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Abstract
Electrochemical exfoliation is an efficient and scalable method to obtain liquid-phase graphene. Graphene in solution, obtained
through electrochemical exfoliation or other methods, is typically polydisperse, containing particles of various sizes, which is not
optimal for applications. We employed cascade centrifugation to select specific particle sizes in solution and prepared thin films
from those graphene particles using the Langmuir–Blodgett assembly. Employing centrifugation speeds of 3, 4, and 5 krpm, further
diluting the solutions in different volumes of solvent, we reliably and consistently obtained films of tunable thickness. We show
that there is a limit to how thin these films can be, which is imposed by the percolation threshold. The percolation threshold is quantitatively compared to results found in literature that are obtained using other, more complex graphene film fabrication methods,
and is found to occur with a percolation exponent and percolative figure of merit that are of the same order as results in literature. A
maximum optical transparency of 82.4% at a wavelength of 660 nm is obtained for these films, which is in agreement with earlier
works on Langmuir–Blodgett assembled ultrasonic-assisted liquid-phase exfoliated graphene. Our work demonstrates that films that
are in all respects on par with films of graphene obtained through other solution-based processes can be produced from inexpensive
and widely available centrifugal post-processing of existing commercially available solutions of electrochemically exfoliated
graphene. The demonstrated methodology will lower the entry barriers for new research and industrial uses, since it allows
researchers with no exfoliation experience to make use of widely available graphene materials.
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Introduction
The interest in graphene and other 2D materials keeps growing,
especially since the initial delve into fundamental properties
was augmented with an outlook towards potential applications
[1]. Over the past decades, a great number of different methods
for the synthesis of graphene and other 2D materials has been
proposed, including micromechanical cleavage [2], chemical
vapor deposition (CVD) [3-7], epitaxial growth on different
substrates [8,9], and the chemical reduction of graphene oxide
(GO) [10,11]. In 2008, production of graphene by liquid-phase
exfoliation (LPE) of graphite through sonication of graphite
powder in N-methylpyrrolidone (NMP) was first proposed by
Coleman et al. [12] as a synthesis method with high potential
for scaling. Since then, LPE has developed into a common,
highly scalable method for graphene synthesis in liquid media.
This method is used for the production of 2D nanosheets with
lateral sizes ranging from 100 nm to 100 µm and thicknesses in
the range of 1–10 layers, in a range of different liquids, at a
wide range of concentrations [13,14].
The mechanism of ultrasonic exfoliation involves ultrasonic
waves in liquid media creating bubbles or voids in the liquid,
which generate shear forces or cavitation bubbles upon
collapsing, which then break up the bulk 2D materials into
mono- and few-layer nanosheets [15,16]. The choice of solvent
for LPE is made based on surface energy considerations, compatible solvents include NMP, dimethylformamide (DMF),
N,N-dimethylacetamide (DMA), γ-butyrolactone (GBL), 1,3dimethyl-2-imidazolidinone (DMEU), and ortho-dichlorobenzene (o-DCB) [12,17,18]. Exfoliation in NMP has led to minimally oxidized graphene sheets with approximately 28% monolayer flakes, and more than 75% of sheets with a thickness of
less than six layers [12].
An alternative to LPE that has subsequently been developed is
electrochemical exfoliation, whereby graphene is exfoliated in
an electrolyte from an electrode made of graphite [19]. In electrochemical exfoliation, ions from the electrolyte flow towards
the graphite electrode and intercalate between the graphene
layers. The electrochemical reaction provides a driving force to
break van der Waals forces, leading to exfoliation [20]. Electrochemical exfoliation offers an alternative to LPE that is both
scalable and widely available. It has been used to make
graphene for various applications, including energy storage
[21,22].
Both ultrasound-assisted LPE and electrochemical exfoliation
result in solutions that contain flakes of different sizes, that is,
the solutions are polydisperse. Polydispersity is a significant
problem regarding the use of solution-processed graphene,
because many applications are size-dependent. On the one hand,

for example, for use in composites, flakes with lateral sizes
larger than 1 µm are preferred [23]. On the other hand, thinner
(thus also laterally smaller [24]) flakes have a higher transparency, with potential use in transparent conductors. Size
selection of 2D material flakes in solution has thus become a
key challenge for the practical use of solution-processed 2D
materials [24,25].
The flake size can either be controlled during exfoliation or
selected after exfoliation. Processing parameters that control
flake size during exfoliation include the choice and concentration of solvent [25], a process control alternating sonication
with shear mixing [26], or the duration of exfoliation [27].
Using LPE for 2D materials that are size-selected during exfoliation limits their use to research groups with expertise in this
method. After exfoliation, sizes can be selected by centrifugal
processing, which narrows the nanosheet size and thickness distribution, depending on the centrifugation parameters. However,
it is important to consider the impact of buoyant density and
drag coefficient of the materials, as well as the viscosity of the
solvent and many other parameters to achieve the desired
results [28]. It was demonstrated by Coleman et al. that controlled centrifugation can be used for the selection of liquidphase exfoliated graphene dispersions with mean flake sizes in
the range from 1 to 3.5 µm [29]. Since centrifugation is a much
more facile process than exfoliation, and centrifuges are widely
available, post-exfoliation size selection is the route to take
towards the mass use of 2D materials in solution.
Although size selection through post-processing with cascade
centrifugation has been demonstrated in the context of ultrasonic LPE materials [30,31], to the best of our knowledge, the
method has not been applied to electrochemically exfoliated
graphene, nor have thin films made from dispersions following
size selection through centrifugation been studied for their optoelectronic properties. Here, we present size selection through
cascade centrifugation of commercially obtained electrochemically exfoliated graphene. We follow the Langmuir–Blodgett
(LB) method to deposit graphene flakes from solution as
uniform thin films. LB has proven to be a method that yields
reliable graphene films that have been used as transparent conductors [27,32-34] and gas sensors [35,36]. By measuring
optical transmittance and electrical resistance of the deposited
films, we find a tradeoff between transparency and electrical
performance for applications in transparent conductors. We
demonstrate that, below a certain critical thickness, graphene
films deposited with LB reach a percolation limit, which
imposes a minimum achievable film thickness for a reasonable
electrical conductivity. For both, our films made from electrochemically exfoliated graphene and literature-referenced films

667

Beilstein J. Nanotechnol. 2022, 13, 666–674.

made from ultrasonic LPE graphene, the percolation limit is
reached at an optical transmittance of ca. 83%. This number
quantifies the maximum transmittance achievable with LB
assembly of graphene films made from solution-dispersed material, for a reasonable electrical conductivity. Comparisons of
our obtained percolative figure of merit and percolation exponent with those observed in literature reveal that the quality of
the films obtained with our demonstrated method is on par with
graphene films made with other methods that make use of
liquid-phase graphene. Hence, we demonstrate that commercially obtained solutions of graphene can be post-processed with a
simple laboratory centrifuge and deposited into thin films with a
quality on par with films obtained with other methods that
require more effort from the lab workers, as well as exfoliation
expertise and equipment.

Experimental
Cascade centrifugation
In order to achieve homogeneous films with defined particle
sizes, a dispersion of electrochemically exfoliated graphene
from Sixonia Tech GmbH (G-DI5P-NMP-C50-2+, Dresden,
Germany) was processed by cascade centrifugation (centrifuge
model: COLO LACE16 from Novo Mesto, Slovenia, rotor
R30403 with radius 8.19 cm). The commercially obtained solution contained a dispersion of graphene in NMP. Although
many solvents are commercially available, NMP was the solvent of choice because of its favorable properties regarding LB
deposition [14]. 1 mL of dispersion was initially centrifuged at
a rate of 1500 rpm (relative centrifugal force, RCF, equal to
206g). The obtained centrifugation sediment contained the
largest nanosheets of the initial dispersion. The supernatant was
subsequently centrifuged at higher rates: 2, 3, 4, and 5 krpm
(366g, 824g, 1465g, and 2289g). At each step of centrifugation,
the sediments with slightly smaller graphene sheets were gathered and the supernatants were used for the following cascade
step. The sediments were collected and redispersed in a specific volume of NMP (Sigma-Aldrich M79603), which ranged between 250 and 1000 µL. This method is schematically described in Figure 1.

Film deposition
In order to study the optical properties of the produced graphene
films, graphene from solution was deposited onto glass substrates with dimensions of ca. 2 cm × 1 cm (Figure 2a). Although a great number of different types of substrate materials
have been used, such as silica [37], chromium [38], tin [39],
silver [40], or platinum [41], glass substrates were used in this
paper. Glass is generally a popular choice, not just because
glass slides are inexpensive and widely available, but also
because the optical characteristics of deposited films can be
subsequently examined [42]. For measuring the electrical resistance, the film was deposited onto Metrohm DropSens substrates with a pair of interdigitated electrodes (G-IDEPT10,
Oviedo, Spain, Figure 2b). Using an automated pipette, the entire specific volume of the graphene dispersion in NMP was
vertically dripped onto the surface of deionized water. Because
the volumes ranged from 250 to 1000 µL, while the amount of
graphene in that volume was kept fixed, the concentration of
graphene was varied. As the film of graphene formed on the
surface of the water, the LB method was used to deposit the
film onto the target substrate [32].

Figure 2: Deposited graphene films at centrifugation rates of 3, 4, and
5 krpm (824g, 1465g, and 2289g, respectively) from left to right;
(a) glass substrate, (b) Metrohm DropSens substrates.

Film characterization
To study optical properties of the fabricated samples, UV–vis
spectroscopy was performed (Thermo Fisher Scientific EVO
60, Madison, USA). A xenon lamp was used as a light source.
The glass samples were mounted on a holder and inserted into
the light path. Optical transmittance was measured by
subtracting the signal from a baseline reference signal obtained
when a clean glass substrate without graphene was inserted into
the light path.
Graphene film resistance was measured by inserting the substrates with electrodes into an electrode connector (DRPCACIDE, Metrohm, Oviedo, Spain) and the acquiring resistance with a handheld digital multimeter.

Figure 1: The process of cascade centrifugation.

Optical dark-field microscopy of the films was performed with
a magnification of 10× (Olympus BX53M). Scanning electron
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microscopy (SEM) was performed with a FESEM (FEI Scios 2,
Thermo Fisher Scientific, Waltham, MA, USA) at a chamber
pressure of 1 × 10−4 Pa with electron beam voltages set between 1 and 30 kV, depending on the film. Films that are shown
in optical dark-field microscopy and SEM have been made from
solutions that have been diluted with 500 µL of NMP.

Results
Optical observation
Films deposited from solutions obtained from different centrifugation protocols are expected to have different thicknesses, due
to the different size of the flakes in the solutions. A visual
inspection of the images in Figure 2 confirms that slower
centrifugation rates (samples on the left) yield thicker films than
faster centrifugation rates (samples on the right), which is expected because flakes are thicker and laterally larger when
processed at slower rates. To gain further insight into the thickness and quality of these films, we performed optical dark-field
microscopy with a magnification of 10×. Photographs of
deposited graphene films from solutions processed at different

centrifugation rates are depicted in Figure 3. Films made
directly from the initial polydisperse solution (Figure 3a) show
regions with a high density of scattering centers (green and
white points) intermixed with regions with a lower density of
scattering centers (darker regions with few bright points). Sizeselected solutions yield films that are more uniform, with darkfield microscopy revealing homogeneous distributions of scattering centers. Hence, we find that films from polydisperse
films are not as homogeneous as films made from solutions that
have been processed by centrifugation for size selection. There
is an evident decrease in the density and intensity of scattering
centers with increasing centrifugation rate, which indicates
films with a decreased density of large particles.
We quantify the number of scattering centers by analyzing the
dark-field images using the software imageJ. First, we set the
brightness threshold for what counts as a scattering particle. As
these are dark-field images, anything that is not completely dark
is counted as a scattering particle. Thus, we set the threshold at
a brightness value of 3 (on a scale from 0 to 255). Such an anal-

Figure 3: Dark-field microscopic images of films produced from (a) the initial graphene dispersion and from films produced after centrifugation at
(b) 3 krpm (824g), (c) 4 krpm (1465g), and (d) 5 krpm (2289g). The scale bar in panel (a) is 200 µm long and is valid for all panels. All images show an
area of 1.15 × 0.86 mm.
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ysis yields results that are consistent with intuitive observation
(Table 1).

Table 1: Analysis of scattering centers from dark-field observation.
Both the number of particles and their total area decreases with
centrifugation rate.

Centrifugation
rate

Particle
count

Total
area

% area

3 krpm (824g)

5001

58972

32.329

4 krpm (1465g)

1909

3029

1.661

5 krpm (2289g)

1053

2159

1.184

The film structure was further investigated with SEM, shown in
Figure 4. In general, the films look alike when they are made of
the as-purchased uncentrifuged solution and when they are
made from solutions centrifuged at 3 krpm (824g) and at
4 krpm (1465g). In these three cases, SEM reveals continuous
graphene films. The films contain some wrinkles or flake edges,
showing up as bright lines in SEM. Upon closer inspection, the
contrast varies slightly across the films, which is likely due to
local thickness variations. Overall, the films resemble those

made earlier with ultrasonic liquid-phase exfoliation followed
by LB deposition [14]. However, the film made from a solution
that has been centrifuged at 5 krpm (2289g) is strikingly different from the ones made with lower centrifugation speeds. The
5 krpm (2289g) film has an irregular structure, resembling a
fractal coastline. It is also noted that the conductivity of this
film is much lower than those of the other three films, as SEM
operation quickly leads to surface charging effects.

Optoelectronic properties
UV–vis spectra of the deposited graphene films at different
centrifugation rates, redispersed in specified volumes of NMP,
are given in Figure 5. The optical transmission spectra are
expectedly uniform across the visible part of the spectrum. It is
evident that the optical transparency can be controlled by the
centrifugation rate, as well as by tuning the concentration of
graphene particles by redispersing in different volumes of
NMP. Optical transparencies were measured at the wavelength
of 660 nm and the number of graphene layers was calculated for
each sample, taking into account an absorption of 2.3% for each
layer of graphene, as in the work by Bonaccorso and
co-workers [43].

Figure 4: Scanning electron micrographs of films produced from the (a) initial graphene dispersion and from films produced after centrifugation at
(b) 3 krpm (824g), (c) 4 krpm (1465g), and (d) 5 krpm (2289g).
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tance match the results obtained with AFM, for continuous
films. However, for films that do not cover the substrate completely, such as the one shown in Figure 4d, measuring the average film thickness with AFM would be impossible, because one
needs to measure over a large area to take into account regions
with flakes as well as regions without. Optical transmittance is a
good measure of the average thickness even in the case of films
that do not cover the substrate completely.

Figure 5: UV–vis spectra of deposited graphene films at different
centrifugation rates, redispersed in specified volumes of NMP.

Although atomic force microscopy (AFM) is often employed to
characterize graphene films [2,12,14,44], applying that method
to films that consist of heterogeneous flakes, such as
Langmuir–Blodgett-deposited films, is more difficult. Since the
thickness varies from flake to flake, only an average film thickness over a certain area makes sense. The area over which average thickness can be measured with AFM is limited by the scan
size, at a maximum of about 50 µm × 50 µm. The best method
for measuring the average film thickness with AFM is to make
scans that show the underlying substrate as well as the film
itself and to make a histogram of measured heights, where a
narrow peak related to the substrate and a broader peak related
to the film surface appear. Then, the thickness is measured as
the distance between those two peaks in the histogram [14,33].
With that method, the accuracy of measuring the average film
thickness depends on the size of the scanned area. Optical transparency, in contrast, is a good measure of film thickness averaged over the size of the optical spot. For example, in [33], it
was shown that thickness measurements from optical transmit-

To analyze the electrical properties of the synthesized graphene
films, resistance values of each film were measured. Resistance
values, optical transparency values, and the average number of
layers in each graphene film are shown in Table 2. A larger
number of graphene layers implies a smaller electrical resistance. The relation of optical transparency and electrical resistance for all samples is given in Figure 6. The measured optical
transmittance varied slightly depending on the exact spot
chosen on each given sample. The measured resistance varied

Figure 6: Dependence of the optical transparency on the electrical
resistance of graphene films on a semi-logarithmic scale. The data can
be divided into two regimes, the bulk regime (solid red line fit to Equation 1) and the percolation regime (dashed black line fit to Equation 2).

Table 2: Measured optical transparency, number of layers, and electrical resistance for samples obtained at different centrifugation rates, dissolved in
the specified volumes of NMP.

3 krpm (824g)

4 krpm (1465g)

5 krpm (2289g)

V (NMP)

Optical transparency

Average number of
layers

Resistance

250 µL

30.0%

30.4

74.6 Ω

500 µL

40.7%

25.8

106.4 Ω

1000 µL

54.0%

20.0

144.0 Ω

250 µL

64.1%

15.6

200.0 Ω

500 µL

67.4%

14.2

226.0 Ω

1000 µL

85.0%

6.5

1.1 kΩ

250 µL

91.4%

3.7

56.1 kΩ

500 µL

94.0%

2.3

2.3 MΩ

1000 µL

98.2%

0.8

6.3 MΩ
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by about 20% between different samples prepared with identical methodology. Since only several samples were made for
each set of processing parameters, the error bars in Figure 6
represent the maximum deviation from the mean observed
during experimentation.

Discussion
The images in Figure 2 show that the thickness of the deposited
graphene films decreases with increasing centrifugation rates,
while Figure 3 indicates that thinner films also consist of
smaller particles, which is in accordance with expectations.
UV–vis spectra depicted in Figure 5 show that for a given
centrifugation rate the optical transmittance of the deposited
graphene film has a value that scales with the quantity of solvent used. The results thus indicate that dilution of solutionprocessed graphene can be used as a tool to control graphene
film thickness. Also, the centrifugation rate can be controlled to
make films of desired thickness.
Regardless of how the film thickness is controlled, an analysis
of Figure 6 reveals that there are two different regimes, that is,
one in which the optical transmittance sharply rises with increasing resistance, at lower transmittance values, and another
in which the optical transmittance rises with increasing resistance to a much smaller extent, at higher transmittance values. It
has been noted before that thin transparent conductors [45], including graphene [46], exhibit a percolation threshold. For film
thicknesses above this threshold, the film behaves as a bulk material and the transmittance and sheet resistance RS obey the
following equation:

(1)

where Z 0 is the impedance of free space, σ op is the optical
conductivity, and σdc,B is the bulk dc conductivity of the film.
For film thicknesses below the percolation threshold, the transmittance and sheet resistance obey the following equation:

(2)

where Π is the percolative figure of merit (FOM) as described
by De and Coleman [45] and n is the percolation exponent.
We fit the above two equations to our data in the two observed
regimes independently. The solid red line in Figure 6 is a fit to
Equation 1 which indicates the bulk regime, whereas the dashed

black line is a fit to Equation 2 for the percolation regime. The
fit results in Π = 1.1 and n = 3.6, values which are of the same
order as values previously observed for graphene [45]. The
good match between our results and previously reported ones is
yet another indication that the method that we used yields films
of similar quality as observed earlier with other methods, although our method is facile and starts from commercially available material.
The two regimes exhibit a crossover that likely indicates the
percolation threshold. The value of optical transparency at
which we observe the threshold is 82.4%, matching the value
found in an earlier work that showed particle size selection by
control of liquid-phase exfoliation time [27], possibly indicating an upper limit for optical transparency achievable with
Langmuir–Blodgett graphene films. The observed critical
threshold transparency is equivalent to films which have a
thickness of 7.6 layers of graphene, which is 2.6 nm. It is likely
that reliably conducting films thinner than this cannot be
achieved with Langmuir–Blodgett assembly of graphene
nanoplatelets. Compared to the work in which the exfoliation
time is controlled in the same lab where film deposition is
made, our approach is advantageous because it allows experimenters to focus on film formation alone, leaving exfoliation to
a partner lab or commercial vendor.

Conclusion
Solution-processed graphene holds potential for applications
across a diverse range of industries. There exist several production methods for solution-processed graphene, some of which
are highly scalable. However, all graphene solutions resulting
from those processes are polydisperse, containing a wide distribution of particle sizes, which is unfavorable for applications. It
was previously shown that cascade centrifugation can be used
as a common method for the separation of graphene particles by
size, in the case of ultrasound-assisted liquid-phase exfoliated
graphene. In this paper, we demonstrated that cascade centrifugation of electrochemically exfoliated graphene can be used in
conjunction with Langmuir–Blodgett assembly to produce thin
graphene films. By tuning centrifugation speed and solvent
dilution volume, we produced films of different controlled
thicknesses. We have shown that the optical transparency and
electrical resistance of these films behave similarly to those of
other films made of graphene from solution. Namely, the films
exhibit a percolation threshold, at which optoelectronic properties experience a critical change. The percolation exponent and
percolative FOM are found to be of the same order as in the
case of other graphene films found in literature, which indicates that our films are of a similar quality. However, the
method that we have used, which relies on cascade centrifugation of a commercially available solution of graphene, is easily
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accessible to researchers who have no exfoliation experience or
equipment. We have shown that ownership of a centrifuge is the
only prerequisite for making practical use of widely available
graphene in solution.

9. Yazdi, G. R.; Iakimov, T.; Yakimova, R. Crystals 2016, 6, 53.
doi:10.3390/cryst6050053
10. Chen, W.; Yan, L.; Bangal, P. R. J. Phys. Chem. C 2010, 114,
19885–19890. doi:10.1021/jp107131v
11. Guex, L. G.; Sacchi, B.; Peuvot, K. F.; Andersson, R. L.;
Pourrahimi, A. M.; Ström, V.; Farris, S.; Olsson, R. T. Nanoscale 2017,

Funding
We acknowledge funding from the Ministry of Science, Education, and Technological Development of the Republic of Serbia,
through grant no. 451-03-68/2022-14/200026. This work has
received support from the NATO Science for Peace and Security Program through project SP4LIFE (G5825) and from the
Science Fund of the Republic of Serbia through project
GRAMULSEN (6057070).

ORCID® iDs
Teodora Vićentić - https://orcid.org/0000-0002-3460-6137
Stevan Andrić - https://orcid.org/0000-0002-9122-9104
Vladimir Rajić - https://orcid.org/0000-0001-7053-572X
Marko Spasenović - https://orcid.org/0000-0002-2173-0972

9, 9562–9571. doi:10.1039/c7nr02943h
12. Hernandez, Y.; Nicolosi, V.; Lotya, M.; Blighe, F. M.; Sun, Z.; De, S.;
McGovern, I. T.; Holland, B.; Byrne, M.; Gun’ko, Y. K.; Boland, J. J.;
Niraj, P.; Duesberg, G.; Krishnamurthy, S.; Goodhue, R.; Hutchison, J.;
Scardaci, V.; Ferrari, A. C.; Coleman, J. N. Nat. Nanotechnol. 2008, 3,
563–568. doi:10.1038/nnano.2008.215
13. Backes, C.; Higgins, T. M.; Kelly, A.; Boland, C.; Harvey, A.;
Hanlon, D.; Coleman, J. N. Chem. Mater. 2017, 29, 243–255.
doi:10.1021/acs.chemmater.6b03335
14. Tomašević-Ilić, T.; Pešić, J.; Milošević, I.; Vujin, J.; Matković, A.;
Spasenović, M.; Gajić, R. Opt. Quantum Electron. 2016, 48, 319.
doi:10.1007/s11082-016-0591-1
15. Alzakia, F. I.; Tan, S. C. Adv. Sci. 2021, 8, 2003864.
doi:10.1002/advs.202003864
16. Li, Z.; Young, R. J.; Backes, C.; Zhao, W.; Zhang, X.; Zhukov, A. A.;
Tillotson, E.; Conlan, A. P.; Ding, F.; Haigh, S. J.; Novoselov, K. S.;
Coleman, J. N. ACS Nano 2020, 14, 10976–10985.

References
1. Ferrari, A. C.; Bonaccorso, F.; Fal'ko, V.; Novoselov, K. S.; Roche, S.;
Bøggild, P.; Borini, S.; Koppens, F. H. L.; Palermo, V.; Pugno, N.;
Garrido, J. A.; Sordan, R.; Bianco, A.; Ballerini, L.; Prato, M.;
Lidorikis, E.; Kivioja, J.; Marinelli, C.; Ryhänen, T.; Morpurgo, A.;
Coleman, J. N.; Nicolosi, V.; Colombo, L.; Fert, A.;
Garcia-Hernandez, M.; Bachtold, A.; Schneider, G. F.; Guinea, F.;
Dekker, C.; Barbone, M.; Sun, Z.; Galiotis, C.; Grigorenko, A. N.;
Konstantatos, G.; Kis, A.; Katsnelson, M.; Vandersypen, L.;
Loiseau, A.; Morandi, V.; Neumaier, D.; Treossi, E.; Pellegrini, V.;
Polini, M.; Tredicucci, A.; Williams, G. M.; Hee Hong, B.; Ahn, J.-H.;
Min Kim, J.; Zirath, H.; van Wees, B. J.; van der Zant, H.; Occhipinti, L.;
Di Matteo, A.; Kinloch, I. A.; Seyller, T.; Quesnel, E.; Feng, X.; Teo, K.;
Rupesinghe, N.; Hakonen, P.; Neil, S. R. T.; Tannock, Q.;
Löfwander, T.; Kinaret, J. Nanoscale 2015, 7, 4598–4810.
doi:10.1039/c4nr01600a
2. Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.;
Dubonos, S. V.; Grigorieva, I. V.; Firsov, A. A. Science 2004, 306,
666–669. doi:10.1126/science.1102896
3. Yu, Q.; Lian, J.; Siriponglert, S.; Li, H.; Chen, Y. P.; Pei, S.-S.
Appl. Phys. Lett. 2008, 93, 113103. doi:10.1063/1.2982585
4. Gomez De Arco, L.; Zhang, Y.; Kumar, A.; Zhou, C.
IEEE Trans. Nanotechnol. 2009, 8, 135–138.
doi:10.1109/tnano.2009.2013620
5. Reina, A.; Jia, X.; Ho, J.; Nezich, D.; Son, H.; Bulovic, V.;
Dresselhaus, M. S.; Kong, J. Nano Lett. 2009, 9, 30–35.
doi:10.1021/nl801827v
6. Li, X.; Cai, W.; An, J.; Kim, S.; Nah, J.; Yang, D.; Piner, R.;
Velamakanni, A.; Jung, I.; Tutuc, E.; Banerjee, S. K.; Colombo, L.;
Ruoff, R. S. Science 2009, 324, 1312–1314.
doi:10.1126/science.1171245
7. Somani, P. R.; Somani, S. P.; Umeno, M. Chem. Phys. Lett. 2006, 430,
56–59. doi:10.1016/j.cplett.2006.06.081
8. Sutter, P. W.; Flege, J.-I.; Sutter, E. A. Nat. Mater. 2008, 7, 406–411.
doi:10.1038/nmat2166

doi:10.1021/acsnano.0c03916
17. Haar, S.; El Gemayel, M.; Shin, Y.; Melinte, G.; Squillaci, M. A.;
Ersen, O.; Casiraghi, C.; Ciesielski, A.; Samorì, P. Sci. Rep. 2015, 5,
16684. doi:10.1038/srep16684
18. Ghanbari, H.; Shafikhani, M. A.; Daryalaal, M. Ceram. Int. 2019, 45,
20051–20057. doi:10.1016/j.ceramint.2019.06.267
19. Su, C.-Y.; Lu, A.-Y.; Xu, Y.; Chen, F.-R.; Khlobystov, A. N.; Li, L.-J.
ACS Nano 2011, 5, 2332–2339. doi:10.1021/nn200025p
20. Yu, P.; Lowe, S. E.; Simon, G. P.; Zhong, Y. L.
Curr. Opin. Colloid Interface Sci. 2015, 20, 329–338.
doi:10.1016/j.cocis.2015.10.007
21. Wei, D.; Grande, L.; Chundi, V.; White, R.; Bower, C.; Andrew, P.;
Ryhänen, T. Chem. Commun. 2012, 48, 1239–1241.
doi:10.1039/c2cc16859f
22. Abdelkader, A. M.; Cooper, A. J.; Dryfe, R. A. W.; Kinloch, I. A.
Nanoscale 2015, 7, 6944–6956. doi:10.1039/c4nr06942k
23. Sudhindra, S.; Rashvand, F.; Wright, D.; Barani, Z.; Drozdov, A. D.;
Baraghani, S.; Backes, C.; Kargar, F.; Balandin, A. A.
ACS Appl. Mater. Interfaces 2021, 13, 53073–53082.
doi:10.1021/acsami.1c15346
24. Backes, C.; Campi, D.; Szydlowska, B. M.; Synnatschke, K.; Ojala, E.;
Rashvand, F.; Harvey, A.; Griffin, A.; Sofer, Z.; Marzari, N.;
Coleman, J. N.; O’Regan, D. D. ACS Nano 2019, 13, 7050–7061.
doi:10.1021/acsnano.9b02234
25. Griffin, A.; Nisi, K.; Pepper, J.; Harvey, A.; Szydłowska, B. M.;
Coleman, J. N.; Backes, C. Chem. Mater. 2020, 32, 2852–2862.
doi:10.1021/acs.chemmater.9b04684
26. Di Berardino, C.; Bélteky, P.; Schmitz, F.; Lamberti, F.; Menna, E.;
Kukovecz, Á.; Gatti, T. Crystals 2020, 10, 1049.
doi:10.3390/cryst10111049
27. Kim, H.; Mattevi, C.; Kim, H. J.; Mittal, A.; Mkhoyan, K. A.;
Riman, R. E.; Chhowalla, M. Nanoscale 2013, 5, 12365–12374.
doi:10.1039/c3nr02907g
28. Narayan, R.; Kim, S. O. Nano Convergence 2015, 2, 20.
doi:10.1186/s40580-015-0050-x
29. Khan, U.; Porwal, H.; O’Neill, A.; Nawaz, K.; May, P.; Coleman, J. N.
Langmuir 2011, 27, 9077–9082. doi:10.1021/la201797h

673

Beilstein J. Nanotechnol. 2022, 13, 666–674.

30. Backes, C.; Hanlon, D.; Szydlowska, B. M.; Harvey, A.; Smith, R. J.;
Higgins, T. M.; Coleman, J. N. J. Visualized Exp. 2016, No. 118,

License and Terms

e54806. doi:10.3791/54806
31. Backes, C.; Szydłowska, B. M.; Harvey, A.; Yuan, S.;
Vega-Mayoral, V.; Davies, B. R.; Zhao, P.-l.; Hanlon, D.;
Santos, E. J. G.; Katsnelson, M. I.; Blau, W. J.; Gadermaier, C.;
Coleman, J. N. ACS Nano 2016, 10, 1589–1601.
doi:10.1021/acsnano.5b07228
32. Tomašević-Ilić, T.; Jovanović, Đ.; Popov, I.; Fandan, R.; Pedrós, J.;
Spasenović, M.; Gajić, R. Appl. Surf. Sci. 2018, 458, 446–453.
doi:10.1016/j.apsusc.2018.07.111
33. Matković, A.; Milošević, I.; Milićević, M.; Tomašević-Ilić, T.; Pešić, J.;
Musić, M.; Spasenović, M.; Jovanović, D.; Vasić, B.; Deeks, C.;
Panajotović, R.; Belić, M. R.; Gajić, R. 2D Mater. 2016, 3, 015002.
doi:10.1088/2053-1583/3/1/015002
34. Milošević, I. R.; Vasić, B.; Matković, A.; Vujin, J.; Aškrabić, S.;
Kratzer, M.; Griesser, T.; Teichert, C.; Gajić, R. Sci. Rep. 2020, 10,

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

8476. doi:10.1038/s41598-020-65379-1
35. Andrić, S.; Sarajlić, M.; Frantlović, M.; Jokić, I.; Vasiljević-Radović, D.;
Spasenović, M. Chemosensors 2021, 9, 342.
doi:10.3390/chemosensors9120342
36. Andrić, S.; Tomašević-Ilić, T.; Bošković, M. V.; Sarajlić, M.;

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.13.58

Vasiljević-Radović, D.; Smiljanić, M. M.; Spasenović, M.
Nanotechnology 2021, 32, 025505. doi:10.1088/1361-6528/abb973
37. Kajzar, F.; Girling, I. R.; Peterson, I. R. Thin Solid Films 1988, 160,
209–215. doi:10.1016/0040-6090(88)90064-8
38. Drévillon, B. Prog. Cryst. Growth Charact. Mater. 1993, 27, 1–87.
doi:10.1016/0960-8974(93)90021-u
39. Khanna, U.; Srivastava, V. K. Thin Solid Films 1972, 12, S25–S28.
doi:10.1016/0040-6090(72)90419-1
40. Rothenhäusler, B.; Knoll, W. Nature 1988, 332, 615–617.
doi:10.1038/332615a0
41. Collard, D. M.; Fox, M. A. J. Am. Chem. Soc. 1991, 113, 9414–9415.
doi:10.1021/ja00024a083
42. Blodgett, K. B. J. Am. Chem. Soc. 1935, 57, 1007–1022.
doi:10.1021/ja01309a011
43. Bonaccorso, F.; Sun, Z.; Hasan, T.; Ferrari, A. C. Nat. Photonics 2010,
4, 611–622. doi:10.1038/nphoton.2010.186
44. Ferrari, A. C. Nanoscale 2014, 7, 4598–4810. doi:10.1039/c4nr01600a
45. De, S.; Coleman, J. N. MRS Bull. 2011, 36, 774–781.
doi:10.1557/mrs.2011.236
46. Tien, H.-W.; Huang, Y.-L.; Yang, S.-Y.; Wang, J.-Y.; Ma, C.-C. M.
Carbon 2011, 49, 1550–1560. doi:10.1016/j.carbon.2010.12.022

674

