quartz
cuvette with a 1 mm optical path.

The AFM images were taken with a Solver P47 AFM instrument (NT-MDT, Zelenograd,
Russia) in the semi-contact mode at a scan rate of 0.5 Hz. Silicon TESPA-V2 probes (Bruker,
Carteret, NJ, USA) with nominal resonant frequency of 300 kHz and a nominal tip radius
of 10 nm were used. Samples for the AFM imaging were prepared by the drop casting of a
GO water suspension with a concentration of 0.001 wt.% on a silicon substrate, and further
drying at room temperature on the air. The set of three samples for each GO were studied
in order to obtain statistics on the number of layers and detailed data on the morphology
for the synthesized materials.

The TEM images and the corresponding selective area electron diffraction (SAED)
patterns were acquired using a Jeol JEM-2100F electronic microscope (JEOL, Akishima,
Tokyo, Japan), operating at accelerating voltage of 200 kV, with a point resolution of 0.19 nm.
The samples for the TEM and ED studies were prepared by the deposition of MC#1–MC#6
films by dip-coating the TEM Cu grid (300 Mesh) in the corresponding aqueous suspension
of 5·10−4 wt.% concentration.

From the moment the synthesis started and throughout it, a sample was taken every
30 min in order to study the ongoing processes using an optical microscope. The optical
microscopy images were obtained by a POLAR 3 optical microscope (Micromed, Shenzhen,
China). The samples for the optical microscopy were prepared by the drop casting of a
20 µL reaction mixture probe with a 20 µL of distilled H2O onto a glass substrate. The set
of 100 images for each GO on each time point were studied in order to obtain detailed data
on the synthesis process. The complete hydrolysis and washing of the samples from the
components of the reaction mixture were deliberately not carried out. This made it possible
to observe the processes occurring in the original layered non-exfoliated structure.

3. Results and Discussion
3.1. FTIR Analysis

In order to obtain data on the chemistry of MC#1–MC#6 samples, FTIR analysis was
performed. The obtained spectra (Figure 1a) were consistent with the literature data on
the FTIR studies of GO [42–44]. At the same time, a difference in the spectra of the GO
synthesized with the different KMnO4/K2Cr2O7 ratio was indicated. A distinguishable
peak near ṽ = 1225 cm−1, corresponding to epoxy groups, was present only in the spectra
of samples MC#1 and MC#2. Similarly, the intensity of the peaks near ṽ = 1060 cm−1 and
ṽ = 980 cm−1, attributed to hydroxyls and lactols, respectively, decreases progressively
from MC#1 to MC#6. This was accompanied by the reduction of the absorption band
positioned at ṽ = 1620 cm−1, and is commonly attributed to the interlayer water [42].
Combined, these changes indicate a drastic decrease in the content of the basal plane
oxygenic groups upon the decrease of the KMnO4/K2Cr2O7 ratio.
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On the other hand, the band at ṽ = 1720 cm−1—attributed to carboxyl groups [44]—
rises, and the sharp peak at ṽ = 1580 cm−1 related to conjugated C=C bonds appears and
progressively intensifies with the increase of the K2Cr2O7 rate in the oxidizing mixture
(Figure 2b). This suggests the extension of the overall area of the unoxidized sp2-domains
and functionalization of graphene edges with carboxyls at a higher content of K2Cr2O7 as
an oxidizing agent.
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3.2. XPS and XAS Analysis

The assertions made on the basis of the FTIR studies were further supported by the
XPS and XAS data. Figure 2a displays the survey X-ray photoelectron spectra of the
MC#1–MC#6 samples. Only the C 1s and O 1s core level signals at the binding energies
of hv = 284.7 eV and hv = 532.1 eV, respectively, are observed in the acquired Survey
spectra. The spectral lines at hv = 100.3 eV and hv = 150.5 eV correspond to Si 2p and Si
2s signals from the substrate, respectively. At the same time, no signals attributed to the
elements of the reaction mixture, namely S 2p (hv = 167.1 eV), K 2p (hv = 293–296 eV),
Cr 2p (hv = 575–580 eV), and Cl 2p (hv = 195–200 eV), can be distinguished. This points
out the high purity of the synthesized GOs, with a content of impurities less than 0.1
at.%. As the O 1s core level signal is also affected by the contribution from the interlayer
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and adsorbed water, the detailed data on the C/O ratio as well as the composition of the
oxygenic groups was obtained by the further analysis of the processed high-resolution C
1s spectra (Figure 2b).

Six peaks, corresponding to either carbon atoms in non-functionalized areas of
the graphene network (peaks C-V at hv = 283.7 eV, C=C at hv = 284.6 eV, and C-C at
hv = 285.1 eV) or carbon atoms bonded with the oxygenic groups (peaks C-OH&C-O-C at
hv = 286.7 eV, C=O at hv = 288.2 eV, and COOH at hv = 289.0 eV) can be discerned in the C 1s
spectra after deconvolution. The origin of the peak C-V is still debated, being related either
to the presence of carbohydrate groups (C-H/C-H2) or non-terminated carbon atoms at the
edges of the vacancy defects [45]. At the same time, peaks C=C and C-C are well-known
components in the C 1s spectra of graphitic materials, and correspond to the sp2-hybridized
π-bonded carbon atoms, and the carbon atoms of the distorted lattice with a single σ-bond,
respectively [46,47]. The asymmetrical shape of the C=C peak is due to the screening effect
of the π-conjugated system, appearing upon the photoionization of the electrons of the
sp2-hybridized carbon atoms [48].

Three peaks—C-OH&C-O-C, C=O, and COOH—correspond to the basal-plane hy-
droxyls and epoxides, edge-located carbonyls, and edge-located carboxyls, respectively [49].
The presented C 1s spectra clearly demonstrate the progressive reduction of the C-OH&C-
O-C peak, with the simultaneous rise of the C=O and COOH peaks upon the transition
from the KMnO4 to K2Cr2O7 as a main oxidizing agent. This is accompanied by the cor-
responding changes in the C K-edge X-ray absorption spectra of MC#1–MC#6 samples
displayed in Figure 2c. The drastic growth of the peak at hv = 288.8 eV corresponding to
π*-resonance in the C=O and COOH groups is observed with the simultaneous diminishing
of a spectral feature at hv = 289.6 eV, which is commonly attributed to the σ*-resonance of
C-O bonds in basal-plane groups [21].

For a more detailed analysis, the data of the C 1s spectra were subjected to quantitative
analysis, the results of which are shown in Table 2. According to the obtained data, the
amount of basal C-OH and C-O-C groups on the surface decreases almost linearly by two
times, from 40.69 at.% for MC#1 to 21.87 at.% for MC#6 (Figure 3). Conversely, the number
of carboxyl groups demonstrates a monotonous rise from about 0.1 at.% in MC#1 to almost
5 at.% in MC#6 with the reduction of the KMnO4/K2Cr2O7 ratio. Thus, the FTIR, XPS,
and XAS data collectively point out the possibility to accurately tune the composition of
the basal-plane (C-OH&C-O-C) and edge-located (C=O, COOH) oxygenic groups by the
alteration of the oxidizing mixture’s composition. One of the side results of this process is
the increase of the C/O ratio from 2.26 in MC#1 to the highest value of 2.92 in MC#5. A
slight reduction of the C/O ratio in MC#6 and the overall still-high oxidation degree of
the synthesized GOs are due to the aforementioned rise in the content of carboxyls. This
oxygenic group carries two O atoms per one C atom, and thus has the strongest impact
on the value of the C/O ratio compared to the moieties. Accordingly, an increase in the
number of carboxyls will dominate the effect from the other oxygenic groups’ reduction in
terms of the C/O ratio value, replacing its rise by diminishing. Such an effect can be seen
in the case of the MC#5 and MC#6 samples: the prominent rise of the content of carboxyls
from 3.32 at.% to 4.94 at.% prevails over the slight diminishing in the content of hydroxyls
and epoxides from 22.38 at.% to 21.87 at.%, forcing the C/O ratio to reduce from 2.92 to
2.62 (Table 2).
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Table 2. C/O ratio, and the composition of the functional groups and carbon atoms in the graphene
network (in at.%) in the MC#1–MC#6 films derived from the analysis of the deconvoluted C 1s X-ray
photoelectron spectra.

Component C-V C=C C-C C-OH &
C-O-C >C=O COOH C/O

Ratio

Binding
Energy (eV) 283.7 284.6 285.1 286.8 288.2 289.0

MC#1 5.83 47.9 2.11 40.69 3.47 <0.10 2.26
MC#2 2.55 49.94 4.59 35.30 6.98 0.64 2.29
MC#3 2.58 56.26 4.73 29.41 5.18 1.84 2.61
MC#4 3.02 57.84 4.93 27.77 4.74 1.70 2.81
MC#5 2.83 58.09 8.09 22.38 5.29 3.32 2.92
MC#6 5.99 52.44 8.34 21.87 6.42 4.94 2.62
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3.3. Optical Microscopy and Laser Diffraction Analysis

Besides the effect on the composition of oxygenic groups, the changes in the KMnO4/
K2Cr2O7 ratio were also demonstrated to modify the morphology and structure of the
synthesized material. Figure 4 displays the optical photos of the MC#1–MC#6 platelets
at different times of oxidation and after hydrolysis. The oxidation process for sample
MC#1 with pure KMnO4 proceeded according to the classical oxidation model proposed
by Dimiev and Tour [50]. According to it, the oxidation of graphite starts from the edges,
protrudes to the center, and proceeds according to the diffusion mechanism. As the particles
of the used graphite are rather large (the average size is 400–500 µm), a significant amount
of under-oxidized particles remain in the mixture after the end of the reaction. They are
indicated by a dark core area (insufficiently oxidized graphene layers; the ‘under-oxidized’
phase) and an almost transparent shell of well-oxidized areas of graphene layers (Figure 4,
MC#1, 120 min). The simultaneous presence of an under-oxidized center and well-oxidized
shell results, in particular, in the break off of the GO platelets at the edges and the slight
decrease of their size to 250–350 µm. This originates from the high mechanical stress arising
at the core/shell interface, due to the opposition of rather densely-packed graphite sheets
in the under-oxidized intercalated region, bound by van der Waals forces, and already
extremely-oxidized sheets in the shell, which are inevitably repulsed by the same negative
charge oxygen-containing groups on the surface of each of them.
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Figure 4. Optical images of the MC#1–MC#6 GO synthesis process every 30 min during the 2 h of
the reaction time, from the initial graphite in H2SO4 to the final product before purification.

It should be noted that at the stage of observing the process of the reaction by means
of optical microscopy, the complete hydrolysis and washing of the samples from the
components of the reaction mixture were not carried out intentionally. The study of the
synthesis process in dynamics by means of optical microscopy can be carried out only
by observing the evolution of the layered structure, which is destroyed when the GO is
removed from the acidic medium due to the dissociation of oxygen-containing groups on
the surface of each layer and the Coulomb repulsion of equally-charged GO sheets. Close
attention was paid to the large particles, as the differences in the ongoing processes and
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the type of their development are most clearly visible on them. In addition, the complete
hydrolysis and washing of the samples lead to the destruction of large particles, and the
average particle size significantly decreases when going from the layered to the monolayer
form of GO (Figure 5).
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Approximately the same situation is observed for sample MC#2, for which the fraction
of K2Cr2O7 during oxidation is still minor compared to the fraction of KMnO4. In samples
MC#3 and MC#4, at the initial stages, flakes with a core-shell structure were also observed.
However, the shape of the particles differed significantly from the initial one. Many ragged
edges of an acute-angled shape appeared, replacing rounded boundaries, and the particle
size continued to decrease. In addition, a characteristic feature of these samples was the
presence of a large number of expanded layered worm-shaped particles (Figure 4, MC#3,
60 min; MC#4, 120 min). The proportion of visually under-oxidized particles decreased at
earlier stages (Figure 4, 120 min for MC#3 and 60–90 min for MC#4).

For the samples MC#5 and MC#6 during the first hour of the reaction, a large number
of expanded layered particles were also observed. Particles with a dark center were
also present in the MC#6 sample obtained by oxidation only with K2Cr2O7. However, a
distinctive feature of these particles was the absence of a clearly defined core/shell interface.
After 90 min of the process, the core practically disappeared, and the amount of visually
under-oxidized particles decreased drastically. By 120 min, it was almost impossible to find
particles with a pronounced dark core in samples MC#5 and MC#6, whereas the lateral
size of the GO platelets decreased to 50–250 µm.

Two distinctive areas, referring to the predominant influence of KMnO4 and K2Cr2O7
on the graphite oxidation process, can be distinguished in Figure 4. They are separated
by a hypothetical diagonal from the MC#5 image at 30 min to the MC#2 image at 120 min.
Using such a scheme, it can be seen that the predominant effect of each of the oxidants is
proportional to its fraction in the oxidizing mixture. With a decrease in the proportion of
one of the components of the oxidizing mixture, its consumption occurs at shorter time
intervals, and the course of the process shifts to one which is characteristic of another
oxidizer, the fraction of which is higher.

The analysis of the optical images in combination with the data on the chemical
analysis of the obtained samples allowed us to conclude that the mechanism of graphite
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oxidation using K2Cr2O7 differs significantly from the oxidation by KMnO4 [50]. The diffu-
sion mode is not typical for the sample obtained by oxidation with K2Cr2O7. The dominant
process is the exfoliation and refinement of graphite particles under the action of K2Cr2O7.
Owing to these factors, the oxidation predominantly proceeds at the edges of the exfoliated
graphene platelets, leading to the formation of edge-located carboxyls and carbonyls. At
the same time, the formation of basal-plane hydroxyls and epoxides is suppressed, re-
sulting in the retention of large areas of the unfunctionalized sp2-conjugated graphene
network. However, a more detailed study of the oxidation mechanism and chemical
processes occurring under the influence of K2Cr2O7 on graphite requires deeper research.

Figure 5 displays the LD data on the size distribution of the synthesized GOs. No
significant differences in the particle size of the GO samples of different chemical compo-
sition can be observed. The size distributions for all of the samples demonstrate a single
maximum in the range of 10–30 µm, with a gradual decrease in a fraction of platelets up
to a size of 150 µm. However, it should be noted that particles < 1 µm are not correctly
diagnosed by the LD method, which is seen by a sharp decrease in the size distribution at
small values of particle sizes. This is due to the peculiarities of the mathematical processing
of diffraction patterns within the framework of the model used in laser diffraction analysis
of particles [43]. Small particles exhibit a less-resolved scattering pattern, with broadband
maxima in the range of angles from 0 to 90◦. The scattering pattern becomes a smooth curve
without any detectable features in the range of lateral sizes of less than 1 µm. Consequently,
it is extremely difficult to detect the presence of small particles in the diffraction patterns of
polydisperse systems, even in the multimodal model. Thus, the changes in the fraction of
small (100 nm–1 µm) GO platelets in MC#1–MC#6 is still under question.

3.4. Raman Spectra and XRD Patterns

The morphological and structural features of the synthesized MC#1–MC#6 GOs were
further investigated via a set of methods, including Raman spectroscopy and XRD. The
Raman spectra of GOs synthesized with different KMnO4/K2Cr2O7 ratios demonstrate
almost no differences (Figure 6b). Two major bands at ṽ = 1350 cm−1 and ṽ = 1610 cm−1 are
presented in all of the Raman spectra, corresponding to those commonly observed in the
graphene-related materials D band and G band, respectively. The former is related to lattice
disorder, particularly the distortion of carbon bonds and the corrugation of the graphene
net, whereas the G band refers to the in-plane stretching of the graphene lattice [51,52]. For
all of the studied GOs, the ID/IG ratio lies within the range of 0.95–0.97, with no detectable
shifts in the position of the D band and G band. The position and relative intensity of the
second-order bands—namely the 2D band (ṽ = 2685 cm−1), D+D’ band (ṽ = 2935 cm−1)
and 2D’ band (ṽ= 3202 cm−1)—also remains unchanged. These facts suggest the absence of
significant changes in the morphology of GO platelets synthesized with KMnO4/K2Cr2O7
ratio, namely the overall extent of the edges and number of wrinkles and folds [22].
However, the alterations in the nanostructure of the MC#1–MC#6 samples can also be
hindered in the Raman spectra by the effect of the number of layers in the studied films, as
well as the dominating contribution of the edges and oxidized areas of the GO platelets.
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MC#1, MC#3, and MC#6 in the XRD patterns measured using the reflection and transmission geometry are equal.

This is signified by a thorough examination of the structure and morphology of the
MC#1–MC#6 samples via X-ray diffraction analysis. Figure 6b displays the XRD patterns
of all of the GO samples. An intense and narrow maximum at 2θ = 11◦ was observed in the
XRD pattern of MC#1, which refers to a diffraction reflection from the (00.2) planes with
a basal spacing (dbasal) of 7.8 Å. This value is consistent with the published data for GO
synthesized via the Hummers method [53], originating from the presence of basal-plane
groups and coordinated interlayer water molecules. Upon the increase of the K2Cr2O7
ratio, the 00.2 diffraction maximum demonstrates a slight shift to higher angles, reaching
2θ = 13◦ for the MC#3. This value corresponds to the interlayer distance of dbasal = 6.8 Å.
Such an evolution of the XRD pattern indicates the reduction of the interlayer spacing
due to the decrease in the number of basal-plane oxygenic groups in accordance with the
FTIR and XPS data. However, with the further increase of the K2Cr2O7 ratio, the 00.2
diffraction maximum begins to shift back to smaller angles, almost reaching the initial
value of 11◦. For the MC#6 sample, the 00.2 diffraction maximum is located at 2θ = 12.2◦,
which corresponds to dbasal = 7.2 Å. Besides the established absence of the restacking of
the graphene layers commonly observed for the rGOs with the appearance of the typical
XRD maximum at 2θ = 25–26.4◦ [54], the revealed inverted shift of the 00.2 maximum
in the series of MC#4–MC#6 samples asserts that the boost in the number of carboxyls
results in the distortion and corrugation of the graphene layers. This would explain the
reverse increase of the interlayer distance, even though the number of basal-plane oxygenic
moieties was reduced.

Such an assertion is supported by the analysis of the evolution of the 00.2 diffraction
maximum, as well as the 2D diffraction maxima 10 and 11 signified in the XRD patterns of
MC#1, MC#3, and the MC#6 samples measured by applying the transmission geometry
(Figure 6b, Inset). The appearance and parameters of the asymmetrical 10 and 11 diffraction
maxima in the vicinity of the hk.0 reflections of graphite (commonly denoted as hk indices)
are determined by the rotational and translational disorder (‘turbostratic’ disorder) in the
stacking of the hexagonal carbon layers (graphenes) [55,56]. Thus, changes in these XRD
maxima allow it to signify the alterations in the morphology of the graphene layers.

In the MC#1-MC#3 samples, only proportional changes in the intensity of the 00.2, 10
and 11 diffraction maxima were observed, with no modification of their shape. Although
the half-width of the 00.2 diffraction maximum remains unaltered, giving the value of an
average lateral size of the coherent scattering region (CSR) for 00.2 reflections of about 6 nm,
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the half-width of the 11 diffraction maximum increases with the corresponding reduction
of the CSR11 value from 9 nm to 7 nm. In turn, in the case of the MC#4-MC#6 samples, the
00.2 XRD maximum demonstrates substantial diminishing in comparison to the 10 and 11
maxima. At the same time, for these maxima, changes in the asymmetrical shape along
with a significant broadening are indicated. The CSR00.2 and CSR11 values for the MC#6
samples were reduced to 2–3 nm. Such a modification of the 10 and 11 XRD maxima amid
the absence of valuable changes of the lateral size of the GOs’ platelets can originate only
from the appearance of nanoscale defects, such as vacancies and nanometer-sized holes.

3.5. Morphology: TEM Images and SAED Patterns

The increase in the extend of structural disorder of GO sheets along the MC1–MC6
row is also evidenced by TEM studies. Figure 7 shows the representative low magnification
TEM micrographs of the MC#1–MC#6 GO platelets and corresponding SAED patterns.
The MC#1–MC#3 samples exhibit a continuous defect-free lamellar structure. No holes
or rips are indicated in the arrays of TEM images acquired for each sample. On the other
hand, the distortion of the graphene layer and progressive formation of the sub-nanometer
holes can be indicated in the TEM images of MC#4–MC#6, particularly in the latter sample.
Particularly, the comparison of the TEM images of the MC#1 and MC#6 samples with a
higher number of areas of different contrast in the latter also hints at this suggestion.
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patterns were acquired using a selective aperture with an 100 nm effective diameter.

Analogously, the ED patterns demonstrate the decrease of the structural order of the
graphene sheets as a function of the KMnO4/K2Cr2O7 ratio. All of the GOs’ ED patterns
are represented by one or several sets of hexagonally arranged diffraction spots. In the
case of MC#1 sample, the ED pattern was acquired from the multilayer area of the sample,
which is indicated by the presence of a set of hexagonal diffraction patterns rotated relative
to each other. The estimated number of layers is about five or six, which coincides with
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the value of CSR00.2 calculated from the XRD patterns: six GO layers with the interlayer
distance of 7.8 Å gives about 5.4 nm, comparable with the 6 nm of the calculated CSR00.2.
For all of the other samples, the ED patterns were measured in the monolayer areas of the
deposited GO layers.

Upon moving from MC#1 to MC#6, the gradual blurring of the diffraction spots
was observed. In the ED pattern of MC#6, the diffraction spots almost merge into a ring-
shaped diffraction pattern. Such a transformation of ED pattern is commonly attributed
to rotational deformations in the structure and its nanoscale corrugation, as the imaged
graphene sheets become not perfectly perpendicular to the electron beam [57]. Furthermore,
diffraction spots and rings become more diffuse, and broaden. These imply the reduction
of the dimensions of the defect-free crystalline regions with the reduction of the long-range
order in the plane of a sheet, with the graphene layers steadily transforming to a nano-
domain structure. The results of the ED analysis coincide with the conclusions made from
the XRD analysis, indicating the self-consistency of such an interpretation of the changes in
the morphology of GO with the increase of the K2Cr2O7 ratio in the oxidizing mixture.

We assert that the alterations in the morphology and nanostructure of the GO layers
with the increase of the K2Cr2O7 ratio originates from the higher reactivity of this oxidizing
agent. This results in the formation of vacancies and subnanometer holes during the
oxidation, rather than the formation of basal-plane hydroxyls and epoxides observed in the
case of KMnO4. Note that the presence of a high number or vacancies and subnanometer
holes is also asserted by the growth of the relative content of C-V and C-C components in
the C 1s X-ray photoelectron spectra upon the transition from MC#1 to MC#6. Apparently,
the edge sites of the graphene layer at these defects are terminated by the carboxyls and
carbonyls, the number of which substantially increases from MC#1 to MC#6. Owing to
spatial constraints, these oxygenic groups begin to have an out-of-plane orientation [21],
leading to the additional distortion and corrugation of the graphene layer. Thus, collectively,
the XRD, TEM, and SAED data imply that the oxidation of GO with high K2Cr2O7 ratios in
the reaction mixture results in the structural disorder of the graphene layers, expressed by
the formation of the in-plane nanoscale defects inevitably accompanied by the out-of-plane
sheet structural variations.

Despite the discussed modifications in the nanostructure from MC#1 to MC#6, the
GO platelets for all of the studied samples retain a lamellar structure. This is indicated by
the acquired AFM images displayed in Figure 8. The analysis of the height profile shows
that the thickness of the monolayer GO platelets—regardless the synthesis method—is
0.7–0.9 nm. The obtained values agree with the literature values [58–60]. Only in several
samples were a few layered structures found, which was associated with the aggregation
or self-assembly of two or three layers of GO during the drying process at the preparation
of the samples for measurements.

3.6. UV-Vis Spectroscopy

In order to additionally investigate the effect of the oxidation with the different
KMnO4/K2Cr2O7 ratios on the properties of the synthesized GOs, we performed a com-
parative study of the UV-Vis spectra of MC#1–MC#6 aqueous suspensions of 0.01 wt.%
concentration (Figure 9). All of the presented UV-Vis spectra are governed by the main ab-
sorption peak at λ = 230 nm and a shoulder at λ = 300 nm, which is commonly attributed to
the π-π* electronic transitions of C=C bonds and n-π* electronic transitions in chromophore
C=O/COOH groups [61,62]. At the same time, a monotonously-decreasing absorption in
the visible range of spectra (λ = 400–800 nm) is due to the π-π* interband transitions in the
sp2-domains, the size of which regulates the bandgap [63], and thus the absorbance at a
certain wavelength.
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According to the measured UV-Vis spectra, MC#1 exhibits the most pronounced
peak at λ = 230 nm, and an almost complete absence in the absorbance in the visible
region. This correlates with the highest oxidation degree and content of the basal-plane
oxygenic groups—hence the smallest size of the sp2-domains—embedded within the
matrix of the functionalized graphene network. Upon the reduction of the KMnO4 ratio
and the increase of the K2Cr2O7 content with the corresponding diminishing of the number
of basal-plane oxygenic groups (Table 2), the intensity of the peak at λ = 230 nm and
overall absorption in the near UV and visible regions increase. The overall absorption in
the visible range continues to rise with the increase of the K2Cr2O7 ratio (MC#4–MC#6),
resulting in an almost five-fold enhancement of the optical absorbance in MC#6 compared
to MC#1 (Figure 9, inset). However, the rise of the peak at λ = 230 nm becomes replaced
by its diminishing. Moreover, despite the more than three-fold increase in the number of
the carboxyls and carbonyls from MC#1 to MC#6, the absorption band at λ = 300 nm—
attributed to the electronic transitions in these oxygenic functionalities—also diminishes.
These results make the commonly-used interpretation of the peaks at λ = 230 nm and λ =
300 nm strongly debated, in accordance with the results of Smirnov et al. [64]. We assert
that both of these absorption bands have a more complex nature, not related only to optical
transitions in certain chromophore groups or molecular fragments of the graphene oxide
network but originating from the peculiarities of its electronic structure, particularly the
electronic levels of the carbon atoms at the sp2–sp3 interfaces [65], and the formation and
evolution of the localized π-plasmons and σ-excitons [66]. Hence, further studies devoted
to the interplay between the chemistry and optical properties of GO and other CMGs
are needed.

4. Conclusions

In this paper, we demonstrated for the first time an approach for the management
of GO chemistry via the use of KMnO4/K2Cr2O7 oxidizing agents at different ratios.
The almost linear dependence of the content of the basal-plane hydroxyls/epoxides and
the edge-located carbonyls/carboxyls on the KMnO4 to K2Cr2O7 ratio was indicated.
Combined with almost two-fold change in the number of hydroxyls/epoxides and the three-
fold change in the number of carbonyls/carboxyls upon the transition from the KMnO4 to
K2Cr2O7 as a predominant oxidizing agent, the proposed approach is asserted to allow the
synthesis of GOs with the desired composition of oxygenic groups. The modification of the
GO chemistry is suggested to arise from the difference in the mechanisms of the oxidation
of graphite with K2Cr2O7 and KMnO4 indicated by the studies by Optical microscopy
during the oxidation process. In comparison to the well-known diffusion-based mechanism
of graphite oxidation by KMnO4, the reactions lying behind the graphite treatment with
K2Cr2O7 require further studies.

Beside the alteration of the chemistry, no significant changes in the lateral size, mor-
phology, or defectiveness of the synthesized GOs were indicated. Only the nanoscale
corrugation of the GO layers upon their oxidation predominantly by K2Cr2O7 was demon-
strated by means of TEM and ED analysis. This effect is likely to arise due to the presence
of vacancy defects and the low number of basal-plane groups, which at a large content
compensate the out-of-plane distortions of the graphene lattice induced by each other.
The studies of the UV-Vis spectra of the synthesized GOs, having a different content of
chromophore carbonyl/carboxyl groups and π-conjugation rate, also revealed several
contradictions with the current model of the optical absorbance in GO. These results point
out the predominant role of the GO electronic structure with the influence of excitonic and
plasmonic states on the optical absorption of GO, rather than the effect of optical transitions
in the chromophore groups.

Given these results, a facile and easily-scalable method for the low-cost bulk-quantity
production of GOs with the desired chemistry and optical properties is proposed, opening up
new horizons for the application of graphene-based materials in a wide field of applications.



Nanomaterials 2021, 11, 915 17 of 19

Author Contributions: M.V.G., M.K.R., and V.P.M. primarily designed the study and supervised the
experimental research; K.A.S. performed the synthesis of the GOs, and prepared the samples for the
further studies; the XPS and XAS measurements were conducted by M.V.G., M.K.R., D.Y.S., D.A.S.
and M.V.B.; the FTIR and UV-Vis spectra were acquired by M.K.R., and A.D.T.; the LD analysis was
performed by A.D.T.; the XRD data were acquired by D.P.S. and M.V.B.; L.A.S. collected the TEM
images and electron diffraction patterns; V.A.T., K.A.S., and M.V.G. obtained the AFM images; I.A.K.
carried out the Raman spectroscopy studies; K.A.S. and M.V.G. collected the optical images and
carried out the analysis of the data; K.A.S., M.V.G., and M.K.R. co-wrote the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: The reported samples synthesis and TEM, UV-Vis analysis in Sections 3.5 and 3.6 was
funded by RFBR, project number 20-33-90278. M.V.G. thanks the Program of Fundamental Researches
of the Russian Academy of Sciences (project no. 0082-2019-0008) for their financial support of FTIR,
Optical microscopy, LD studies in Sections 3.1 and 3.3. V.A.T. thanks the Program of Fundamental
Researches of the Russian Academy of Sciences (project no. 0082-2019-0012) for their financial support
of AFM study in Section 3.5. The work of M.K.R., M.V.B., D.Y.S., and I.A.K. on the XPS, Raman, and
XRD studies in Sections 3.2 and 3.4 was supported by the Russian Foundation for Basic Research
(grant no. 20-04-60458).

Data Availability Statement: The data presented in this study are available on request from the
first author.

Acknowledgments: M.V.G., M.K.R., D.Y.S., and M.V.B. thank Helmholtz-Zentrum Berlin (HZB) for
the allocation of synchrotron radiation beamtime and Russian-German Laboratory at HZB (Germany)
for the financial support of their XPS and XAS measurements. D.Y.S. thanks for support the NRC
‘Kurchatov Institute’. The authors are grateful to Kirilenko D.A. for help during the TEM and ED
measurements. The work was partially carried out in the Joint Research Center ‘Materials science
and characterization in advanced technology’ (Ioffe Institute, St. Petersburg, Russia).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Papageorgiou, D.G.; Kinloch, I.A.; Young, R.J. Mechanical properties of graphene and graphene-based nanocomposites. Prog.

Mater. Sci. 2017, 90, 75–127. [CrossRef]
2. McChesney, J.L.; Bostwick, A.; Ohta, T.; Seyller, T.; Horn, K.; González, J.; Rotenberg, E. Extended van Hove singularity and

superconducting instability in doped graphene. Phys. Rev. Lett. 2010, 104, 136803. [CrossRef] [PubMed]
3. Geim, A.K. Graphene: Status and prospects. Science 2009, 324, 1530–1534. [CrossRef] [PubMed]
4. Du, X.; Skachko, I.; Duerr, F.; Luican, A.; Andrei, E.Y. Fractional quantum Hall effect and insulating phase of Dirac electrons in

graphene. Nature 2009, 462, 192–195. [CrossRef] [PubMed]
5. Berger, C.; Song, Z.; Li, X.; Wu, X.; Brown, N.; Naud, C.; Mayou, D.; Li, T.; Hass, J.; Marchenkov, A.N.; et al. Electronic confinement

and coherence in patterned epitaxial graphene. Science 2006, 312, 1191–1196. [CrossRef] [PubMed]
6. Bondavalli, P. Graphene, microelectronics/nanoelectronics, and more than moore. In Graphene and Related Nanomaterials; Elsevier:

Cambridge, MA, USA, 2018; pp. 157–169.
7. Sengupta, J.; Hussain, C.M. Graphene and its derivatives for analytical lab on Chip platforms. TrAC Trends Anal. Chem. 2019, 114,

326–337. [CrossRef]
8. Torrisi, F.; Carey, T. Graphene, related two-dimensional crystals and hybrid systems for printed and wearable electronics. Nano

Today 2018, 23, 73–96. [CrossRef]
9. Lin, S.; Lu, Y.; Xu, J.; Feng, S.; Li, J. High performance graphene/semiconductor van der Waals heterostructure optoelectronic

devices. Nano Energy 2017, 40, 122–148. [CrossRef]
10. Robinson, J.T.; Zalalutdinov, M.; Baldwin, J.W.; Snow, E.S.; Wei, Z.; Sheehan, P.; Houston, B.H. Wafer-scale reduced graphene

oxide films for nanomechanical devices. Nano Lett. 2008, 8, 3441–3445. [CrossRef]
11. Goyal, D.; Mittal, S.K.; Choudhary, A.; Dang, R.K. Graphene: A two dimensional super material for sensor applications. Mater.

Today Proc. 2021, 43, 203–208. [CrossRef]
12. Fowler, J.D.; Allen, M.J.; Tung, V.C.; Yang, Y.; Kaner, R.B.; Weiller, B.H. Practical chemical sensors from chemically derived

graphene. ACS Nano 2009, 3, 301–306. [CrossRef] [PubMed]
13. Schedin, F.; Geim, A.K.; Morozov, S.V.; Hill, E.W.; Blake, P.; Katsnelson, M.I.; Novoselov, K.S. Detection of individual gas

molecules adsorbed on graphene. Nat. Mater. 2007, 6, 652–655. [CrossRef]
14. Zhu, Y.; Yu, L.; Wu, D.; Lv, W.; Wang, L. A high-sensitivity graphene ammonia sensor via aerosol jet printing. Sens. Actuators A

Phys. 2021, 318, 112434. [CrossRef]

http://doi.org/10.1016/j.pmatsci.2017.07.004
http://doi.org/10.1103/PhysRevLett.104.136803
http://www.ncbi.nlm.nih.gov/pubmed/20481902
http://doi.org/10.1126/science.1158877
http://www.ncbi.nlm.nih.gov/pubmed/19541989
http://doi.org/10.1038/nature08522
http://www.ncbi.nlm.nih.gov/pubmed/19829294
http://doi.org/10.1126/science.1125925
http://www.ncbi.nlm.nih.gov/pubmed/16614173
http://doi.org/10.1016/j.trac.2019.03.015
http://doi.org/10.1016/j.nantod.2018.10.009
http://doi.org/10.1016/j.nanoen.2017.07.036
http://doi.org/10.1021/nl8023092
http://doi.org/10.1016/j.matpr.2020.11.637
http://doi.org/10.1021/nn800593m
http://www.ncbi.nlm.nih.gov/pubmed/19236064
http://doi.org/10.1038/nmat1967
http://doi.org/10.1016/j.sna.2020.112434


Nanomaterials 2021, 11, 915 18 of 19

15. Kim, Y.; Kim, T.; Lee, J.; Choi, Y.S.; Moon, J.; Park, S.Y.; Lee, T.H.; Park, H.K.; A Lee, S.; Kwon, M.S.; et al. Tailored graphene
micropatterns by wafer-scale direct transfer for flexible chemical sensor platform. Adv. Mater. 2021, 33, e2004827. [CrossRef]
[PubMed]

16. Liu, Z.; Robinson, J.T.; Sun, X.; Dai, H. PEGylated nanographene oxide for delivery of water-insoluble cancer drugs. J. Am. Chem.
Soc. 2008, 130, 10876–10877. [CrossRef]

17. Ye, M.; Zhang, Z.; Zhao, Y.; Qu, L. Graphene platforms for smart energy generation and storage. Joule 2018, 2, 245–268. [CrossRef]
18. Dong, Y.; Wu, Z.-S.; Ren, W.; Cheng, H.-M.; Bao, X. Graphene: A promising 2D material for electrochemical energy storage. Sci.

Bull. 2017, 62, 724–740. [CrossRef]
19. Lonkar, S.P.; Deshmukh, Y.S.; Abdala, A.A. Recent advances in chemical modifications of graphene. Nano Res. 2015, 8, 1039–1074.

[CrossRef]
20. Yu, W.; Sisi, L.; Haiyan, Y.; Jie, L. Progress in the functional modification of graphene/graphene oxide: A review. RSC Adv. 2020,

10, 15328–15345. [CrossRef]
21. Rabchinskii, M.; Varezhnikov, A.; Sysoev, V.; Solomatin, M.; Ryzhkov, S.A.; Baidakova, M.; Stolyarova, D.Y.; Shnitov, V.; Pavlov,

S.S.; Kirilenko, D.; et al. Hole-matrixed carbonylated graphene: Synthesis, properties, and highly-selective ammonia gas sensing.
Carbon 2021, 172, 236–247. [CrossRef]

22. Rabchinskii, M.K.; Ryzhkov, S.A.; Kirilenko, D.A.; Ulin, N.V.; Baidakova, M.V.; Shnitov, V.V.; Pavlov, S.I.; Chumakov, R.G.;
Stolyarova, D.Y.; Besedina, N.A.; et al. From graphene oxide towards aminated graphene: Facile synthesis, its structure and
electronic properties. Sci. Rep. 2020, 10, 1–12. [CrossRef] [PubMed]

23. Gudkov, M.V.; Gorenberg, A.Y.; Shchegolikhin, A.N.; Shashkin, D.P.; Mel’Nikov, V.P. Explosive reduction of graphite oxide by
hydrazine vapor at room temperature. Dokl. Phys. Chem. 2018, 478, 11–14. [CrossRef]

24. Gudkov, M.V.; Bazhenov, S.L.; Bekhli, L.S.; Mel’Nikov, V.P. Explosive reduction of graphite oxide. Russ. J. Phys. Chem. B 2018, 12,
860–868. [CrossRef]

25. Shin, H.; Kim, K.K.; Benayad, A.; Yoon, S.; Park, H.K.; Jung, I.; Jin, M.H.; Jeong, H.; Kim, J.M.; Choi, J.; et al. Efficient reduction of
graphite oxide by sodium borohydride and its effect on electrical conductance. Adv. Funct. Mater. 2009, 19, 1987–1992. [CrossRef]

26. Pei, S.; Zhao, J.; Du, J.; Ren, W.; Cheng, H.-M. Direct reduction of graphene oxide films into highly conductive and flexible
graphene films by hydrohalic acids. Carbon 2010, 48, 4466–4474. [CrossRef]

27. Moon, I.K.; Lee, J.; Ruoff, R.S.; Lee, H. Reduced graphene oxide by chemical graphitization. Nat. Commun. 2010, 1, 73. [CrossRef]
28. Lee, R. XIII. On the atomic weight of graphite. Philos. Trans. R. Soc. Lond. 1859, 149, 249–259. [CrossRef]
29. Staudenmaier, L. Verfahren zur Darstellung der Graphitsäure. Berichte der Dtsch. Chem. Ges. 1898, 31, 1481–1487. [CrossRef]
30. Staudenmaier, L. Verfahren zur Darstellung der Graphitsäure. Berichte der Dtsch. Chem. Ges. 1899, 32, 1394–1399. [CrossRef]
31. Chua, C.K.; Sofer, Z.; Pumera, M. Graphite oxides: Effects of permanganate and chlorate oxidants on the oxygen composition.

Chem. A Eur. J. 2012, 18, 13453–13459. [CrossRef]
32. Hummers, W.S.; Offeman, R.E. Preparation of graphitic oxide. J. Am. Chem. Soc. 1958, 80, 1339. [CrossRef]
33. Kovtyukhova, N.I.; Ollivier, P.J.; Martin, B.R.; Mallouk, T.E.; Chizhik, S.A.; Buzaneva, E.V.; Gorchinskiy, A.D. Layer-by-layer

assembly of ultrathin composite films from micron-sized graphite oxide sheets and polycations. Chem. Mater. 1999, 11, 771–778.
[CrossRef]

34. Marcano, D.C.; Kosynkin, D.V.; Berlin, J.M.; Sinitskii, A.; Sun, Z.; Slesarev, A.; Alemany, L.B.; Lu, W.; Tour, J.M. Improved
synthesis of graphene oxide. ACS Nano 2010, 4, 4806–4814. [CrossRef]

35. Chandra, S.; Sahu, S.; Pramanik, P. A novel synthesis of graphene by dichromate oxidation. Mater. Sci. Eng. B 2010, 167, 133–136.
[CrossRef]

36. Rosillo-Lopez, M.; Salzmann, C.G. Detailed Investigation into the Preparation of Graphene Oxide by Dichromate Oxidation.
ChemistrySelect 2018, 3, 6972–6978. [CrossRef]

37. Díez-Pascual, A.M.; Sainz-Urruela, C.S.; Vallés, C.; Vera-López, S.; Andrés, M.P.S. Tailorable synthesis of highly oxidized graphene
oxides via an environmentally-friendly electrochemical process. Nanomaterials 2020, 10, 239. [CrossRef] [PubMed]

38. Sainz-Urruela, C.; Vera-López, S.; Andrés, M.P.S.; Díez-Pascual, A.M. Graphene oxides derivatives prepared by an electrochemical
approach: Correlation between structure and properties. Nanomaterials 2020, 10, 2532. [CrossRef] [PubMed]

39. Molodtsov, S.L.; Fedoseenko, S.I.; Vyalikh, D.V.; Iossifov, I.E.; Follath, R.; Gorovikov, S.A.; Brzhezinskaya, M.M.; Dedkov, Y.S.;
Püttner, R.; Schmidt, J.-S.; et al. High-resolution Russian–German beamline at BESSY. Appl. Phys. A 2008, 94, 501–505. [CrossRef]

40. Stöhr, J. NEXAFS Spectroscopy; Springer Series in Surface Sciences; Springer: Berlin/Heidelberg, Germany, 1992; Volume 25, ISBN
9783540544227.

41. Rabchinskii, M.K.; Saveliev, S.D.; A Ryzhkov, S.; Nepomnyashchaya, E.K.; Pavlov, S.I.; Baidakova, M.V.; Brunkov, P.N. Establishing
the applicability of the laser diffraction technique for the graphene oxide platelets lateral size measurements. J. Phys. Conf. Ser.
2020, 1695, 012070. [CrossRef]

42. Acik, M.; Lee, G.; Mattevi, C.; Pirkle, A.; Wallace, R.M.; Chhowalla, M.; Cho, K.; Chabal, Y. The Role of oxygen during thermal
reduction of graphene oxide studied by infrared absorption spectroscopy. J. Phys. Chem. C 2011, 115, 19761–19781. [CrossRef]

43. Cheng, H.; Huang, Y.; Cheng, Q.; Shi, G.; Jiang, L.; Qu, L. Self-Healing graphene oxide based functional architectures triggered by
moisture. Adv. Funct. Mater. 2017, 27, 1703096. [CrossRef]

44. Acik, M.; Lee, G.; Mattevi, C.; Chhowalla, M.; Cho, K.; Chabal, Y.J. Unusual infrared-absorption mechanism in thermally reduced
graphene oxide. Nat. Mater. 2010, 9, 840–845. [CrossRef] [PubMed]

http://doi.org/10.1002/adma.202004827
http://www.ncbi.nlm.nih.gov/pubmed/33215741
http://doi.org/10.1021/ja803688x
http://doi.org/10.1016/j.joule.2017.11.011
http://doi.org/10.1016/j.scib.2017.04.010
http://doi.org/10.1007/s12274-014-0622-9
http://doi.org/10.1039/D0RA01068E
http://doi.org/10.1016/j.carbon.2020.09.087
http://doi.org/10.1038/s41598-020-63935-3
http://www.ncbi.nlm.nih.gov/pubmed/32327708
http://doi.org/10.1134/S0012501618010037
http://doi.org/10.1134/S199079311805007X
http://doi.org/10.1002/adfm.200900167
http://doi.org/10.1016/j.carbon.2010.08.006
http://doi.org/10.1038/ncomms1067
http://doi.org/10.1098/rstl.1859.0013
http://doi.org/10.1002/cber.18980310237
http://doi.org/10.1002/cber.18990320208
http://doi.org/10.1002/chem.201202320
http://doi.org/10.1021/ja01539a017
http://doi.org/10.1021/cm981085u
http://doi.org/10.1021/nn1006368
http://doi.org/10.1016/j.mseb.2010.01.029
http://doi.org/10.1002/slct.201801594
http://doi.org/10.3390/nano10020239
http://www.ncbi.nlm.nih.gov/pubmed/32013166
http://doi.org/10.3390/nano10122532
http://www.ncbi.nlm.nih.gov/pubmed/33348545
http://doi.org/10.1007/s00339-008-4916-1
http://doi.org/10.1088/1742-6596/1695/1/012070
http://doi.org/10.1021/jp2052618
http://doi.org/10.1002/adfm.201703096
http://doi.org/10.1038/nmat2858
http://www.ncbi.nlm.nih.gov/pubmed/20852618


Nanomaterials 2021, 11, 915 19 of 19

45. Blume, R.; Kidambi, P.R.; Bayer, B.C.; Weatherup, R.S.; Wang, Z.-J.; Weinberg, G.; Willinger, M.-G.; Greiner, M.; Hofmann, S.;
Knop-Gericke, A.; et al. The influence of intercalated oxygen on the properties of graphene on polycrystalline Cu under various
environmental conditions. Phys. Chem. Chem. Phys. 2014, 16, 25989–26003. [CrossRef] [PubMed]

46. Fan, X.; Peng, W.; Li, Y.; Li, X.; Wang, S.; Zhang, G.; Zhang, F. Deoxygenation of exfoliated graphite oxide under alkaline
conditions: A green route to graphene preparation. Adv. Mater. 2008, 20, 4490–4493. [CrossRef]

47. Li, Y.; Chen, H.; Voo, L.Y.; Ji, J.; Zhang, G.; Zhang, G.; Zhang, F.; Fan, X. Synthesis of partially hydrogenated graphene and
brominated graphene. J. Mater. Chem. 2012, 22, 15021–15024. [CrossRef]

48. Darmstadt, H.; Roy, C. Surface spectroscopic study of basic sites on carbon blacks. Carbon 2003, 41, 2662–2665. [CrossRef]
49. Rabchinskii, M.K.; A Ryzhkov, S.; Gudkov, M.V.; Baidakova, M.V.; Saveliev, S.D.; Pavlov, S.I.; Shnitov, V.V.; A Kirilenko, D.;

Stolyarova, D.Y.; Lebedev, A.M.; et al. Unveiling a facile approach for large-scale synthesis of N-doped graphene with tuned
electrical properties. 2D Mater. 2020, 7, 045001. [CrossRef]

50. Dimiev, A.M.; Tour, J.M. Mechanism of graphene oxide formation. ACS Nano 2014, 8, 3060–3068. [CrossRef]
51. Kudin, K.N.; Ozbas, B.; Schniepp, H.C.; Prud’Homme, R.K.; Aksay, I.A.; Car, R. Raman spectra of graphite oxide and functional-

ized graphene sheets. Nano Lett. 2008, 8, 36–41. [CrossRef]
52. Sreeprasad, T.S.; Samal, A.K.; Pradeep, T. Tellurium nanowire-induced room temperature conversion of graphite oxide to leaf-like

graphenic structures. J. Phys. Chem. C 2009, 113, 1727–1737. [CrossRef]
53. Xue, Y.; Zhu, L.; Chen, H.; Qu, J.; Dai, L. Multiscale patterning of graphene oxide and reduced graphene oxide for flexible

supercapacitors. Carbon 2015, 92, 305–310. [CrossRef]
54. Rabchinskii, M.K.; Dideikin, A.T.; Kirilenko, D.A.; Baidakova, M.V.; Shnitov, V.V.; Roth, F.; Konyakhin, S.V.; Besedina, N.A.;

Pavlov, S.I.; Kuricyn, R.A.; et al. Facile reduction of graphene oxide suspensions and films using glass wafers. Sci. Rep. 2018, 8,
1–11. [CrossRef]

55. Warren, B.E. X-ray diffraction in random layer lattices. Phys. Rev. 1941, 59, 693–698. [CrossRef]
56. Ruland, W.; Smarsly, B. X-ray scattering of non-graphitic carbon: An improved method of evaluation. J. Appl. Crystallogr. 2002,

35, 624–633. [CrossRef]
57. Kirilenko, D.A.; Dideykin, A.T.; Van Tendeloo, G. Measuring the corrugation amplitude of suspended and supported graphene.

Phys. Rev. B Condens. Matter. Mater. Phys. 2011, 84, 235417. [CrossRef]
58. Liu, Z.; Rios-Carvajal, T.; Ceccato, M.; Hassenkam, T. Nanoscale chemical mapping of oxygen functional groups on graphene

oxide using atomic force microscopy-coupled infrared spectroscopy. J. Colloid Interface Sci. 2019, 556, 458–465. [CrossRef]
59. Krishnamoorthy, K.; Veerapandian, M.; Yun, K.; Kim, S.-J. The chemical and structural analysis of graphene oxide with different

degrees of oxidation. Carbon 2013, 53, 38–49. [CrossRef]
60. Liu, Z.; Nørgaard, K.; Overgaard, M.H.; Ceccato, M.; Mackenzie, D.M.; Stenger, N.; Stipp, S.L.; Hassenkam, T. Direct observation

of oxygen configuration on individual graphene oxide sheets. Carbon 2018, 127, 141–148. [CrossRef]
61. Eda, G.; Chhowalla, M. Chemically derived graphene oxide: Towards large-area thin-film electronics and optoelectronics. Adv.

Mater. 2010, 22, 2392–2415. [CrossRef]
62. Kumar, P.V.; Bardhan, N.M.; Tongay, S.; Wu, J.; Belcher, A.M.; Grossman, J.C. Scalable enhancement of graphene oxide properties

by thermally driven phase transformation. Nat. Chem. 2014, 6, 151–158. [CrossRef]
63. Chien, C.-T.; Li, S.-S.; Lai, W.-J.; Yeh, Y.-C.; Chen, H.-A.; Chen, I.-S.; Chen, L.-C.; Chen, K.-H.; Nemoto, T.; Isoda, S.; et al. Tunable

photoluminescence from graphene oxide. Angew. Chem. Int. Ed. 2012, 51, 6662–6666. [CrossRef] [PubMed]
64. Smirnov, V.A.; Denisov, N.N. Photoreduction of graphite oxide. In Innovative Graphene Technologies: Developments, Characterization

and Evaluation; Rapra-Smithers Press: Shawbury, UK, 2013; pp. 43–54. ISBN 1847359663.
65. Robertson, J.; O’Reilly, E.P. Electronic and atomic structure of amorphous carbon. Phys. Rev. B 1987, 35, 2946–2957. [CrossRef]

[PubMed]
66. Zhu, X.; Su, H. Exciton characteristics in graphene epoxide. ACS Nano 2014, 8, 1284–1289. [CrossRef] [PubMed]

http://doi.org/10.1039/C4CP04025B
http://www.ncbi.nlm.nih.gov/pubmed/25356600
http://doi.org/10.1002/adma.200801306
http://doi.org/10.1039/c2jm32307a
http://doi.org/10.1016/S0008-6223(03)00325-7
http://doi.org/10.1088/2053-1583/ab9695
http://doi.org/10.1021/nn500606a
http://doi.org/10.1021/nl071822y
http://doi.org/10.1021/jp8084777
http://doi.org/10.1016/j.carbon.2015.04.046
http://doi.org/10.1038/s41598-018-32488-x
http://doi.org/10.1103/PhysRev.59.693
http://doi.org/10.1107/S0021889802011007
http://doi.org/10.1103/PhysRevB.84.235417
http://doi.org/10.1016/j.jcis.2019.08.089
http://doi.org/10.1016/j.carbon.2012.10.013
http://doi.org/10.1016/j.carbon.2017.10.100
http://doi.org/10.1002/adma.200903689
http://doi.org/10.1038/nchem.1820
http://doi.org/10.1002/anie.201200474
http://www.ncbi.nlm.nih.gov/pubmed/22623281
http://doi.org/10.1103/PhysRevB.35.2946
http://www.ncbi.nlm.nih.gov/pubmed/9941778
http://doi.org/10.1021/nn404563k
http://www.ncbi.nlm.nih.gov/pubmed/24460400

	Introduction 
	Materials and Methods 
	GO Synthesis 
	Characterization 

	Results and Discussion 
	FTIR Analysis 
	XPS and XAS Analysis 
	Optical Microscopy and Laser Diffraction Analysis 
	Raman Spectra and XRD Patterns 
	Morphology: TEM Images and SAED Patterns 
	UV-Vis Spectroscopy 

	Conclusions 
	References

