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The liquid phase exfoliation (LPE) of graphite has allowed to produce graphene materials
on a large scale and at a reasonable cost. By this method, stable dispersions, inks and
liquid suspensions containing atomic-thick graphene flakes with tailored concentrations
can be produced, opening up applications in a wide range of cutting-edge technologies
such as functional coatings, printed and flexible electronics, and composites. However,
currently established LPE techniques raise several health and environmental risks, since
unsafe and toxic solvents (such as NMP, DMF, and DMSOQ) are often regarded as the most
effective liquid media for the process. Therefore, it appears necessary to unlock eco-
friendly and sustainable methods for the production of graphene at an industrial scale. This
review focuses on the latest developments in terms of green solvents for LPE production of
graphene. We highlight the use of a new green solvent, Cyrene, and its performance when
compared to conventional solvents.

Keywords: 2D materials, solution processing method, sonication, high-shear mixing, inkjet printing, environmental
risks, sustainability

INTRODUCTION

As the archetypal two-dimensional material, graphene has been the proposed material in the last
decade for several technologies such as wearable/flexible electronics (Tan et al., 2017), structural and
multifunctional nanocomposites (Wang et al., 2021), energy storage (Li and Zhi, 2018), strain sensors
(Mehmood et al., 2020), water treatment (Bhol et al., 2021) and biomedical devices (Yang et al.,
2013). A scalable mass production of highly pure graphene at low cost is the prerequisite for the
commercialization phase. Among the many production methods, liquid phase exfoliation (LPE)
allows to obtain liquid dispersions of graphene flakes with high yield. LPE technique was initially
reported in 1989 for MoS, and WSe, (Gutiérrez and Henglein, 1989) and translated to graphene in
2008, demonstrating an affordable production of 2D materials in large quantities (Hernandez et al.,
2008). LPE graphene flake dispersions are suitable for several applications, such as flexible,
transparent, and printable electronics (Secor et al.,, 2013; Secor et al., 2015; Li et al., 2018; Shin
etal., 2018). Usually, LPE identifies a group of approaches where natural and synthetic bulk materials
are directly exfoliated into their corresponding isolated layers in a liquid medium, using the energy
provided by different techniques: ultrasonication (Turner et al., 2019), wet ball-milling (Zhao et al.,
2010), electrochemical, micro-fluidization (Xu et al., 2018), and high-shear mixing force (Paton et al.,
2014), wet-jet milling (Del Rio Castillo et al., 2018) and high-pressure system (using an airless paint
sprayer) (Nemala et al., 2018). These approaches can be executed in a variety of liquid solvents,
including water (frequently mixed with surfactants), organic solvents, ionic liquids, oils, and salts
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(Xu et al., 2018). The general LPE process consists of three steps:
intercalation, exfoliation and separation (Li et al., 2020). The
solvent is a crucial factor in the exfoliation process, and to be
effective it should fulfil three main requirements: 1) transmit the
exfoliating power efficiently, 2) minimize the energy needed to
disrupt the van der Waals forces among layers and 3) stabilize the
exfoliated layers by providing steric hindrance to prevent re-
agglomeration (Banavath et al., 2021). We will start this mini
review by giving an overview of the most effective solvents for
LPE of graphite. Although commonly used, these solvents entail
severe health and environmental risks and should be replaced to
reach a sustainable commercialization phase. The search for
“green” solvents thus appears pivotal. By analyzing recent
literature, we will describe the most representative green
options to make stable graphene-based dispersions at high
yield. As a case study, we wil focus on
dihydrolevoglucosenone (trademarked as Cyrene), which can
be currently regarded as the most promising green solvent for
LPE graphene.

TOWARDS GREEN SOLVENTS FOR THE
LPE OF GRAPHITE

An ideal solvent for the exfoliation of graphite into graphene
should meet several key requirements. In general, an ideal solvent
would allow the complete exfoliation of graphite, leaving no un-
exfoliated flakes in the sediment. The Hansen solubility
parameters offer a framework to predict if and how a material
will disperse in a particular solvent and form a solution (Charles,
2007). The surface tension of the solvent and graphite should
ideally match to stabilize the graphene flakes in the dispersion
after the exfoliation, preventing their re-agglomeration (Shen
et al, 2015). For these reasons, researchers have originally
selected solvents that matched as much as possible the Hansen
solubility parameters and surface tension value of graphite
(Hernandez et al., 2008; Capasso et al., 2015; Shen et al., 2016;
Xu et al.,, 2018). The dynamic viscosity of the solvent is another
important parameter in terms of exfoliation efficiency and
stability. In principle, a high viscosity would be beneficial for
the LPE process, increasing the exfoliation yield and decreasing
the defect density and sedimentation rate (Manna et al., 2016;
Salavagione et al., 2017; Simfukwe et al, 2017). However, a
threshold must be set for practical applications, since an
excessive viscosity favors the stable suspension of large
agglomerates/particles during the centrifugation step, thus
preventing the separation from thinner and lighter flakes
(Backes, 2020). As a last consideration, a LPE solvent should
feature a low boiling point to allow an easy removal of any solvent
residue, which might degrade the properties of graphene
(especially in terms of electrical conductivity) (Neill, 2009).
Conventional solvents for the LPE of graphite (surface tension
~55mN m™! (Bonaccorso et al., 2012)) exhibit a surface tension
ranging within 40-50 mN m ™' and Hansen solubility parameters
close to those of graphite (6p = 18.0 MPa%>, 8 = 9.3 MPa®®, §;; =
7.7 MPa%®) (Hernandez et al., 2010). Within this range, several
highly =~ polar  solvents  were  selected,  including
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N-methylpyrrolidone (NMP), N,N-dimethylformamide (DMF),
dimethylsulfoxide (DMSO), N,N-dimethylacetamide (DMAC),
and y-butyrolactone (GBL) (Giiler et al, 2021). Non-polar
solvents such as ortho-dichlorobenzene (DCB) were also
reported to produce homogeneous graphene dispersions
(Giiler et al,, 2021). In general, amine-based solvents such as
NMP and DMF are the most effective in producing crystalline,
oxygen-free graphene flakes (Giiler and Sonmez, 2020).
Hernandez et al. originally reported the production of stable
dispersions of few-layer graphene in NMP (Hernandez et al,
2008; Xu et al, 2018). The initially reported concentration of
0.01 mgmL ™" has been gradually increased above 1 mgml~" by
several groups with longer sonication times (Khan et al., 2010;
Wang et al,, 2012; Wu et al., 2014). Successful exfoliation and
stable dispersions were also reported in DMF and DMSO, with
concentrations similar to those obtained in NMP (Coleman,
2013; Xu et al, 2018; Trusova et al., 2021; Vacacela Gomez
et al,, 2021). Although the exfoliation is effective, NMP, DMF,
and DMSO have high boiling points which cause issues in the
removal of solvent residues. More importantly, these solvents
present severe health risks. In 2008, NMP and DMF were
classified as Substances of Very High Concern. According to
the European REACH (Registration, Evaluation, Authorisation
and Restriction of Chemicals) regulation (Regulation No 1907/2,
2022), several restrictions were applied regarding their use or
import to Europe. Same warnings were raised in the USA. DMSO
has also recently raised serious safety concerns, after several
studies have demonstrated both the toxicity on retinal
neuronal cells (Galvao et al, 2014) and the “extreme changes
in micro RNAs and alterations in the epigenetic landscape”, in
both cardiac and hepatic micro-tissues, even for concentrations as
low as 0.1% (Verheijen et al., 2019).

In this context, current solvents for LPE graphene appear as a
limiting factor in the long-term development and sustainability of
the production. Safety concerns also demand the need for
impractical and expensive equipment (e.g., safety equipment,
fume-hoods, exhausts, etc.), with a direct impact on the
production cost. In order to scale-up the process and
approach an industrial production, the identification of
environmentally safe solvents that do not raise health risks is
thus imperative. These solvents should be efficient for the
exfoliation process, while having a moderate cost. A low
boiling point is also a desired feature. Such characteristics
would at once minimize the ecological impact and lower the
production complexity and cost of the production of graphene.
Capello et al. proposed a framework for a comprehensive
assessment of how “green” a solvent is (Capello et al., 2007).
The authors used a complementary, multi-criteria evaluation:
They combined EHS (environment, health and safety)
considerations on the inherent hazards of a solvent, and a
LCA (life-cycle-assessment) that quantifies the energy use
connected to solvent production and disposal/treatment as
waste (Capello et al., 2007). According to this definition, low-
boiling-point solvents such as acetone and isopropyl alcohol
(61°C and 56°C, respectively) can be considered green
alternatives (Capello et al., 2007). They have been previously
used to disperse graphene at low concentration (few ug mL™")
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FIGURE 1 | The application of solvent selection criteria for optimizing graphene dispersions. (A) llustration of the solvent selection steps applied for the
computational screening of suitable solvents. (B) Graphene dispersion concentration as a function of (i) dispersive, 8D (i) polar, 8P and (iii), hydrogen-bonding, 6H
Hansen solubility parameters, with the dashed red line being indicative of ideal graphene properties. NMP, DMF and DCB are shown as reference. (C) Hansen solubility
map showing the similarity of the final bio-based solvent candidates (and NMP) to graphene in terms of their polarity. The Hansen radius (Ra) is the radius of the
sphere in the Hansen space, where each axis corresponds to one solubility parameter. (D) Principle Component Analysis (PCA) bi-plot for candidate solvents (including
NMP, DCB and DMF for reference) with vectors indicating surface tension, kinematic viscosity (KV) are and Hansen radius (Ra). Reproduced with permission from Ref
(Salavagione et al., 2017). Copyright © The Royal Society of Chemistry 2017.
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(Hernandez et al., 2010). However, these solvents have low flash
points (12-13°C), which raise safety concerns for industrial use.
Cyclohexanone and cyclopentanone have also been previously
proposed as green and bio-based LPE solvents, but they present
similar issues (flash point of 44°C and 31°C, respectively)
(Hernandez et al., 2010).

Other green alternatives are represented by aqueous media
with surfactants (e.g., sodium dodecylbenzenesulfonate (Lotya
et al., 2009), sodium cholate, (Green and Hersam, 2009), and
sodium deoxycholate (Hasan et al., 2010)), and/or polymers (e.g.,
Pluronic” (Seo et al., 2011)) useful to overcome surface tension
mismatch (water has a surface tension of 72mNm™).
Surfactant-assisted exfoliation in aqueous media is one of the
most suitable alternatives to achieve high-quality graphene at
high concentrations (Zhang et al., 2018). Green et al. prepared
stable dispersions of graphene using sodium cholate (SC) as a
surfactant in aqueous medium, yet achieving a low concentration
(10 ugml™") (Green and Hersam, 2009). In an analogous study,
dispersions in water and SC were prepared by tip-sonication up to
7 mg/ml concentration using longer exfoliation times (96 h) and
high SC concentration (5 mg/ml) (Nawaz et al., 2016). Coleman
et al. made graphene dispersions in a range of aqueous solutions
(containing ionic or non-ionic surfactants) at similar
concentrations  (10-30 ug ml™)  (Smith et al, 2010).
Dispersions of graphene flakes (average lateral size of ~1 um
and layer number of ~4.5) in water and Triton X-100 (a non-ionic
surfactant) were also obtained by tip-sonication at a
concentration of 0.54 mg/ml (Arao and Kubouchi, 2015).
Nevertheless, residuals arising from the surfactants are known
to reduce the quality and the electrical conductivity of the
exfoliated flakes, thus limiting their use in electronic
applications. To overcome this issue, mixtures of solvents were
also considered (Zhou et al, 2011), such as water/isopropyl
alcohol (Halim et al., 2013) and water/ethanol (Capasso et al.,
2015). However, these mixtures also do not allow to obtain
dispersions at high concentration.

Therefore, there is a need for new green solvents which fulfill
the aforementioned requirements. Salavagione et al. identified
efficient solvents by computational methods. The authors applied
criteria including polarity, surface tension, viscosity, toxicity and
“greenness” to evaluate and shortlist a solvent set of more than
10,000 (Figure 1A). Three bio-based solvents fulfilling the criteria
were selected and tested experimentally: cyrene, triacetin, and
butyl lactate (Salavagione et al, 2017). Figure 1B shows the
Hansen solubility parameters Op, 0p and 8y (measuring the
energies from dispersion forces, dipolar intermolecular forces
and hydrogen bonds between molecules, respectively). These
three parameters can be set as coordinates for a point in a
three dimensional graph known as the Hansen space. The
Hansen solubility space in Figure 1C shows how bio-based
candidates (and NMP) and graphene compare. Triacetin and
butyl lactate have appropriate parameters, with the exception of
Op. Nonetheless, they have high boiling points and led to
dispersions with low concentration.

Other green alternatives [triethanolamine (Chen et al,
2017)—TEA-and urea aqueous solutions (He et al, 2015)]
have been tested for the LPE of graphite. In Table 1, we

Green Solvents for LPE Graphene

summarize the features of these green solvents, comparing
them to conventional ones. In the single report currently
available on the use of TEA, the authors obtained dispersions
of crystalline graphene flakes with high stability (over 9 months)
(Chen et al,, 2017). However, TEA can induce detrimental
chemical modifications in the flakes, possibly due to
functionalization (Song et al., 2015; Ryu et al., 2017; Paolucci
et al,, 2020). Furthermore, its very high viscosity precludes the
deposition of the dispersion by versatile techniques, such as inkjet
printing (usually requiring 1-10 cP) (Paolucci et al., 2020). As a
next alternative, urea aqueous solution has also been tested and
led to crystalline flakes and 15-days stability (He et al., 2015; Hou
et al., 2019). However, this solvent is theoretically not ideal for
graphite exfoliation, since both the surface tension and Hansen
solubility parameters are higher than desired (especially the 0y
and 8p components). As a proof of that, a very low yield (2.4%)
was reported (Paolucci et al., 2020). Methyl-5-(dimethylamino)-
2-methyl-5-oxopentanoate (Rhodiasolv Polarclean) is a polar
solvent that was also tested in sonication-assisted LPE of
graphite, MoS, and WS,. It showed good performance, with a
~350% higher amount of few-layer nanosheets (<5 nm thickness)
and 10 times lower defect density with respect to NMP (Paolucci
et al., 2020). However, its high boiling point represents a pivotal
drawback. As for TEA, we note that there is just a single report
available on the use of Polarclean, making it difficult to draw a
conclusive comparison to the other solvents. Overall, these results
point out that TEA, urea and Polarclean are not suited to a
scalable production of graphene.

As shown in Figure 1, Cyrene has the smallest Hansen radius
(2.2 MPa’®), demonstrating the greatest affinity to graphite (as
shown in Figures 1C,D). It has the second highest kinematic
viscosity (Figure 1D), high enough to guarantee a high
exfoliation yield, while preventing severe sedimentation over
time. This value is also suitable to allow the deposition by
techniques such as inkjet printing. Cyrene has a higher surface
tension than other conventional solvents, which should be
evaluated in terms of dispersion stabilization. Recent reports
indicate Cyrene as a promising green solvent for LPE of
graphite, so we analyze it in detail in the following section.

CASE STUDY: CYRENE AS THE MOST
ADVANCED GREEN SOLVENT FOR LPE OF
GRAPHITE

Cyrene (dihydrolevoglucosenone, CsHgO3) is a bio-based solvent
derived (Pecka et al., 1974) in two steps from cellulose via
levoglucosenone (biomass) (De bruyn, 2016), a process that
guarantees at once low environmental impact and economic
feasibility. In 2014, dihydrolevoglucosenone was marketed by
Australian biotechnology company Circa Group in conjunction
with Professor James Clark (University of York’s - Green
Chemistry Centre of Excellence) as Cyrene. Nowadays, Cyrene
is commercialized by Merck. Composed of two fused rings,
Cyrene does not present the amide functionality (typical of
NMP and DMF) that is linked to reproductive toxicity effects
(Salavagione et al., 2017). It neither contains any chlorine groups,
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TABLE 1 | Summary of the features of conventional (NMP, DMF and DMSQ) and green solvents used for LPE of graphite.

Solvent Surface tension Dynamic Boiling Hansen solubility parameters Cost® Dispersion
(0s [MN m™")~55" viscosity@ Point 54 [MPa"?] 18.0° 8 [MPa'2] 9.3° 54 [MPa"?] 7.7° (for Concentrition
25°C (cP) (c) 1L) € (mg mi™')
NMP 40.1 (Paolucci 1.65 202 18.0 (Hernandez 12.3 (Hernandez 7.2 (Hernandez 147.00 1.50 (Wu et al.,
et al., 2020) (Pourabadeh (Sherwood et al., 2010) et al., 2010) et al., 2010) 2014)
et al., 2020) et al., 2014)
DMF 37.1 (Paolucci 0.9 (Alam et al., 1563 17.4 (Hernandez 13.7 (Hernandez 11.3 (Hernandez 161.00 1.30 (Trusova
et al., 2020) 2019) (Sherwood et al., 2010) et al., 2010) et al., 2010) et al., 2021)
et al., 2014)
DMSO 429 (Yaws, 2014)  1.99 (Zhang 189 18.4 (Charles, 16.4 (Charles, 10.2 (Charles, 88.10 0.03-0.2
et al., 2017) (Sherwood 2007) 2007) 2007) (Chouhan et al.,
et al., 2014) 2020)
Triacetin 32.6 (Yaws, 2014)  16.31 258 16.5 (Salavagione 4.4 (Salavagione 9.0 (Salavagione 57.40 0.02 (Salavagione
(Rodriguez et al., 2017) et al., 2017) et al., 2017) et al., 2017)
et al., 1994)
Butyl lactate  29.2 3.9 188 15.7 (Salavagione 6.4 (Salavagione 10.2 (Salavagione  190.80  0.002
et al., 2017) et al., 2017) et al., 2017) (Salavagione et al.,
2017)
TEA 45.9 (Paolucci 607 (Maham 89.28 17.3 (Paoluccietal.,, 7.6 (Paoluccietal., 21.0 (Paolucci 95.70 NA
et al., 2020) et al., 2002) 2020) 2020) et al., 2020)
Urea 74.0 (Paolucci 1.36 (Kawahara NA 17.0 (Paoluccietal., 16.7 (Paolucci 38.0 (Paolucci NA 0.15 (He et al.,
aqueous et al., 2020) and Tanford, 2020) et al., 2020) et al., 2020) 2015)
solutions 1966)
(30%)
Polarclean 38.0 (Paolucci 9.78 273.7 15.8 (Paoluccietal.,  10.7 (Paolucci 9.2 (Paoluccietal,, NA 0.3 (Paoluccietal.,
et al., 2020) 2020) et al., 2020) 2020) 2020)
Cyrene 72.5 (Salavagione 14.5 (Paolucci 227 18.7 (Salavagione 10.8 (Salavagione 6.9 (Salavagione 196.00 0.7 (Salavagione
et al., 2017) et al., 2020) (Sherwood et al., 2017) et al., 2017) et al., 2017) et al., 2017)
et al., 2014)

AReference values of graphite.
bFrom Sigma Aldrich.

which are usually responsible for end-of-life pollution issues.
When incinerated, Cyrene yields only carbon dioxide and water
as byproducts: This is a major difference over NMP, which
liberates NO, when decomposed. Also, Cyrene has very low
acute and aquatic toxicity with LDs, (lethal dose, 50%) and
EC50 (effective concentration, 50%) values of >2000 mg kg_1
and >100mgL™", respectively. Overall, Cyrene is
biodegradable and not mutagenic. Although it has a rather
high boiling point (227°C), its low flash point (108°C, lower
than several oxygenated solvents, such as alcohols and
ketones) makes it safe to handle.

Salavagione et al. first demonstrate the preparation of LPE
graphene in Cyrene. After 2 h of bath sonication, the dispersion
showed a final concentration ~0.7 mg ml ™", with a very high yield
(~48%). These values are larger than those obtained by most
conventional organic solvents, also requiring more complex LPE
procedures (Lavin-Lopez et al., 2016). In their analysis, 92.5% of
the dispersed flakes were few-layer (more than 10), 75% within
five layers, and 7.5% monolayer (final average of 4.5 layers). In
similar bath sonication experiments, Gharib et al. obtained a
6 times higher concentration with respect to NMP and DMF
(Gharib et al., 2017). Tkachev et al. proposed the preparation of a
graphene-based inks in Cyrene by a combination of two LPE
methods (i.e., tip-sonication and high-shear mixing). The authors
produced highly concentrated dispersions (up to 3.70gL™") of
few-layer graphene flakes (three to five layers) with mean lateral
size of ~200 nm (Tkachev, 2021). Pan et al. developed an

environmentally friendly, sustainable, low-cost graphene-based
ink in Cyrene with concentration up to 10 mgml™', by using
sonication assisted exfoliation. The authors added cellulose
acetate butyrate (CAB) as a stabilizing agent to achieve even a
higher concentrated ink (70 mg ml™) (Pan et al, 2018) of
multilayer graphene flakes (thickness ~5nm) with lateral size
of a few pm.

In terms of applications, Pan et al. screen-printed electrodes
from graphene inks in Cyrene and NMP. They obtained
analogous sheet resistance values (~1Q O7') using inks
produced with significantly different sonication times (8 h for
Cyrene vs. 48 h for NMP). The electrical conductivity of dried and
compressed graphene laminates from Cyrene ink (8 h sonication)
was 7.13 x 10*Sm™". These results pave the way to low-cost,
screen-printable graphene-based wearables for Internet of Things
applications, such as healthcare and wellbeing monitoring (Pan
et al., 2018). Tkachev et al. prepared graphene-based inks in
Cyrene to spray-coat flexible semi-transparent electrodes with
high optical transmittance (78%) and low sheet resistance (290 Q
07"). They embedded such electrodes in a working prototype of a
multi-touch screen with a high signal-to-noise ratio (14 dB).
These results illustrate a potential pathway toward the
integration of LPE-graphene in commercial flexible electronics
(Tkachev, 2021). Hassan et al. proposed a green ink combining
Cyrene and ethyl cellulose (polymeric binder that helps lowering
sheet resistance by enhancing connectivity and filling the gaps).
They used it to fabricate (by 3D extrusion printing) low-cost
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patterned electrodes for volatile organic compounds detection
fabricated. The devices showed a resistivity as low as 70 2 cm and
high sensitivity to organic compounds (i.e., acetone, ethanol, and
methanol). In particular, the device showed a high sensitivity
towards ethanol (Hassan et al., 2021). These case study results
suggest that Cyrene based graphene inks are more stable and
suitable than the currently employed solvents for commercial
applications, without any toxicity issues.

CONCLUSION

In summary, there is an urgent need of replacing conventional
solvents like NMP and DMF for the liquid phase production of
graphene, in order to reduce health and environmental issues and
enable a sustainable industrial production. We have presented the
most viable “green” solvents in the field, comparing their different
properties and their effectiveness (in terms of concentration and
yield) as exfoliation media. Among the possible options, Cyrene
appears as the most promising green solvent for LPE techniques.
The performance of Cyrene for the exfoliation of graphite was
analyzed, also focusing on research literature reporting graphene-
based devices prepared using this solvent. This mini-review sheds
light on a sustainable solution processing methods for graphene,

REFERENCES

Alam, M. S., Ashokkumar, B., and Siddiq, A. M. (2019). The Density, Dynamic
Viscosity and Kinematic Viscosity of Protic and Aprotic Polar Solvent (Pure
and Mixed) Systems: An Experimental and Theoretical Insight of
Thermophysical Properties. . Mol. Liquids 281, 584-597. doi:10.1016/j.
molliq.2019.02.097

Arao, Y., and Kubouchi, M. (2015). High-rate Production of Few-Layer Graphene
by High-Power Probe Sonication. Carbon 95, 802-808. doi:10.1016/j.carbon.
2015.08.108

Backes, C. (2020). Production and Processing of Graphene and Related Materials.
2d Mater. 7.

Banavath, R., Nemala, S. S., Srivastava, R., and Bhargava, P. (2021). Non-Enzymatic
H202 Sensor Using Liquid Phase High-Pressure Exfoliated Graphene.
J. Electrochem. Soc. 168, 086508. doi:10.1149/1945-7111/acleb6

Bhol, P., Yadav, S., Altaee, A., Saxena, M., Misra, P. K., and Samal, A. K. (2021).
Graphene-Based Membranes for Water and Wastewater Treatment: A Review.
ACS Appl. Nano Mater. 4, 3274-3293. doi:10.1021/acsanm.0c03439

Bonaccorso, F., Lombardo, A., Hasan, T., Sun, Z., Colombo, L., and Ferrari, A. C.
(2012). Production and Processing of Graphene and 2d Crystals. Mater. Today
15, 564-589. doi:10.1016/s1369-7021(13)70014-2

Capasso, A., Del Rio Castillo, A. E.,, Sun, H., Ansaldo, A., Pellegrini, V., and
Bonaccorso, F. (2015). Ink-jet Printing of Graphene for Flexible Electronics: An
Environmentally-Friendly Approach. Solid State. Commun. 224, 53-63. doi:10.
1016/j.85¢.2015.08.011

Capello, C,, Fischer, U., and Hungerbiihler, K. (2007). What Is a green Solvent? A
Comprehensive Framework for the Environmental Assessment of Solvents.
Green. Chem. 9, 927-993. doi:10.1039/b617536h

Charles, M. (2007). Hansen. Hansen Solubility ParametersA User’s Handbook.
Second edition. Boca Raton, Florida: Psikologi Perkembangan.

Chen, H,, Liu, B, Yang, Q., Wang, S, Liu, W., Zheng, X., et al. (2017). Facile One-
step Exfoliation of Large-Size 2D Materials via Simply Shearing in
Triethanolamine. Mater. Lett. 199, 124-127. doi:10.1016/j.matlet.2017.04.066

Chouhan, A., Mungse, H. P., and Khatri, O. P. (2020). Surface Chemistry of
Graphene and Graphene Oxide: A Versatile Route for Their Dispersion and

Green Solvents for LPE Graphene

but the findings could be translated to other layered 2D materials,
such as hBN, transition metal dichalcogenides and MXenes.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and
intellectual contribution to the work, and approved it for
publication.

FUNDING

AC acknowledges the support of the European Union’s Horizon
2020 Research and Innovation Program under the Marie
Skltodowska-Curie —grant agreement no. 713640. We
acknowledge the financial support of the project
“GEMIS-Graphene-enhanced Electro Magnetic Interference
Shielding,” with the reference POCI-01-0247-FEDER-045939,
co-funded by COMPETE 2020—Operational Programme for
Competitiveness and Internationalization and FCT-Science
and Technology Foundation, under the Portugal 2020
Partnership Agreement, through the European Regional
Development Fund (ERDF).

Tribological Applications. Adv. Colloid Interf. Sci. 283, 102215. doi:10.1016/j.
¢is.2020.102215

Coleman, J. N. (2013). Liquid Exfoliation of Defect-free Graphene. Acc. Chem. Res.
46, 14-22. doi:10.1021/ar300009f

De bruyn, M. (2016). A New Perspective in Bio-Refining: Levoglucosenone and
Cleaner Lignin from Waste Biorefinery Hydrolysis Lignin by Selective
Conversion of Residual Saccharides. Energy Environ. Sci. 9, 2571-2574.
doi:10.1039/C6EE01352]

Del Rio Castillo, A. E., Pellegrini, V., Ansaldo, A., Ricciardella, F., Sun, H., Marasco,
L., et al. (2018). High-yield Production of 2D Crystals by Wet-Jet Milling.
Mater. Horiz. 5, 890-904. doi:10.1039/c8mh00487k

Galvao, J., Davis, B, Tilley, M., Normando, E., Duchen, M. R,, and Cordeiro, M. F.
(2014). Unexpected Low-dose Toxicity of the Universal Solvent DMSO. FASEB
j. 28, 1317-1330. doi:10.1096/fj.13-235440

Gharib, D. H., Gietman, S., Malherbe, F., and Moulton, S. E. (2017). High Yield,
Solid Exfoliation and Liquid Dispersion of Graphite Driven by a Donor-
Acceptor Interaction. Carbon 123, 695-707. doi:10.1016/j.carbon.2017.08.025

Green, A. A, and Hersam, M. C. (2009). Solution Phase Production of Graphene
with Controlled Thickness via Density Differentiation. Nano Lett. 9,
4031-4036. doi:10.1021/n1902200b

Giiler, O., and Sénmez, A. (2020). The Effect of Liquid Media on the Efficiency of
Graphene Production by Liquid-phase Exfoliation from Micromechanically
Pre-exfoliated Graphite. J. Electron. Mater. 49, 5335-5345. d0i:10.1007/s11664-
020-08257-w

Giiler, O., Tekeli, M., Taskin, M., Giiler, S. H., and Yahia, I. S. (2021). The
Production of Graphene by Direct Liquid Phase Exfoliation of Graphite at
Moderate Sonication Power by Using Low Boiling Liquid media: The Effect of
Liquid media on Yield and Optimization. Ceram. Int. 47, 521-533. doi:10.1016/
j.ceramint.2020.08.159

Gutiérrez, M., and Henglein, A. (1989). Preparation of Colloidal Semiconductor
Solutions of MoS2 and WSe2 via Sonication. Ultrasonics 27, 259-261. doi:10.
1016/0041-624X(89)90066-8

Halim, U,, Zheng, C. R., Chen, Y., Lin, Z, Jiang, S., Cheng, R, et al. (2013). A
Rational Design of Cosolvent Exfoliation of Layered Materials by Directly
Probing Liquid-Solid Interaction. Nat. Commun. 4, 2213-2217. doi:10.1038/
ncomms3213

Frontiers in Chemistry | www.frontiersin.org

April 2022 | Volume 10 | Article 878799


https://doi.org/10.1016/j.molliq.2019.02.097
https://doi.org/10.1016/j.molliq.2019.02.097
https://doi.org/10.1016/j.carbon.2015.08.108
https://doi.org/10.1016/j.carbon.2015.08.108
https://doi.org/10.1149/1945-7111/ac1eb6
https://doi.org/10.1021/acsanm.0c03439
https://doi.org/10.1016/s1369-7021(13)70014-2
https://doi.org/10.1016/j.ssc.2015.08.011
https://doi.org/10.1016/j.ssc.2015.08.011
https://doi.org/10.1039/b617536h
https://doi.org/10.1016/j.matlet.2017.04.066
https://doi.org/10.1016/j.cis.2020.102215
https://doi.org/10.1016/j.cis.2020.102215
https://doi.org/10.1021/ar300009f
https://doi.org/10.1039/C6EE01352J
https://doi.org/10.1039/c8mh00487k
https://doi.org/10.1096/fj.13-235440
https://doi.org/10.1016/j.carbon.2017.08.025
https://doi.org/10.1021/nl902200b
https://doi.org/10.1007/s11664-020-08257-w
https://doi.org/10.1007/s11664-020-08257-w
https://doi.org/10.1016/j.ceramint.2020.08.159
https://doi.org/10.1016/j.ceramint.2020.08.159
https://doi.org/10.1016/0041-624X(89)90066-8
https://doi.org/10.1016/0041-624X(89)90066-8
https://doi.org/10.1038/ncomms3213
https://doi.org/10.1038/ncomms3213
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Fernandes et al.

Hasan, T., Torrisi, F., Sun, Z., Popa, D., Nicolosi, V., Privitera, G., et al. (2010).
Solution-phase Exfoliation of Graphite for Ultrafast Photonics. Phys. Stat. Sol.
(B) 247, 2953-2957. doi:10.1002/pssb.201000339

Hassan, K., Tung, T. T., Stanley, N., Yap, P. L., Farivar, F., Rastin, H., et al. (2021).
Graphene Ink for 3D Extrusion Micro Printing of Chemo-Resistive Sensing
Devices for Volatile Organic Compound Detection. Nanoscale 13, 5356-5368.
doi:10.1039/d1nr00150g

He, P., Zhou, C,, Tian, S, Sun, J., Yang, S., Ding, G., et al. (2015). Urea-assisted
Aqueous Exfoliation of Graphite for Obtaining High-Quality Graphene. Chem.
Commun. 51, 4651-4654. doi:10.1039/c5cc00059a

Hernandez, Y., Lotya, M., Rickard, D., Bergin, S. D., and Coleman, J. N. (2010).
Measurement of Multicomponent Solubility Parameters for Graphene
Facilitates Solvent Discovery. Langmuir 26, 3208-3213. doi:10.1021/1a903188a

Hernandez, Y., Nicolosi, V., Lotya, M., Blighe, F. M., Sun, Z., De, S., et al. (2008).
High-yield Production of Graphene by Liquid-phase Exfoliation of Graphite.
Nat. Nanotech 3, 563-568. doi:10.1038/nnano.2008.215

Kawahara, K., and Tanford, C. (1966). Viscosity and Density of Aqueous Solutions
of Urea and Guanidine Hydrochloride. J. Biol. Chem. 241, 3228-3232. doi:10.
1016/s0021-9258(18)96519-1

Khan, U.,, O'Neill, A., Lotya, M., De, S., and Coleman, J. N. (2010). High-
Concentration Solvent Exfoliation of Graphene. Small 6, 864-871. doi:10.
1002/smll.200902066

Lavin-Lopez, M. P., Valverde, J. L., Sanchez-Silva, L., and Romero, A. (2016).
Solvent-Based Exfoliation via Sonication of Graphitic Materials for Graphene
Manufacture. Ind. Eng. Chem. Res. 55, 845-855. doi:10.1021/acs.iecr.5b03502

Li, D., Lai, W. Y., Zhang, Y. Z,, and Huang, W. (2018). Printable Transparent
Conductive Films for Flexible Electronics. Adv. Mater. 30, 1-24. doi:10.1002/
adma.201704738

Li, X, and Zhi, L. (2018). Graphene Hybridization for Energy Storage Applications.
Chem. Soc. Rev. 47, 3189-3216. doi:10.1039/c7cs00871f

Li, Z., Young, R. J., Backes, C., Zhao, W., and Zhang, X. (2020). Mechanisms of
Liquid Phase Exfoliation for the Production of Graphene. Washington:
American Chemical Society, 1-35.

Lotya, M., Hernandez, Y., King, P. J., Smith, R. J., Nicolosi, V., Karlsson, L. S., et al.
(2009). Liquid Phase Production of Graphene by Exfoliation of Graphite in
Surfactant/Water Solutions. J. Am. Chem. Soc. 131, 3611-3620. d0i:10.1021/
ja807449u

Maham, Y., Liew, C.-N., and Mather, A. E. (2002). Viscosities and Excess
Properties of Aqueous Solutions of Ethanolamines from 25 to 80°C.
J. Solution Chem. 31, 743-756. doi:10.1023/a:1021133008053

Manna, K., Huang, H.-N,, Li, W.-T., Ho, Y.-H., and Chiang, W.-H. (2016). Toward
Understanding the Efficient Exfoliation of Layered Materials by Water-Assisted
Cosolvent Liquid-phase Exfoliation. Chem. Mater. 28, 7586-7593. doi:10.1021/
acs.chemmater.6b01203

Mehmood, A., Mubarak, N. M., Khalid, M., Walvekar, R., Abdullah, E. C., Siddiqui,
M. T. H,, et al. (2020). Graphene Based Nanomaterials for Strain Sensor
Application-A Review. J. Environ. Chem. Eng. 8, 103743. doi:10.1016/j.jece.
2020.103743

Nawaz, K., Ayub, M., Khan, M. B., Hussain, A., Malik, A. Q., Niazi, M. B. K,, et al.
(2016). Effect of Concentration of Surfactant on the Exfoliation of Graphite to
Graphene in Aqueous media. Nanomater. Nanotechnol. 6, 1-7. doi:10.5772/
62290

Neill, A. O. (2009). Graphene Dispersion and Exfoliation in Low Boiling Point
Solvents Graphene Dispersion and Exfoliation in Low Boiling Point Solvents.
J. Am. Chem. Soc. 131, 3611-3620. doi:10.1021/jp110942¢

Nemala, S. S., Aneja, K. S., Bhargava, P., Bohm, H. L. M., Mallick, S., and Bohm, S.
(2018). Novel High-Pressure Airless spray Exfoliation Method for Graphene
Nanoplatelets as a Stable Counter Electrode in DSSC. Electrochimica Acta 285,
86-93. doi:10.1016/j.electacta.2018.07.229

Pan, K, Fan, Y., Leng, T., Li, J., Xin, Z.,, Zhang, J., et al. (2018). Sustainable
Production of Highly Conductive Multilayer Graphene Ink for Wireless
Connectivity and IoT Applications. Nat. Commun. 9, 5197. doi:10.1038/
541467-018-07632-w

Paolucci, V., D’Olimpio, G., Lozzi, L., Mio, A. M., Ottaviano, L., Nardone, M., et al.
(2020). Sustainable Liquid-phase Exfoliation of Layered Materials with
Nontoxic Polarclean Solvent. ACS Sust. Chem. Eng. 8, 18830-18840. doi:10.
1021/acssuschemeng.0c04191

Green Solvents for LPE Graphene

Paton, K. R, Varrla, E., Backes, C., Smith, R. J., Khan, U., O’Neill, A., et al.
(2014). Scalable Production of Large Quantities of Defect-free Few-Layer
Graphene by Shear Exfoliation in Liquids. Nat. Mater 13, 624-630. doi:10.
1038/nmat3944

Pourabadeh, A., Sanjari Fard, A., and Jalaei Salmani, H. (2020). VLE and Viscosity
Modeling of N-Methyl-2-Pyrrolidone (NMP) + Water (Or 2-propanol or
2-butanol) Mixtures by Cubic-Plus-Association Equation of State. J. Mol.
Liquids 307, 112980. doi:10.1016/j.molliq.2020.112980

Regulation (EC) No 1907/2006 (2022). Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH) | Safety and Health at Work EU-OSHA.

Rodriguez, M., Galan, M., Mufioz, M. J., and Martin, R. (1994). Viscosity of
Triglycerides + Alcohols from 278 to 313 K. J. Chem. Eng. Data 39, 102-105.
doi:10.1021/je00013a027

Ryu, M.-Y,, Jang, H.-K,, Lee, K. J., Piao, M., Ko, S.-P., Shin, M,, et al. (2017).
Triethanolamine Doped Multilayer MoS2 Field Effect Transistors. Phys. Chem.
Chem. Phys. 19, 13133-13139. doi:10.1039/c7cp00589j

Salavagione, H. J., Sherwood, J., De bruyn, M., Budarin, V. L., Ellis, G. J., Clark,
J. H, et al. (2017). Identification of High Performance Solvents for the
Sustainable Processing of Graphene. Green. Chem. 19, 2550-2560. doi:10.
1039/c7gc00112f

Secor, E. B., Ahn, B. Y., Gao, T. Z., Lewis, J. A., and Hersam, M. C. (2015). Rapid
and Versatile Photonic Annealing of Graphene Inks for Flexible Printed
Electronics. Adv. Mater. 27, 6683-6688. doi:10.1002/adma.201502866

Secor, E. B, Prabhumirashi, P. L., Puntambekar, K., Geier, M. L., and Hersam, M.
C. (2013). Inkjet Printing of High Conductivity, Flexible Graphene Patterns.
J. Phys. Chem. Lett. 4, 1347-1351. doi:10.1021/jz400644c

Seo, J.-W. T., Green, A. A., Antaris, A. L., and Hersam, M. C. (2011). High-
concentration Aqueous Dispersions of Graphene Using Nonionic,
Biocompatible Block Copolymers. J. Phys. Chem. Lett. 2, 1004-1008. doi:10.
1021/jz2003556

Shen, J., He, Y., Wu, ], Gao, C,, Keyshar, K., Zhang, X, et al. (2015). Liquid Phase
Exfoliation of Two-Dimensional Materials by Directly Probing and Matching
Surface Tension Components. Nano Lett. 15, 5449-5454. doi:10.1021/acs.
nanolett.5b01842

Shen, J., Wu, J., Wang, M., Dong, P., Xu, ], Li, X, et al. (2016). Surface Tension
Components Based Selection of Cosolvents for Efficient Liquid Phase
Exfoliation of 2D Materials. Small 12, 2741-2749. do0i:10.1002/smll.
201503834

Sherwood, J., De bruyn, M., Constantinou, A., Moity, L., McElroy, C. R., Farmer, T.
J., et al. (2014). Dihydrolevoglucosenone (Cyrene) as a Bio-Based Alternative
for Dipolar Aprotic Solvents. Chem. Commun. 50, 9650-9652. doi:10.1039/
c4cc04133j

Shin, D. W., Barnes, M. D., Walsh, K., Dimov, D., Tian, P., Neves, A. . S,, et al.
(2018). A New Facile Route to Flexible and Semi-transparent Electrodes Based
on Water Exfoliated Graphene and Their Single-Electrode Triboelectric
Nanogenerator. Adv. Mater. 30, €1802953-7. doi:10.1002/adma.201802953

Simfukwe, J., Mapasha, R. E., Braun, A., and Diale, M. (2017). The Effect of Solvent
Viscosity on Production of Few-Layer Graphene from Liquid-phase Exfoliation
of Graphite. MRS Adv. 357, 1-8. doi:10.1557/adv.2019.13

Hou, D,, Liu, Q., Wang, X,, Qiao, Z., Wu, Z., Wu, Y., et al. (2019). Urea-Assisted
Liquid-Phase Exfoliation of Natural Graphite into Few-Layer Graphene. Chem.
Phys. Lett. 700, 108-113. doi:10.1016/j.cplett.2018.04.019

Smith, R. J.,, Lotya, M., and Coleman, J. N. (2010). The Importance of Repulsive
Potential Barriers for the Dispersion of Graphene Using Surfactants. New
J. Phys. 12, 125. doi:10.1088/1367-2630/12/12/125008

Song, B., Sizemore, C., Li, L, Huang, X,, Lin, Z., Moon, K.-s., et al. (2015).
Triethanolamine Functionalized Graphene-Based Composites for High
Performance Supercapacitors. J. Mater. Chem. A. 3, 21789-21796. doi:10.
1039/c5ta05674h

Tan, R. K. L, Reeves, S. P., Hashemi, N., Thomas, D. G., Kavak, E., Montazami, R.,
et al. (2017). Graphene as a Flexible Electrode: Review of Fabrication
Approaches. J. Mater. Chem. A. 5, 17777-17803. doi:10.1039/c7ta0575%h

Tkachev, S. (2021). Environmentally Friendly Graphene Inks for Touch Screen
Sensors. Adv. Funct. Mater. 31,3287. doi:10.1002/adfm.202103287

Trusova, E. A,, Klimenko, I. V., Afzal, A. M., Shchegolikhin, A. N., and Jurina, L. V.
(2021). Comparison of Oxygen-free Graphene Sheets Obtained in DMF and
DMF-Aqua media. New J. Chem. 45, 10448-10458. doi:10.1039/d1nj01015h

Frontiers in Chemistry | www.frontiersin.org

April 2022 | Volume 10 | Article 878799


https://doi.org/10.1002/pssb.201000339
https://doi.org/10.1039/d1nr00150g
https://doi.org/10.1039/c5cc00059a
https://doi.org/10.1021/la903188a
https://doi.org/10.1038/nnano.2008.215
https://doi.org/10.1016/s0021-9258(18)96519-1
https://doi.org/10.1016/s0021-9258(18)96519-1
https://doi.org/10.1002/smll.200902066
https://doi.org/10.1002/smll.200902066
https://doi.org/10.1021/acs.iecr.5b03502
https://doi.org/10.1002/adma.201704738
https://doi.org/10.1002/adma.201704738
https://doi.org/10.1039/c7cs00871f
https://doi.org/10.1021/ja807449u
https://doi.org/10.1021/ja807449u
https://doi.org/10.1023/a:1021133008053
https://doi.org/10.1021/acs.chemmater.6b01203
https://doi.org/10.1021/acs.chemmater.6b01203
https://doi.org/10.1016/j.jece.2020.103743
https://doi.org/10.1016/j.jece.2020.103743
https://doi.org/10.5772/62290
https://doi.org/10.5772/62290
https://doi.org/10.1021/jp110942e
https://doi.org/10.1016/j.electacta.2018.07.229
https://doi.org/10.1038/s41467-018-07632-w
https://doi.org/10.1038/s41467-018-07632-w
https://doi.org/10.1021/acssuschemeng.0c04191
https://doi.org/10.1021/acssuschemeng.0c04191
https://doi.org/10.1038/nmat3944
https://doi.org/10.1038/nmat3944
https://doi.org/10.1016/j.molliq.2020.112980
https://doi.org/10.1021/je00013a027
https://doi.org/10.1039/c7cp00589j
https://doi.org/10.1039/c7gc00112f
https://doi.org/10.1039/c7gc00112f
https://doi.org/10.1002/adma.201502866
https://doi.org/10.1021/jz400644c
https://doi.org/10.1021/jz2003556
https://doi.org/10.1021/jz2003556
https://doi.org/10.1021/acs.nanolett.5b01842
https://doi.org/10.1021/acs.nanolett.5b01842
https://doi.org/10.1002/smll.201503834
https://doi.org/10.1002/smll.201503834
https://doi.org/10.1039/c4cc04133j
https://doi.org/10.1039/c4cc04133j
https://doi.org/10.1002/adma.201802953
https://doi.org/10.1557/adv.2019.13
https://doi.org/10.1016/j.cplett.2018.04.019
https://doi.org/10.1088/1367-2630/12/12/125008
https://doi.org/10.1039/c5ta05674h
https://doi.org/10.1039/c5ta05674h
https://doi.org/10.1039/c7ta05759h
https://doi.org/10.1002/adfm.202103287
https://doi.org/10.1039/d1nj01015h
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Fernandes et al.

Turner, P., Hodnett, M., Dorey, R,, and Carey, J. D. (2019). Controlled Sonication
as a Route to In-Situ Graphene Flake Size Control. Sci. Rep. 9, 8710-8718.
doi:10.1038/s41598-019-45059-5

Vacacela Gomez, C., Guevara, M., Tene, T., Villamagua, L., Usca, G. T.,
Maldonado, F., et al. (2021). The Liquid Exfoliation of Graphene in Polar
Solvents. Appl. Surf. Sci. 546, 149046. doi:10.1016/j.apsusc.2021.149046

Verheijen, M., Lienhard, M., Schrooders, Y., Clayton, O., Nudischer, R., Boerno, S.,
etal. (2019). DMSO Induces Drastic Changes in Human Cellular Processes and
Epigenetic Landscape In Vitro. Sci. Rep. 9, 4641-4652. doi:10.1038/s41598-019-
40660-0

Wang, J., Shi, Z., Ge, Y., Wang, Y., Fan, J., and Yin, J. (2012). Solvent Exfoliated
Graphene for Reinforcement of PMMA Composites Prepared by In Situ
Polymerization. Mater. Chem. Phys. 136, 43-50. doi:10.1016/j.matchemphys.
2012.06.017

Wang, Y., Zhou, W., Cao, K., Hu, X,, Gao, L., and Lu, Y. (2021). Architectured
Graphene and its Composites: Manufacturing and Structural Applications.
Composites A: Appl.  Sci. Manufacturing 140, 106177. doi:10.1016/j.
compositesa.2020.106177

Wu, C, Cheng, Q., Wu, K., Wu, G, and Li, Q. (2014). Graphene Prepared by One-
Pot Solvent Exfoliation as a Highly Sensitive Platform for Electrochemical
Sensing. Analytica Chim. Acta 825, 26-33. doi:10.1016/j.aca.2014.03.036

Xu, Y., Cao, H,, Xue, Y., Li, B,, and Cai, W. (2018). Liquid-phase Exfoliation of
Graphene: An Overview on Exfoliation media, Techniques, and Challenges.
Nanomaterials (Basel) 8, 942. doi:10.3390/nano8110942

Yang, Y., Asiri, A. M., Tang, Z., Du, D., and Lin, Y. (2013). Graphene Based
Materials for Biomedical Applications. Mater. Today 16, 365-373. doi:10.1016/
j.mattod.2013.09.004

Yaws, C. L. (2014). Surface Tension — Organic CompoundsThermophysical
Properties of Chemicals and Hydrocarbons, 700. Elsevier.

Zhang, K., Zhang, X., Li, H., Xing, X,, Jin, L. e, Cao, Q., et al. (2018). Direct
Exfoliation of Graphite into Graphene in Aqueous Solution Using a Novel

Green Solvents for LPE Graphene

Surfactant Obtained from Used Engine Oil. . Mater. Sci. 53, 2484-2496. doi:10.
1007/s10853-017-1729-7

Zhang, Q., Cai, S, Zhang, W, Lan, Y., and Zhang, X. (2017). Density, Viscosity,
Conductivity, Refractive index and Interaction Study of Binary Mixtures of the
Tonic Liquid 1-Ethyl-3-Methylimidazolium Acetate with Methyldiethanolamine.
J. Mol. Liquids 233, 36. doi:10.1016/j.molliq.2017.03.036

Zhao, W., Fang, M., Wu, F., Wu, H.,, Wang, L., and Chen, G. (2010). Preparation of
Graphene by Exfoliation of Graphite Using Wet ball Milling. J. Mater. Chem.
20, 5817-5819. doi:10.1039/c0jm01354d

Zhou, K.-G., Mao, N.-N., Wang, H.-X,, Peng, Y., and Zhang, H.-L. (2011). A
Mixed-Solvent Strategy for Efficient Exfoliation of Inorganic Graphene
Analogues. Angew. Chem. Int. Ed. 50, 10839-10842. doi:10.1002/anie.
201105364

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Fernandes, Nemala, De Bellis and Capasso. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Chemistry | www.frontiersin.org

April 2022 | Volume 10 | Article 878799


https://doi.org/10.1038/s41598-019-45059-5
https://doi.org/10.1016/j.apsusc.2021.149046
https://doi.org/10.1038/s41598-019-40660-0
https://doi.org/10.1038/s41598-019-40660-0
https://doi.org/10.1016/j.matchemphys.2012.06.017
https://doi.org/10.1016/j.matchemphys.2012.06.017
https://doi.org/10.1016/j.compositesa.2020.106177
https://doi.org/10.1016/j.compositesa.2020.106177
https://doi.org/10.1016/j.aca.2014.03.036
https://doi.org/10.3390/nano8110942
https://doi.org/10.1016/j.mattod.2013.09.004
https://doi.org/10.1016/j.mattod.2013.09.004
https://doi.org/10.1007/s10853-017-1729-7
https://doi.org/10.1007/s10853-017-1729-7
https://doi.org/10.1016/j.molliq.2017.03.036
https://doi.org/10.1039/c0jm01354d
https://doi.org/10.1002/anie.201105364
https://doi.org/10.1002/anie.201105364
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Green Solvents for the Liquid Phase Exfoliation Production of Graphene: The Promising Case of Cyrene
	Introduction
	Towards Green Solvents for the LPE of Graphite
	Case Study: Cyrene as the Most Advanced Green Solvent for LPE of Graphite
	Conclusion
	Author Contributions
	Funding
	References


