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ABSTRACT: Liquid-phase exfoliation is the most suitable
platform for large-scale production of two-dimensional materials.
One of the main open challenges is related to the quest of green
and bioderived solvents to replace state-of-the-art dispersion
media, which suffer several toxicity issues. Here, we demonstrate
the suitability of methyl-S-(dimethylamino)-2-methyl-S-oxopenta-
noate (Rhodiasolv Polarclean) for sonication-assisted liquid-phase
exfoliation of layered materials for the case-study examples of WS,,
MoS,, and graphene. We performed a direct comparison, in the
same processing conditions, with liquid-phase exfoliation using N-
methyl-2-pyrrolidone (NMP) solvent. The amount of few-layer Liquid Phase
flakes (with thickness <5 nm) obtained with Polarclean is Exfoliation
increased by ~350% with respect to the case of liquid-phase
exfoliation using NMP, maintaining comparable values of the average lateral size, which even reaches ~10 um for the case of
graphene produced by exfoliation in Polarclean, and of the yield (~40%). Correspondingly, the density of defects is reduced by 1
order of magnitude by Polarclean-assisted exfoliation, as evidenced by the I(D)/I(G) ratio in Raman spectra of graphene as low as
0.07 + 0.01. Considering the various advantages of Polarclean over state-of-the-art solvents, including the absence of toxicity and its
biodegradability, the validation of superior performances of Polarclean in liquid-phase exfoliation paves the way for sustainable large-
scale production of nanosheets of layered materials and for extending their use in application fields to date inhibited by toxicity of
solvents (e.g, agri-food industry and desalination), with a subsequent superb impact on the commercial potential of their
technological applications.
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B INTRODUCTION

The advent of two-dimensional (2D) materials had a ground-
breaking impact on science and technology,' "> due to their

transfer process altering the physicochemical properties of
transferred flakes of 2D materials.”” The removal of the
substrate is a challenging issue also for the preparation of

peculiar properties with high application capabilities in
different fields, such as energy storage,m_22 catalysis,m_27
optoelectronic devices,”* " and gas sensing.”>** A key point
for the technological exploitation of 2D materials is
represented by their large-scale production, which still remains
challenging.”>™*” Actually, since the isolation of graphene,”**”
fundamental studies on 2D materials were carried out mostly
on micrometric flakes mechanically exfoliated from parental
bulk crystals*® (top-down approach) or on ultrathin layers
grown by chemical vapor deposition*"** (bottom-up ap-
proach). While mechanical exfoliation suffers from nonscalable
processes with scarce reproducibility,*® chemical vapor
deposition requires specific substrates enabling epitaxial
growth,*® with subsequent problems related to the etching
of 2D sheets from the substrate’’ resulting in flakes with
degraded crystalline quality with a high amount of defects and
metallic impurities** and/or polymer residuals from the
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graphene by Si sublimation from SiC substrate.”

The most viable tool for large-scale production of few layers
of 2D materials is represented by liquid-phase exfoliation
(LPE),””'™® which affords high-quality dispersions of 2D
materials, exfoliated from their bulk counterparts and dispersed
in solvents enabling further processing.’””'~>* Definitely, a
suitable solvent for LPE should minimize the energy input
required to overcome the van der Waals forces for effective
sheet separation.”' ~>*® This corresponds to the minimization
of the enthalpy of mixing per unit volume AH/V, which, in
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turn, is connected to the Helmholtz free energy of solvent
(Fyy) and the Helmholtz free energy of layered materials

(Flayered), the thickness of the flakes (Tj,yeq), and the volume
fraction (¢):>>°

AH 2 2
7 ~ ,Ii | (\/ P;alv - \/Flayered) ¢ 1)
ayere
with
Flayered = (Gs - TSsur) (2)

where o is the surface energy and S, the surface entropy.
Therefore, matching surface tensions of solvent and layered
materials is crucial to achieve an efficient LPE. However,
another critical issue is related to the dispersibility of flakes and
solvent, which depends on the specific molecular interactions
between the solvent and the solute, which are accounted by
considering the Hansen solubility parameters, corresponding
to dispersion forces (8;), polar interactions (5p), and hydrogen
bonding (8y), respectively. Whenever &4, &p, and &y of the
solvent match the corresponding values for the solute, the
energy cost associated with the dispersion is minimized (see
the Supporting Information, Section S1, for a more detailed
theoretical model for LPE).*" For the specific cases of
graphene and transition-metal dichalcogenides, N-methyl-2-
pyrrolidone (NMP) and N,N-dimethylformamide (DMF) are
the most diffusely used solvents,”” due to their values of surface
tension and Hansen solubility parameters (reported in Table
1) well matching with surface energy and Hansen solubility

Table 1. Surface Tension and Hansen Solubility Parameters
for Polarclean, NMP, DMF, IPA, TEA, and Urea

surface
tension Hansen solubility parameters
84 5, Su
6s [nN m™'] [MPa"?2]  [MPa'?] [MPa'/?]
Polarclean 38% 15.8% 10.7% 9.2%
NMP 40.1* 18.0% 12.3% 7.2
DMF 37.1% 17.4% 13.7% 11.3%
IPA 21.7% 15.8% 6.1 16.4%°
TEA 45977 17.3'%* 7.6 21.0'"
urea 30% in H,O 74.0'% 17.0'% 16.7'%¢ 38.0'%°

parameters of graphite and other layered materials (Supporting
Information, Table S1). Nevertheless, recently, both NMP and
DMEF have been placed on the list of Substances of Very High
Concern (SVHC),60 which is the first step for introducing
restrictions over the use of substances or their import to
Europe, according to the European REACH regulation.®!
Similar concerns have been recently raised in the USA for both
solvents.®”®® In particular, NMP has been already classified as
a reproductive toxin,”* mainly owing to its amide function-
alities.

Therefore, it is becoming mandatory to search for a green
alternative to these traditional aprotic solvents.

Volatile organic compounds (VOCs) represent natural
candidates as solvents for solution processing, but the
exfoliation yield is typically halved,® so that usually the
transfer of flakes of 2D materials from a suspension in NMP is
required.’® In addition, many VOCs have low flash temper-
atures (13 °C for ethanol; 12 °C for isopropyl alcohol, IPA,
etc.), with subsequent concerns for safety for industrial usage.

18831

Another possibility is constituted by LPE in aqueous media
using surfactants.”” However, residuals of surfactants usually
degrade the quality of 2D materials. This drawback is especially
relevant for their usage in electronic devices, due to the
insulating nature of surfactants, and, moreover, in nano-
composites.68

Electrochemical exfoliation (both anodic and cathodic) in
aqueous electrolytes has emerged as a novel platform for the
production of 2D materials.”> However, for bulk semi-
conductors or insulators, electrochemical exfoliation is
unsuccessful in breaking the interlayer van der Waals forces
without including a conducting additive.*” Moreover, reaching
the monolayer regime through electrochemical exfoliation of
bulk materials remains a severe hurdle.”” Another problem is
related to the unconventional operational electrochemical
conditions, which imply the occurrence of oxygen and
hydrogen evolution stimulated by electrochemical polar-
ization.”" Finally, electrochemical exfoliation in aqueous
electrolytes usually provides flakes of 2D materials with a
high amount of defects.’>”*

Recently, triethanolamine (TEA)”® and urea aqueous
solutions”* have been proposed as green alternative media for
LPE of graphene and other layered materials. Regarding TEA,
notwithstanding the good results in terms of flake micro-
structure and dispersion stability, issues related to the yield of
the process and, mostly, to chemical modification of flakes
induced by possible functionalization’>’® during the process
are still open. In addition, its very high dynamic viscosity
(6059 P at T = 25 °C”’) precludes the use of such
dispersions for inkjet printing of 2D material-based inks, for
which the viscosity range is recommended to be 1-10 cP.”®
On the other hand, aqueous dispersions of urea have shown
encouraging results for graphite exfoliation, obtaining high-
quality flakes. However, the low yield of the process (2.4%),
evidently related to the significant difference in the surface
energy (see Table 1 and the Supporting Information, Section
S1), makes urea inappropriate for scalability.

So far, dihydrolevoglucosenone (Cyrene, CAS: 53716-82-8)
has been proposed as a green solvent to obtain graphene
dispersions.”” Cyrene has small, albeit not negligible, values of
acute toxicity (LDS0) and aquatic toxicity (ECS50) of >2000
mg kg and >100 mg L, respectively. Accordingly, its use for
many applications of 2D materials, including the production of
drinking water through seawater desalination®” or other agri-
food applications,”’ is inadvisable. Moreover, the high dynamic
viscosity of Cyrene (14.5 cP at T = 20 °C) also hinders its use
for inkjet printing of 2D material-based inks

Evidently, state-of-the-art methodologies based on common
solvents inevitably hamper the long-standing expansion and
sustainability of the 2D material-based industry, and
concurrently, existing alternatives are far from being mature
for mass production of 2D materials. Therefore, the
identification of a processing solvent combining (i) efficient
LPE and (ii) sustainability remains an open challenge.

Here, we assess the performance of methyl-5-(dimethylami-
no)-2-methyl-S-oxopentanoate (Rhodiasolv Polarclean, CAS:
1174627-68-9) as a polar solvent® for sonication-assisted LPE
of layered materials. Polarclean (CyH;,NO;, Figure 1) has no
detectable toxicity for doses as high as 1000 mg/(kg day); its
water solubility is higher than 490 g/L at T = 24 °C, and it is
biodegradable and not mutagenic.”’ Remarkably, Polarclean
has a flash point of 160 °C at ambient pressure.®> Accordingly,
it is safer than many oxygenated solvents, such as VOCs.

https://dx.doi.org/10.1021/acssuschemeng.0c04191
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(a)
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Figure 1. (a) Plin and (b) ball-and-stick representations of the
atomic structure of methyl 5-(dimethylamino)-2-methyl-S-oxopenta-
noate (Polarclean).

Besides exfoliation yields and environmental/safety issues,
validating a new solvent for 2D material exfoliation means
keeping suspension and solvents in use, according to a circular-
economy chain-process approach. Notwithstanding, micro-
filtration®* ™% represents an interesting route for reuse/
recovery of a large variety of exhausted solvents like DMP,
NMP, and Polarclean, which increases both the concentrations
of the dispersion and the regenerated solvent’s purity; only
Polarclean demonstrates large potentials to be reused in
downstream production processes. Currently, Polarclean is
mostly used for solubilization of agrochemicals, as well as for
crop protection and animal nutrition.”” Recently, the use of
Polarclean has been extended to the production of polymeric
membranes for ultrafiltration®® and water desalination for
drinking water production,®”~"* the synthesis of biobased
aliphatic polyurethanes,” dimerization of abietic acid,* and
copper-catalyzed azide—alkyne cycloaddition.”* Its dynamic
viscosity (9.78 cP at T = 23 °C*’) makes Polarclean an ideal
candidate for inkjet printing of 2D material-based devices, for
which the low dynamical viscosity of state-of-the-art solvents
DMF and NMP (<2 cP) jeopardizes the jetting performance.”

Here, we validate the use of Polarclean as the solvent for
sonication-assisted LPE of layered materials. Specifically, by
adopting as case-study examples WS,, MoS,, and graphene, we
demonstrate that Polarclean outperforms NMP (in the same
processing conditions) by producing dispersions of nanosheets
with an amount of few-layer flakes (with thickness <5 nm)
increased by 350% and comparable values of the average lateral
size of flakes. Moreover, the density of defects is reduced by an
order of magnitude by exfoliation in Polarclean, as evinced by
the I(D)/I(G) ratio in Raman spectra of graphene as low as
0.07 + 0.01. Our results indicate that Polarclean represents a
unique green candidate solvent for large-scale and scalable
production of functional inks based on 2D materials, which
naturally enables expanding the use of 2D materials in several
application fields, for which state-of-the-art solvents have
represented so far serious obstacles, owing to their toxicity. In
particular, we mention (i) seawater desalination for production
of drinking water;”® (i) concentration of fruit juices,” volatile
aroma compounds,” and whey proteins;”* (iii) separation of
azeotropic mixtures.;100 (iv) purification processes from
fermentation broth;'°" and (v) recovery of minerals from
seawater'*~ and salty lakes.'*’

B RESULTS AND DISCUSSION

In Table 1, the value of surface tension and the Hansen
solubility parameters of Polarclean are reported and compared
with those of other common solvents (NMP, DMF, IPA). The
surface tension of Polarclean is comparable with its values for
NMP and DMF, while the surface tension in IPA is lower by
~40%.

The efficiency of Polarclean for obtaining stable and high-
yield dispersions of flakes of 2D materials was validated by

means of an analysis of dispersed flakes for the case-study
examples of WS,, MoS,, and graphene.

Figure 2 reports the yield of the process as a function of the
centrifugation speed, in terms of the amount of flakes in the

100
Solvent: Polarclean —=—WS,
__ 80- o :
© i\ s— Graphene
o
© 60 -
Sy
S
= 40
5 Qﬁ\
q§3_< !
1) 20-
0
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Figure 2. Yield of the Polarclean-assisted LPE as a function of
centrifugation speed for WS,, MoS,, and graphene.

final dispersion as compared to the initial concentration. For
the optimized process, in the case of WS, and graphene, the
yield is ~40% of the initial mass in the final dispersion after a
1000 rpm centrifuge, while the value for MoS, is even higher
(50%). For the sake of completeness, we report a comparison
of the yields obtained with different solvents in the same
operating conditions in the Supporting Information, Figure S2.

To confirm that the exfoliation process only breaks the van
der Waals interlayer bonds without deteriorating covalent
bonding within the WS, flake, i.e., its crystal structure, we
analyzed (i) the atomic structure and (ii) phonon modes by
means of scanning transmission electron microscopy (STEM)
and Raman spectroscopy. Definitely, atomic-resolution
HAADF (high angle annular dark field)-STEM images (Figure
3b) of an exfoliated WS, flake identified in BF (bright field)-
STEM (Figure 3a) directly demonstrate that LPE in Polarclean
did not induce formation of defects. We also note the absence
of defective areas on terraces. The analysis of Raman spectra is
fully consistent with STEM analysis. As shown in Figure 3c,
the Raman spectrum of WS, is dominated by three major
modes: (i) Eig(l—‘) and (ii) Alg(F), which are first-order modes,
in-plane and out-of-plane, respectively, and (iii) 2LA(M), a
second-order longitudinal acoustic mode.'”*™"' Despite the
fact that 2LA(M) overlaps E;, (I'), the fit procedure (Figure
3c) allows the identification of their related components.
Indeed, the analysis of the 2LA(M) and A;,(I") peak intensity
ratio, I(2LA(M))/ I(Alg(r)), is widely recognized as a reliable
spectroscopic tool to evaluate the thickness of WS, samples." "’
In our case, the spectral analysis indicates I(2LA(M))/
I(Alg(r)) values of ~0.28 in WS, powder and ~1.4 in
Polarclean-exfoliated WS, flakes. These values correspond to
those measured for I(2LA(M))/I(A;4(T")) corresponding to
bulk WS, (<0.5) and few-layer WS, flakes (>0.5),
respectively.' '

Furthermore, the WS, dispersions in Polarclean were
characterized by UV—vis spectroscopy (Figure 3d). The
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Figure 3. (a) BF-STEM micrograph with different overlapped flakes
of WS, transferred on a lacey carbon grid. (b) Atomic-resolution
HAADF-STEM micrograph on the side of the same sample in panel a,
in correspondence of an isolated flake. A ball-and-stick representation
of the WS, atomic structure is overlapped to the experimental
micrograph, with W and S atoms depicted in blue and green,
respectively, while the unit cell is indicated by red lines. The contrast
in intensity of W and S sites is due to their different atomic
number.'”” The inset reports the fast Fourier transform (FFT) of the
micrograph. (c) Raman spectra for bulk WS, and for nanosheets
exfoliated in the liquid phase using Polarclean solvent. (d)
Absorbance spectrum in the 400—800 nm range, showing the A
exciton.

observation of the characteristic absorption at around 630 nm
related to the A-exciton, corresponding to the excitonic
absorption band originating from gap transition at the K-
point of the Brillouin zone,''” ensures that the LPE in
Polarclean solvent did not modify the electronic structure of
WS,.

The WS, dispersion had a concentration of ~0.2 mg/mL
(with a yield of ~40% of the initial mass in the final
dispersion) with an estimated value of the optical absorption
coefficient a of 1549 + 50 L/(g m), congruently with previous
reports.””"'''* Results for MoS, and graphene are reported in
the Supporting Information (Figure S4b,c).

The stability of the dispersions was assessed by taking
photographs along 1 week (Supporting Information, Figure
S4d—f), finding in all cases that around 80% of the flakes
remain in the dispersions even after 1 week.

Figure 4 reports a statistical analysis of lateral size and
thickness of WS, flakes based on images acquired with
scanning electron microscopy (SEM) and atomic force
microscopy (AFM), respectively. The lateral size and thickness
of the WS, flakes approximately follow a log-normal
distribution peaked at ~3 ym (Figure 4c) and ~4 nm (Figure
4d), respectively. These results allow concluding that Polar-
clean-assisted LPE provides flakes with an aspect ratio of ~10°.

The performances of Polarclean as an exfoliation medium
for 2D materials was directly compared with the case of the
most diffuse state-of-the-art solvent, i.e., NMP. Therefore, we
performed LPE under the same operating conditions also for
NMP (see the Experimental Section for experimental
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Figure 4. (a) Representative high-resolution SEM image of typical
WS, flakes. (b) Analysis of lateral size distribution of WS, flakes
determined from SEM images. (c) Representative AFM image of WS,
flakes. The height profile along the white solid line is reported in the
inset. (d) Analysis of thickness distribution determined from AFM
measurements.

procedures and Figures S5—S7 in the Supporting Information
for morphological and physicochemical characterization).
While the lateral size is comparable (Figure S5 of the
Supporting Information), the statistical analysis on thickness
reveals a bimodal distribution for NMP-exfoliated flakes
(Figure SS of the Supporting Information), peaked around 4
and 30 nm, corresponding to thin and thick flakes, respectively.
Remarkably, ~85% of flakes exfoliated by Polarclean have a
thickness <S5 nm. Considering recent discoveries on the
apparent height of monolayer flakes of exfoliated layered
materials in AFM experiments with respect to the supporting
substrate,''> we can infer the predominance of few-layer flakes
(1-3 layers) in Polarclean-assisted LPE. Conversely, by using
NMP in the same experimental conditions, ~76% of flakes
have thickness >5 nm, thus evidencing a largely incomplete
exfoliation of the bulk crystal in NMP-assisted LPE.
Congruently, HAADF images of NMP-exfoliated WS, flakes
(Figure S7 of the Supporting Information) are consistent with
an incomplete exfoliation of the parental bulk crystal, as
evidenced by (i) the higher Z-contrast and (ii) the multi-
layered structure imaged in the atomic-resolution HAADEF-
STEM micrograph in Figure S7f.

To assess eventual modifications in the physicochemical
properties of exfoliated flakes, we performed XPS measure-
ments in the region of W 2f and S 2p core levels (Figure S) for
(i) the starting bulk and (i) exfoliated WS, nanosheets
obtained by LPE with both Polarclean and NMP. The W 4f
core levels are split in ] = 5/2 and 7/2 components shifted by
2.1 eV. Specifically, measurements indicate that W 4f core
levels have three different contributions arising from WO,,
WS,, and defective WS, (sulfur vacancies) with a binding
energy (BE) of 36.1, 33.2, and 32.7 eV for the ] = 7/2
component, respectively, in agreement with previous works on
WS,-based systems.' '~
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Figure S. (a) S 2p and (b) W 4f core-level spectra of powder and
Polarclean-exfoliated and NMP-exfoliated WS, samples.

Correspondingly, the S 2p core levels are split in ] = 1/2 and
3/2 components shifted by 1.2 eV. Four well-distinct
contributions associated with SO,, SO, stoichiometric WS,,
and defective WS, are observed at BEs of 168.4, 166.7, 163.0,
and 162.6 eV for the ] = 3/2 component, respectively, as in
previous reports.116_118

Notably, the XPS analysis indicates that the exfoliation
process does not induce further oxidation, regardless the
increase of the surface/volume ratio when going from bulk
WS, to nanosheets. Components related to WO; have only
7.8% and 7.3% of the total areas of the W 4f in Polarclean- and
NMP-exfoliated WS,, respectively. Similarly, spectral compo-
nents in S 2p related to SO, and SO; have only ~8% and 6—
9% of the total area for both solvents. Essentially, the
physicochemical properties of WS, nanosheets produced by
using NMP and Polarclean solvents are similar. The lack of
additional spectral contributions in core levels demonstrates
that Polarclean-assisted LPE did not alter the electronic
properties of the layered material, as also confirmed by XPS
measurements for the parental compound MoS, (Supporting
Information, Figure S10).

In order to validate the extension of the use of Polarclean as
the exfoliation medium for layered materials, we demonstrated
the efficiency of sonication-assisted LPE for the cases of MoS,
and graphene (Figure 6).

Figure 6a,c,e reports a representative SEM image of
Polarclean-exfoliated MoS, flakes and the related statistical
analysis on lateral size and thickness, respectively. Correspond-
ingly, Figure 6b,d,f are related to graphene flakes exfoliated
using Polarclean as the dispersion medium. For the sake of
completeness, further morphological and physicochemical
characterization of exfoliated MoS, and graphene nanosheets
are reported in the Supporting Information, Section S4.

Regarding MoS, exfoliation, statistical analyses on both
lateral size and thicknesses (Figure 6c,e) indicate values
comparable with the case of WS,. Explicitly, the distribution of
lateral size is peaked around ~2.5 pm, while the thickness
distribution is centered around 4—5 nm.

Concerning the exfoliation of graphene nanosheets with
Polarclean, remarkably, the distribution of lateral size reaches
an average value of 10 pm, which is one of the largest reported
so far for LPE of graphite."”'” The corresponding Raman
spectrum (Figure 7) displays D and G bands at 1331 and 1581
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Figure 6. Representative SEM image of isolated exfoliated flakes of
(a) MoS, and (b) graphene. Statistical analysis of (c, d) lateral size
and (e, f) thickness of (c, €) MoS, and (d, f) graphene flakes,
respectively.
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Figure 7. Raman spectrum for graphene exfoliated with Polarclean
solvent (brown curve). For the sake of comparison, we report also
Raman spectra for NMP-assisted (green curve) and Cyrene-assisted
(red curve) LPE exfoliation of graphene (data taken from ref 79) and,
moreover, bulk graphite (black curve). See Figure SI2 in the
Supporting Information for a comparison extended to other solvents.

cm™'. We recall that, while the G peak arises from the Epg
optical phonon of graphene,''” the D band is originated by
breathing modes of six-atom rings and requires a defect for its
activation.'”® Therefore, the I(D)/I(G) ratio is a widely
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recognized probe of structural defects in the graphene sheet'”!
(see also the Supporting Information, Section SS). Notably,
the ratio of the intensity of D and G Raman-active bands in
few-layer graphene exfoliated through Polarclean is I(D)/I(G)
= 0.07 = 0.01. Definitely, we estimate a density of defects as
low as (8 + 2) X 10° cm™, which is consistent with the high
crystalline order of exfoliated graphene flakes (without
evidence of defects) imaged by high-resolution TEM (HR-
TEM) in Figure S11 of the Supporting Information. For the
sake of comparison, from the I(D)/I(G) analysis in Raman
spectra (Figure 7 and Figure S12 of the Supporting
Information), we also estimated the density of defects for
graphene exfoliated with NMPp,”*!** Cyrene,79 IPA,'??
DMF,"** acetone/water,'* ethanol/water,"** TEA,”*> and
aqueous solution of urea,”* finding values of (6 + 2) X 10",
(5+2) x 10" (1.0 +£ 0.3) x 10", (9 £ 3) x 10', (4 + 1) X
10", (2.6 + 0.7) x 10", (6 £ 2) x 10*, and (7 + 2) x 10*
defects/cm?, respectively. Evidently, graphene flakes exfoliated
with Polarclean exhibit a density of defects inferior by
approximately 1 order of magnitude with respect to LPE
assisted by other solvents.

The analysis of the intensity of the D’ band can provide
further indication on the density of defects. Similarly to the D
band, the D’ mode is a double resonance originated by the
transverse optical (TO) phonons around the K or K’ points in
the first Brillouin zone, and it is activated by defects, although
it involves an intravalley rather than intervalley process.'”'
Remarkably, the intensity of the D’ band at 1615 cm™! s
suppressed for the case of Polarclean-assisted LPE of graphene,
in contrast with the case of other solution processing methods
(Figure 7 and Figure S12 of the Supporting Information).

B CONCLUSIONS

We have proven that Polarclean is an efficient green solvent for
the production of layered materials by LPE. In particular,
sonication-assisted LPE provided distributions of lateral size of
4,3, and 10 pm and thickness of 4, 4, and S nm for WS,, MoS,,
and graphene. Concurrently, the amount of few-layers sheets
(below S nm) in dispersions in Polarclean is higher by ~350%
compared to LPE with NMP. Correspondingly, the density of
defects of graphene flakes produced by LPE is reduced by 1
order of magnitude by using Polarclean, as evidenced by the
I(D)/I(G) ratio in Raman spectra of graphene as low as 0.07 +
0.01. The superior performances in LPE, together with the
absence of any toxicity issue and its biodegradability, make
Polarclean an ideal candidate for sustainable large-scale
production of 2D materials. Naturally, Polarclean can also
replace solvents commonly employed for other processing
methods beyond sonication, such as shear mixing'*” or wet-jet
mill,"*® particularly promising for industrial scale-up. The
efficiency of the Polarclean-based LPE process is crucial in
order to combine intrinsic benefits for environmental health
and safety with optimization of performances. Undeniably, the
introduction of a green solvent for LPE also will expand the
growing market of 2D materials toward fields to date nearly
unexplored (e.g., recovery of minerals from seawater,
concentration of fruit juices, production of drinking water,
etc.), as a result of the toxicity of state-of-the-art solvents for
LPE, with subsequent superb impact on the commercial
potential of their technological applications.
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B EXPERIMENTAL SECTION

Materials. WS, (CAS number 12138-09-9), MoS, (CAS number
1317-33-5), and graphite (CAS number 7782-42-5) were purchased
from Sigma-Aldrich and used without further purification. Related
particle size distributions are reported in the Supporting Information,
Figure S1. Absolute ethanol, N-methyl-2-pyrrolidone (NMP),
triethanolamine (TEA), and urea were purchased from commercial
chemical suppliers. Methyl-S-(dimethylamino)-2-methyl-S-oxopenta-
noate (Rhodiasolv Polarclean) was provided by Rhodiasolv, Solvay
Novecare, Paris.

Exfoliation of Layered Materials. A 0.05 g portion of a powder
of WS,, MoS,, and graphite was dispersed in 40 mL of Rhodiasolv
Polarclean and sonicated for 3 h in a bath sonicator (Elmasonic P
working at 37 kHz) in a thermostat bath to prevent excessive
temperature rise (T < 25 °C). Beside exfoliation, in order to
physically remove Polarclean, several centrifugations were carried out.
After a first centrifugation at 5000 rpm, supernatant was discarded and
substituted with an analogous amount of ethanol. After this step, 3
successive centrifugations were performed to remove solvent
residuals, with a last centrifugation at 1000 rpm aimed at separating
thinner flakes from thick and unexfoliated material. Finally, the
supernatant was collected for characterization.

Characterization. STEM investigation was performed with a
JEOL ARM200F Cs-corrected microscope, equipped with a cold-field
emission gun with an energy spread of 0.3 eV and operating at 60
keV. The probe size was 1.1 A at 60 kV. Micrographs were acquired in
BF and in Z-contrast mode by HAADF.

Field emission scanning electron microscope (FESEM) experi-
ments were carried out at the Microscopy Centre of University of
L’Aquila with a Gemini SEM 500 instrument, at an accelerating
voltage of 2 kV. AFM measurements were performed in air tapping
mode with a Veeco Digital DS000 system, using tips with a spring
constant of 3 N/m and resonance frequencies between S1 and 94
kHz.

Raman spectra were acquired using a micro-Raman spectrometer
(uRS) (LABRAM spectrometer, A = 633 nm, Horiba-Jobin Yvon,
Kyoto, Japan) equipped with a confocal optical microscope (100X
MPLAN objective with 0.9 numerical aperture and 0.15 mm work
distance). The spatial resolution was ~1 um, while the energy
resolution was ~2 cm™..

Optical absorption spectra of WS,, MoS,, and graphene dispersions
achieved after Polarclean-assisted LPE were measured by using a
UV—vis spectrometer (PerkinElmer, Lambda 750) with a 1 cm quartz
cuvette. Moreover, UV—vis spectra of differently diluted dispersions
were used to estimate optical absorption coefficients by applying
Lambert—Beer’s law. To estimate the concentration, dispersions were
filtered. By measuring the filtered mass, we evaluated the
concentration of flakes after exfoliation and centrifugation.

XPS measurements were performed using a PHI 1257
spectrometer, equipped with a monochromatic Al Ka source (hv =
1486.6 eV) with an experimental resolution of 0.25 eV.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c04191.

Theoretical model on LPE, characterization of the
dispersions, comparison between Polarclean- and NMP-
assisted liquid-phase exfoliation, and validation of
Polarclean for liquid-phase exfoliation of MoS, and
graphene (PDF)

B AUTHOR INFORMATION

Corresponding Authors
Valentina Paolucci — Department of Industrial and
Information Engineering and Economics, University of

https://dx.doi.org/10.1021/acssuschemeng.0c04191
ACS Sustainable Chem. Eng. 2020, 8, 18830—18840


http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c04191/suppl_file/sc0c04191_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c04191/suppl_file/sc0c04191_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c04191/suppl_file/sc0c04191_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c04191/suppl_file/sc0c04191_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c04191/suppl_file/sc0c04191_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c04191?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c04191/suppl_file/sc0c04191_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valentina+Paolucci"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c04191?ref=pdf

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

L’Aquila, I-67100 L’Aquila, Italy; ©® orcid.org/0000-0003-
0641-7926; Email: valentina.paolucci2@univaq.it

Patrice Le-Cornec — Solvay Novecare, 93308 Auberviliers,
France; Email: patrice.le-cornec@solvay.com

Carlo Cantalini — Department of Industrial and Information
Engineering and Economics, University of L’Aquila, I-67100
L’Aquila, Italy; Email: carlo.cantalini@univaq.it

Antonio Politano — Department of Physical and Chemical
Sciences, University of L’Aquila, 67100 L’Aquila, Italy;
CNR-IMM Istituto per la Microelettronica e Microsistemi, I-
95121 Catania, Italy; © orcid.org/0000-0002-4254-2102;
Email: antonio.politano@univaq.it

Authors

Gianluca D’Olimpio — Department of Physical and Chemical

Sciences, University of L’Aquila, 67100 L'Aquila, Italy;
orcid.org/0000-0002-6367-3945

Luca Lozzi — Department of Physical and Chemical Sciences,
University of L’Aquila, 67100 L’Aquila, Italy; ® orcid.org/
0000-0002-0150-5727

Antonio M. Mio — CNR-IMM Istituto per la Microelettronica
e Microsistemi, I-95121 Catania, Italy

Luca Ottaviano — Department of Physical and Chemical
Sciences, University of L’Aquila, 67100 L’Aquila, Italy

Michele Nardone — Department of Physical and Chemical
Sciences, University of L’Aquila, 67100 L'Aquila, Italy

Giuseppe Nicotra — CNR-IMM Istituto per la
Microelettronica e Microsistemi, I-95121 Catania, Italy

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.0c04191

Author Contributions

The project was conceived and coordinated by V.P., C.C., and
AP. Liquid-phase exfoliation procedures were devised and
optimized by V.P., with the supervision of C.C. XPS
measurements were carried out by G.D’O. and L.L., with the
corresponding part of the manuscript written by G.D’O. TEM
experiments were performed by G.N. and AM.M,, following a
proposal by P.L.-C. Raman experiments were carried out by
G.D’O. and M.N., with data analysis and quantitative
estimations by G.D’O. AFM experiments were performed by
V.P., with the supervision of G.D’O. and L.O. AFM data were
analyzed by V.P. UV—vis experiments were carried out by V.P.
and L.L. SEM measurements were carried out by V.P. The
paper was written by V.P., C.C., and A.P., with the
contribution of all authors.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Activities at Univ. L’Aquila were funded by POR FESR
Abruzzo 2018-2020 Azione 1.1.1 e 1.1.4—“Studio di
soluzioni innovative di prodotto e di processo basate
sull’utilizzo industriale dei materiali avanzati” CUP n.
C17H18000100007. TEM experiments at CNR-IMM, Catania
were carried out within the framework of the ECO2D proposal
(PI: Dr. Le-Cornec, Solvay) within the ESTEEM3 (Enabling
Science and Technology through European Electron Micros-
copy) project, which received funding from the European
Union’s Horizon 2020 Research and Innovation Programme
under Grant Agreement No. 823717. G.D’O. acknowledges
funding of a PhD fellowship from PON Ricerca e Innovazione

18836

2014—2020 (project E12H1800010001) by Italian Ministry of
University and Research (MIUR). We thank Maria Giammat-
teo for technical support in SEM experiments at Microscopy
Centre of University of L’Aquila. We thank Jessica De Santis
for support in characterizations and helpful discussions and,
moreover, Davide Campi for helpful discussions on theoretical
modelling of LPE.

B REFERENCES

(1) Jia, L; Zhang J; Su, G; Zheng, Z; Zhou, T. Locally
Controllable Surface Foaming of Polymers Induced by Graphene
Via near-Infrared Pulsed Laser. ACS Sustainable Chem. Eng. 2020, 8,
2498-2511.

(2) Liu, M,; Sun, K;; Zhang, Q.; Tang, T.; Huang, L,; Li, X; Zeng,
X.; Hu, J; Liao, S. Rationally Designed Three-Dimensional N-Doped
Graphene Architecture Mounted with Ru Nanoclusters as a High-
Performance Air Cathode for Lithium-Oxygen Batteries. ACS
Sustainable Chem. Eng. 2020, 8, 6109—6117.

(3) Liu, Y; Sun, K; Cui, X; Li, B; Jiang, J. Defect-Rich,
Graphenelike Carbon Sheets Derived from Biomass as Efficient
Electrocatalysts for Rechargeable Zinc-Air Batteries. ACS Sustainable
Chem. Eng. 2020, 8, 2981—2989.

(4) Liu, Y.; Wang, W.; Zhang, S.; Li, W.; Wang, G.; Zhang, Y.; Han,
M,; Zhang, H. Mos, Nanodots Anchored on Reduced Graphene
Oxide for Efficient N, Fixation to NH;. ACS Sustainable Chem. Eng.
2020, 8, 2320—2326.

(5) Wen, X;; Zhao, M; Zhang, M.; Fan, X;; Zhang, D. Efficient
Capacitive Deionization of Saline Water by an Integrated Tin
Disulfide Nanosheet@Graphite Paper Electrode Via an in Situ
Growth Strategy. ACS Sustainable Chem. Eng. 2020, 8, 1268—1278.

(6) Zaoralova, D.; Hruby, V.; Sedajova, V.; Mach, R;; Kupka, V.;
Ugolotti, J.; Bakandritsos, A.; Medved, M.; Otyepka, M. Tunable
Synthesis of Nitrogen Doped Graphene from Fluorographene under
Mild Conditions. ACS Sustainable Chem. Eng. 2020, 8, 4764—4772.

(7) Zhang, X.; Wang, W.; Yang, Z. CO, Reduction on Metal- and
Nitrogen-Codoped Graphene: Balancing Activity and Selectivity Via
Coordination Engineering. ACS Sustainable Chem. Eng. 2020, 8,
6134—6141.

(8) Akhtar, N.; Anemone, G.; Farias, D.; Holst, B. Fluorinated
Graphene Provides Long Lasting Ice Inhibition in High Humidity.
Carbon 2019, 141, 451—456.

(9) Al Taleb, A,; Anemone, G.; Miranda, R.; Farias, D. Character-
ization of Interlayer Forces in 2D Heterostructures Using Neutral
Atom Scattering. 2D Mater. 2018, S, 045002.

(10) Maccariello, D.; Campi, D.; Al Taleb, A.; Benedek, G.; Farias,
D.; Bernasconi, M.; Miranda, R. Low-Energy Excitations of Graphene
on Ru(0001). Carbon 2015, 93, 1—10.

(11) Mounet, N.; Gibertini, M.; Schwaller, P.; Campi, D.; Merkys,
A.; Marrazzo, A.; Sohier, T.; Castelli, I. E.; Cepellotti, A.; Pizzi, G;
Marzari, N. Two-Dimensional Materials from High-Throughput
Computational Exfoliation of Experimentally Known Compounds.
Nat. Nanotechnol. 2018, 13, 246—252.

(12) Ghosh, B.; Kumar, P.; Thakur, A.; Chauhan, Y. S.; Bhowmick,
S.; Agarwal, A. Anisotropic Plasmons, Excitons, and Electron Energy
Loss Spectroscopy of Phosphorene. Phys. Rev. B: Condens. Matter
Mater. Phys. 2017, 96, 035422.

(13) Sadhukhan, K; Agarwal, A. Anisotropic Plasmons, Friedel
Oscillations, and Screening in 8-Pmmn Borophene. Phys. Rev. B:
Condens. Matter Mater. Phys. 2017, 96, 035410.

(14) Guan, S; Fu, X; Lao, Z.; Jin, C; Peng, Z. NiS-MoS, Hetero-
Nanosheet Arrays on Carbon Cloth for High-Performance Flexible
Hybrid Energy Storage Devices. ACS Sustainable Chem. Eng. 2019, 7,
11672—11681.

(15) Gusmio, R; Sofer, Z.; Luxa, J.; Pumera, M. Antimony
Chalcogenide Van Der Waals Nanostructures for Energy Conversion
and Storage. ACS Sustainable Chem. Eng. 2019, 7, 15790—15798.

(16) Lee, C. S; Moon, J; Park, J. T; Kim, J. H. Highly
Interconnected Nanorods and Nanosheets Based on a Hierarchically

https://dx.doi.org/10.1021/acssuschemeng.0c04191
ACS Sustainable Chem. Eng. 2020, 8, 18830—18840


http://orcid.org/0000-0003-0641-7926
http://orcid.org/0000-0003-0641-7926
mailto:valentina.paolucci2@univaq.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrice+Le-Cornec"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:patrice.le-cornec@solvay.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlo+Cantalini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:carlo.cantalini@univaq.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Politano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4254-2102
mailto:antonio.politano@univaq.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gianluca+D%E2%80%99Olimpio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6367-3945
http://orcid.org/0000-0002-6367-3945
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luca+Lozzi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0150-5727
http://orcid.org/0000-0002-0150-5727
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+M.+Mio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luca+Ottaviano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michele+Nardone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giuseppe+Nicotra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c04191?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.9b07046
https://dx.doi.org/10.1021/acssuschemeng.9b07046
https://dx.doi.org/10.1021/acssuschemeng.9b07046
https://dx.doi.org/10.1021/acssuschemeng.0c01237
https://dx.doi.org/10.1021/acssuschemeng.0c01237
https://dx.doi.org/10.1021/acssuschemeng.0c01237
https://dx.doi.org/10.1021/acssuschemeng.9b07621
https://dx.doi.org/10.1021/acssuschemeng.9b07621
https://dx.doi.org/10.1021/acssuschemeng.9b07621
https://dx.doi.org/10.1021/acssuschemeng.9b07679
https://dx.doi.org/10.1021/acssuschemeng.9b07679
https://dx.doi.org/10.1021/acssuschemeng.9b06535
https://dx.doi.org/10.1021/acssuschemeng.9b06535
https://dx.doi.org/10.1021/acssuschemeng.9b06535
https://dx.doi.org/10.1021/acssuschemeng.9b06535
https://dx.doi.org/10.1021/acssuschemeng.9b07161
https://dx.doi.org/10.1021/acssuschemeng.9b07161
https://dx.doi.org/10.1021/acssuschemeng.9b07161
https://dx.doi.org/10.1021/acssuschemeng.0c01923
https://dx.doi.org/10.1021/acssuschemeng.0c01923
https://dx.doi.org/10.1021/acssuschemeng.0c01923
https://dx.doi.org/10.1016/j.carbon.2018.09.008
https://dx.doi.org/10.1016/j.carbon.2018.09.008
https://dx.doi.org/10.1088/2053-1583/aacf26
https://dx.doi.org/10.1088/2053-1583/aacf26
https://dx.doi.org/10.1088/2053-1583/aacf26
https://dx.doi.org/10.1016/j.carbon.2015.05.028
https://dx.doi.org/10.1016/j.carbon.2015.05.028
https://dx.doi.org/10.1038/s41565-017-0035-5
https://dx.doi.org/10.1038/s41565-017-0035-5
https://dx.doi.org/10.1103/PhysRevB.96.035422
https://dx.doi.org/10.1103/PhysRevB.96.035422
https://dx.doi.org/10.1103/PhysRevB.96.035410
https://dx.doi.org/10.1103/PhysRevB.96.035410
https://dx.doi.org/10.1021/acssuschemeng.9b01696
https://dx.doi.org/10.1021/acssuschemeng.9b01696
https://dx.doi.org/10.1021/acssuschemeng.9b01696
https://dx.doi.org/10.1021/acssuschemeng.9b04415
https://dx.doi.org/10.1021/acssuschemeng.9b04415
https://dx.doi.org/10.1021/acssuschemeng.9b04415
https://dx.doi.org/10.1021/acssuschemeng.9b06999
https://dx.doi.org/10.1021/acssuschemeng.9b06999
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c04191?ref=pdf

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

Layered Metal-Organic Framework for a Flexible, High-Performance
Energy Storage Device. ACS Sustainable Chem. Eng. 2020, 8, 3773—
378S.

(17) Sun, H.; Wang, J. G.; Zhang, X; Li, C.; Liu, F.; Zhu, W.; Hua,
W.; Li, Y.; Shao, M. Nanoconfined Construction of MoS,@C/MoS,
Core-Sheath Nanowires for Superior Rate and Durable Li-Ion Energy
Storage. ACS Sustainable Chem. Eng. 2019, 7, 5346—5354.

(18) Venkateshwaran, S.; Senthil Kumar, S. M. Template-Driven
Phase Selective Formation of Metallic 1T-MoS, Nanoflowers for
Hydrogen Evolution Reaction. ACS Sustainable Chem. Eng. 2019, 7,
2008—-2017.

(19) Wang, L.; Abraham, A.; Lutz, D. M.; Quilty, C. D.; Takeuchi, E.
S.; Takeuchi, K. J; Marschilok, A. C. Toward Environmentally
Friendly Lithium Sulfur Batteries: Probing the Role of Electrode
Design in MoS, -Containing Li-S Batteries with a Green Electrolyte.
ACS Sustainable Chem. Eng. 2019, 7, 5209—5222.

(20) Xu, H.; Wang, C.; Zhang, J. F.,; Zhang, J; Cao, L.; Zhang, B;
Ou, X. Rational Design of Bimetal-Organic Framework-Derived
ZnSnS; Nanodots Incorporated into the Nitrogen-Doped Graphene
Framework for Advanced Lithium Storage. ACS Sustainable Chem.
Eng. 2020, 8, 4464—4473.

(21) Yang, W,; Ly, H; Cao, Y.; Xu, B.; Deng, Y.; Cai, W. Flexible
Free-Standing Mos,/Carbon Nanofibers Composite Cathode for
Rechargeable Aluminum-Ion Batteries. ACS Sustainable Chem. Eng.
2019, 7, 4861—4867.

(22) Zeng, R.; Li, Z.; Li, L; Li, Y,; Huang, J.; Xiao, Y.; Yuan, K;
Chen, Y. Covalent Connection of Polyaniline with MoS, Nanosheets
toward Ultrahigh Rate Capability Supercapacitors. ACS Sustainable
Chem. Eng. 2019, 7, 11540—11549.

(23) Lin, X.; Wang, X.; Zhou, Q.; Wen, C; Su, S.; Xiang, J.; Cheng,
P.; Hu, X,; Li, Y.; Wang, X; Gao, X,; Nozel, R;; Zhou, G.; Zhang, Z,;
Liu, J. Magnetically Recyclable MoS,/Fe;O, Hybrid Composite as
Visible Light Responsive Photocatalyst with Enhanced Photocatalytic
Performance. ACS Sustainable Chem. Eng. 2019, 7, 1673—1682.

(24) Wang, H; Song, T.; Su, X.; Li, Z.; Wang, J. Green and Efficient
Liquid-Phase Exfoliation of Bil; Nanosheets for Catalytic Carbon-
Carbon Cross-Coupling Reactions. ACS Sustainable Chem. Eng. 2020,
8, 1262—1267.

(25) Purohit, G.; Kharkwal, A,; Rawat, D. S. Cuin-Ethylxanthate, a
“Versatile Precursor” for Photosensitization of Graphene-Quantum
Dots and Nanocatalyzed Synthesis of Imidazopyridines with Ideal
Green Chemistry Metrics. ACS Sustainable Chem. Eng. 2020, 8,
5544—5557.

(26) Wang, Z.; Zhang, L. Nickel Ditelluride Nanosheet Arrays: A
Highly Efficient Electrocatalyst for the Oxygen Evolution Reaction.
ChemElectroChem 2018, S, 1153—1158.

(27) Boukhvalov, D. W.; Son, Y. W.; Ruoff, R. S. Water Splitting
over Graphene-Based Catalysts: Ab Initio Calculations. ACS Catal.
2014, 4, 2016—2021.

(28) Witomska, S.; Leydecker, T.; Ciesielski, A.; Samori, P.
Production and Patterning of Liquid Phase—Exfoliated 2D Sheets
for Applications in Optoelectronics. Adv. Funct. Mater. 2019, 29,
1901126.

(29) Vitiello, M. S. Nanodevices at Terahertz Frequency Based on
2D Materials. J. Phys.: Mater. 2020, 3, 014008.

(30) Viti, L.; Purdie, D. G.; Lombardo, A.; Ferrari, A. C.; Vitiello, M.
S. Hbn-Encapsulated, Graphene-Based, Room-Temperature Tera-
hertz Receivers, with High Speed and Low Noise. Nano Lett. 2020,
20, 3169—3177.

(31) Viti, L.; Cadore, A. R;; Yang, X.; Vorobiev, A; Muench, J. E;
Watanabe, K.; Taniguchi, T.; Stake, J.; Ferrari, A. C.; Vitiello, M. S.
Thermoelectric Graphene Photodetectors with Sub-Nanosecond
Response Times at Terahertz Frequencies. Nanophotonics 2020, in
press. DOI: 10.1515/nanoph-2020-0255

(32) Perrozzi, F.; Emamjomeh, S. M.; Paolucci, V.; Taglieri, G.;
Ottaviano, L.; Cantalini, C. Thermal Stability of Ws, Flakes and Gas
Sensing Properties of WS,/WO; Composite to H,, NH; and NO,.
Sens. Actuators, B 2017, 243, 812—822.

(33) Donarelli, M.; Ottaviano, L.; Giancaterini, L.; Fioravanti, G.;
Perrozzi, F.; Cantalini, C. Exfoliated Black Phosphorus Gas Sensing
Properties at Room Temperature. 2D Mater. 2016, 3, 025002.

(34) Donarelli, M.; Prezioso, S.; Perrozzi, F.; Giancaterini, L.;
Cantalini, C.; Treossi, E.; Palermo, V.; Santucci, S.; Ottaviano, L.
Graphene Oxide for Gas Detection under Standard Humidity
Conditions. 2D Mater. 20185, 2, 035018.

(35) Deng, B; Liu, Z.; Peng, H. Toward Mass Production of Cvd
Graphene Films. Adv. Mater. 2019, 31, 1800996.

(36) Kauling, A. P.; Seefeldt, A. T.; Pisoni, D. P.; Pradeep, R. C;
Bentini, R.; Oliveira, R. V.; Novoselov, K. S.; Castro Neto, A. H. The
Worldwide Graphene Flake Production. Adv. Mater. 2018, 30,
1803784.

(37) Xu, Y; Cao, H; Xue, Y; Li, B; Cai, W. Liquid-Phase
Exfoliation of Graphene: An Overview on Exfoliation Media,
Techniques, and Challenges. Nanomaterials 2018, 8, 942.

(38) Geim, A. K. Nobel Lecture: Random Walk to Graphene. Rev.
Mod. Phys. 2011, 83, 851—862.

(39) Novoselov, K. S. Nobel Lecture: Graphene: Materials in the
Flatland. Rev. Mod. Phys. 2011, 83, 837—849.

(40) Yi, M,; Shen, Z. A Review on Mechanical Exfoliation for the
Scalable Production of Graphene. J. Mater. Chem. A 2018, 3, 11700—
11718S.

(41) Yang, X.; Zhang, G.; Prakash, J.; Chen, Z.; Gauthier, M.; Sun, S.
Chemical Vapour Deposition of Graphene: Layer Control, the
Transfer Process, Characterisation, and Related Applications. Int.
Rev. Phys. Chem. 2019, 38, 149—199.

(42) Batzill, M. The Surface Science of Graphene: Metal Interfaces,
Cvd Synthesis, Nanoribbons, Chemical Modifications, and Defects.
Surf. Sci. Rep. 2012, 67, 83—115.

(43) Cabrero-Vilatela, A.; Weatherup, R. S.; Braeuninger-Weimer,
P.; Caneva, S.; Hofmann, S. Towards a General Growth Model for
Graphene CVD on Transition Metal Catalysts. Nanoscale 2016, 8,
2149-21S58.

(44) Al Taleb, A.; Yu, H. K;; Anemone, G.; Farias, D.; Wodtke, A.
M. Helium Diffraction and Acoustic Phonons of Graphene Grown on
Copper Foil. Carbon 2018, 95, 731-737.

(45) Jugovac, M,; Genuzio, F.; Gonzalez Lazo, E; Stojic, N.;
Zamborlini, G.; Feyer, V.; Menteg, T. O.; Locatelli, A.; Schneider, C.
M. Role of Carbon Dissolution and Recondensation in Graphene
Epitaxial Alignment on Cobalt. Carbon 2019, 152, 489—496.

(46) Anemone, G.; Climent-Pascual, E.; Yu, H.,; Al Taleb, A;
Jimenez-Villacorta, F.; Prieto, C.; Wodtke, A. M.,; de Andres, A,;
Farias, D. Quality of Graphene on Sapphire: Long-Range Order from
Helium Diffraction Versus Lattice Defects from Raman Spectroscopy.
RSC Adv. 2016, 6, 21235—212485.

(47) Zhang, X.; Wu, Z.; Zheng, H.; Ren, Q.; Zou, Z.; Mei, L.; Zhang,
Z.; Xia, Y; Lin, C.-T.; Zhao, P. High-Quality Graphene Transfer Via
Directional Etching of Metal Substrates. Nanoscale 2019, 11, 16001—
16006.

(48) Borin Barin, G.; Song, Y.; de Fatima Gimenez, L; Souza Filho,
A. G; Barreto, L. S; Kong, J. Optimized Graphene Transfer:
Influence of Polymethylmethacrylate (PMMA) Layer Concentration
and Baking Time on Graphene Final Performance. Carbon 2015, 84,
82-90.

(49) Ambrosi, A.; Pumera, M. The Cvd Graphene Transfer
Procedure Introduces Metallic Impurities Which Alter the Graphene
Electrochemical Properties. Nanoscale 2014, 6, 472—476.

(50) Mishra, N.; Boeckl, J.; Motta, N.; Iacopi, F. Graphene Growth
on Silicon Carbide: A Review. Phys. Status Solidi A 2016, 213, 2277—
2289.

(51) Nicolosi, V.; Chhowalla, M.; Kanatzidis, M. G.; Strano, M. S.;
Coleman, J. N. Liquid Exfoliation of Layered Materials. Science 2013,
340, 1226419.

(52) 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. High-Yield

https://dx.doi.org/10.1021/acssuschemeng.0c04191
ACS Sustainable Chem. Eng. 2020, 8, 18830—18840


https://dx.doi.org/10.1021/acssuschemeng.9b06999
https://dx.doi.org/10.1021/acssuschemeng.9b06999
https://dx.doi.org/10.1021/acssuschemeng.8b06382
https://dx.doi.org/10.1021/acssuschemeng.8b06382
https://dx.doi.org/10.1021/acssuschemeng.8b06382
https://dx.doi.org/10.1021/acssuschemeng.8b04335
https://dx.doi.org/10.1021/acssuschemeng.8b04335
https://dx.doi.org/10.1021/acssuschemeng.8b04335
https://dx.doi.org/10.1021/acssuschemeng.8b06141
https://dx.doi.org/10.1021/acssuschemeng.8b06141
https://dx.doi.org/10.1021/acssuschemeng.8b06141
https://dx.doi.org/10.1021/acssuschemeng.9b07487
https://dx.doi.org/10.1021/acssuschemeng.9b07487
https://dx.doi.org/10.1021/acssuschemeng.9b07487
https://dx.doi.org/10.1021/acssuschemeng.8b05292
https://dx.doi.org/10.1021/acssuschemeng.8b05292
https://dx.doi.org/10.1021/acssuschemeng.8b05292
https://dx.doi.org/10.1021/acssuschemeng.9b01442
https://dx.doi.org/10.1021/acssuschemeng.9b01442
https://dx.doi.org/10.1021/acssuschemeng.8b05440
https://dx.doi.org/10.1021/acssuschemeng.8b05440
https://dx.doi.org/10.1021/acssuschemeng.8b05440
https://dx.doi.org/10.1021/acssuschemeng.9b06552
https://dx.doi.org/10.1021/acssuschemeng.9b06552
https://dx.doi.org/10.1021/acssuschemeng.9b06552
https://dx.doi.org/10.1021/acssuschemeng.9b07371
https://dx.doi.org/10.1021/acssuschemeng.9b07371
https://dx.doi.org/10.1021/acssuschemeng.9b07371
https://dx.doi.org/10.1021/acssuschemeng.9b07371
https://dx.doi.org/10.1002/celc.201701357
https://dx.doi.org/10.1002/celc.201701357
https://dx.doi.org/10.1021/cs5002288
https://dx.doi.org/10.1021/cs5002288
https://dx.doi.org/10.1002/adfm.201901126
https://dx.doi.org/10.1002/adfm.201901126
https://dx.doi.org/10.1088/2515-7639/ab5843
https://dx.doi.org/10.1088/2515-7639/ab5843
https://dx.doi.org/10.1021/acs.nanolett.9b05207
https://dx.doi.org/10.1021/acs.nanolett.9b05207
https://dx.doi.org/10.1515/nanoph-2020-0255
https://dx.doi.org/10.1515/nanoph-2020-0255
https://dx.doi.org/10.1515/nanoph-2020-0255?ref=pdf
https://dx.doi.org/10.1016/j.snb.2016.12.069
https://dx.doi.org/10.1016/j.snb.2016.12.069
https://dx.doi.org/10.1088/2053-1583/3/2/025002
https://dx.doi.org/10.1088/2053-1583/3/2/025002
https://dx.doi.org/10.1088/2053-1583/2/3/035018
https://dx.doi.org/10.1088/2053-1583/2/3/035018
https://dx.doi.org/10.1002/adma.201800996
https://dx.doi.org/10.1002/adma.201800996
https://dx.doi.org/10.1002/adma.201803784
https://dx.doi.org/10.1002/adma.201803784
https://dx.doi.org/10.3390/nano8110942
https://dx.doi.org/10.3390/nano8110942
https://dx.doi.org/10.3390/nano8110942
https://dx.doi.org/10.1103/RevModPhys.83.851
https://dx.doi.org/10.1103/RevModPhys.83.837
https://dx.doi.org/10.1103/RevModPhys.83.837
https://dx.doi.org/10.1039/C5TA00252D
https://dx.doi.org/10.1039/C5TA00252D
https://dx.doi.org/10.1080/0144235X.2019.1634319
https://dx.doi.org/10.1080/0144235X.2019.1634319
https://dx.doi.org/10.1016/j.surfrep.2011.12.001
https://dx.doi.org/10.1016/j.surfrep.2011.12.001
https://dx.doi.org/10.1039/C5NR06873H
https://dx.doi.org/10.1039/C5NR06873H
https://dx.doi.org/10.1016/j.carbon.2015.08.110
https://dx.doi.org/10.1016/j.carbon.2015.08.110
https://dx.doi.org/10.1016/j.carbon.2019.06.033
https://dx.doi.org/10.1016/j.carbon.2019.06.033
https://dx.doi.org/10.1039/C5RA27452D
https://dx.doi.org/10.1039/C5RA27452D
https://dx.doi.org/10.1039/C9NR05315H
https://dx.doi.org/10.1039/C9NR05315H
https://dx.doi.org/10.1016/j.carbon.2014.11.040
https://dx.doi.org/10.1016/j.carbon.2014.11.040
https://dx.doi.org/10.1016/j.carbon.2014.11.040
https://dx.doi.org/10.1039/C3NR05230C
https://dx.doi.org/10.1039/C3NR05230C
https://dx.doi.org/10.1039/C3NR05230C
https://dx.doi.org/10.1002/pssa.201600091
https://dx.doi.org/10.1002/pssa.201600091
https://dx.doi.org/10.1126/science.1226419
https://dx.doi.org/10.1038/nnano.2008.215
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c04191?ref=pdf

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

Production of Graphene by Liquid-Phase Exfoliation of Graphite. Nat.
Nanotechnol. 2008, 3, 563—568.

(53) Coleman, J. N.; Lotya, M.; O’Neill, A,; Bergin, S. D.; King, P. J.;
Khan, U,; Young, K; Gaucher, A; De, S.; Smith, R. J.; Shvets, I. V.;
Arora, S. K;; Stanton, G.; Kim, H.-Y.; Lee, K.; Kim, G. T.; Duesberg,
G. S.; Hallam, T.; Boland, J. J.; Wang, J. J.; Donegan, J. F.; Grunlan, J.
C.; Moriarty, G.; Shmeliov, A.; Nicholls, R. J.; Perkins, J. M,
Grieveson, E. M.; Theuwissen, K.; McComb, D. W.; Nellist, P. D.;
Nicolosi, V. Two-Dimensional Nanosheets Produced by Liquid
Exfoliation of Layered Materials. Science 2011, 331, 568—571.

(54) Coleman, J. N. Liquid Exfoliation of Defect-Free Graphene.
Acc. Chem. Res. 2013, 46, 14—22.

(55) Wang, H.; Lv, W.; Shi, J.; Wang, H.; Wang, D.; Jin, L.; Chao, J.;
Van Aken, P. A; Chen, R; Huang, W. Efficient Liquid Nitrogen
Exfoliation of MoS, Ultrathin Nanosheets in the Pure 2H Phase. ACS
Sustainable Chem. Eng. 2020, 8, 84—90.

(56) Carey, B. J.; Daeneke, T.; Nguyen, E. P.; Wang, Y.; Zhen Ou, J.;
Zhuiykov, S.; Kalantar-Zadeh, K. Two Solvent Grinding Sonication
Method for the Synthesis of Two-Dimensional Tungsten Disulphide
Flakes. Chem. Commun. 2015, 51, 3770—3773.

(57) Nguyen, E. P.; Carey, B. J.; Daeneke, T.; Ou, J. Z.; Latham, K;
Zhuiykov, S.; Kalantar-Zadeh, K. Investigation of Two-Solvent
Grinding-Assisted Liquid Phase Exfoliation of Layered MoS,. Chem.
Mater. 2015, 27, 53—59.

(58) Backes, C.; Campi, D.; Szydlowska, B. M.; Synnatschke, K;
Ojala, E.; Rashvand, F.; Harvey, A.; Griffin, A.; Sofer, Z.; Marzari, N.
Equipartition of Energy Defines the Size—Thickness Relationship in
Liquid-Exfoliated Nanosheets. ACS Nano 2019, 13, 7050—7061.

(59) Hernandez, Y.; Lotya, M.; Rickard, D.; Bergin, S. D.; Coleman,
J. N. Measurement of Multicomponent Solubility Parameters for
Graphene Facilitates Solvent Discovery. Langmuir 2010, 26, 3208—
3213.

(60) Bozso, F.; Avouris, P. Alkali Coadsorption and Surface
Coverage Effects on Electron-Stimulated Desorption (ESD) - CO
and NO on NI(111). Chem. Phys. Lett. 1986, 125, 531—536.

(61) Regulation (Ec) No. 1907/2006.

(62) Yang, Y.; Hou, H; Zou, G.; Shi, W,; Shuai, H,; Lj, J; Ji, X.
Electrochemical Exfoliation of Graphene-Like Two-Dimensional
Nanomaterials. Nanoscale 2019, 11, 16—33.

(63) Llevot, A.; Grau, E.; Carlotti, S.; Grelier, S.; Cramail, H.
Dimerization of Abietic Acid for the Design of Renewable Polymers
by Admet. Eur. Polym. J. 20185, 67, 409—417.

(64) Sitarek, K.; Stetkiewicz, J. Assessment of Reproductive Toxicity
and Gonadotoxic Potential of N-Methyl-2-Pyrrolidone in Male Rats.
Int. J. Occup. Environ. Health 2008, 21, 73—80.

(65) O’Neill, A.; Khan, U.; Nirmalraj, P. N.; Boland, J.; Coleman, J.
N. Graphene Dispersion and Exfoliation in Low Boiling Point
Solvents. J. Phys. Chem. C 2011, 115, 5422—5428.

(66) Zhang, X.; Coleman, A. C.; Katsonis, N.; Browne, W. R.; Van
Wees, B. J.; Feringa, B. L. Dispersion of Graphene in Ethanol Using a
Simple Solvent Exchange Method. Chem. Commun. 2010, 46, 7539—
7541.

(67) Lotya, M.; Hernandez, Y.; King, P. J.; Smith, R. J.; Nicolosi, V.;
Karlsson, L. S.; Blighe, F. M,; De, S.; Wang, Z.; McGovern, 1. Liquid
Phase Production of Graphene by Exfoliation of Graphite in
Surfactant/Water Solutions. J. Am. Chem. Soc. 2009, 131, 3611—3620.

(68) Ricardo, K. B.; Sendecki, A.; Liu, H. Surfactant-Free Exfoliation
of Graphite in Aqueous Solutions. Chem. Commun. 2014, 50, 2751—
2754.

(69) Li, F; Xue, M; Zhang, X; Chen, L; Knowles, G. P;
MacFarlane, D. R,; Zhang, ]. Advanced Composite 2D Energy
Materials by Simultaneous Anodic and Cathodic Exfoliation. Adv.
Energy Mater. 2018, 8, 1702794.

(70) Zeng, Z.; Yin, Z.; Huang, X; Li, H,; He, Q; Lu, G; Boey, F,;
Zhang, H. Single-Layer Semiconducting Nanosheets: High-Yield
Preparation and Device Fabrication. Angew. Chem., Int. Ed. 2011, S0,
11093—11097.

(71) Fang, Y.; Li, X;; Li, J.; Yao, C.; Hoh, H. Y.; Hai, X; Lu, J.; Su, C.
Janus Electrochemical Exfoliation of Two-Dimensional Materials. J.
Mater. Chem. A 2019, 7, 25691-25711.

(72) Xia, Z. Y.; Pezzini, S.; Treossi, E.; Giambastiani, G.; Corticelli,
F.; Morandi, V.; Zanelli, A.; Bellani, V.; Palermo, V. The Exfoliation of
Graphene in Liquids by Electrochemical, Chemical, and Sonication-
Assisted Techniques: A Nanoscale Study. Adv. Funct. Mater. 2013, 23,
4684—4693.

(73) Chen, H; Liu, B,; Yang, Q; Wang, S.; Liu, W.; Zheng, X,; Liu,
Z.; Liu, L.; Xiong, C. Facile One-Step Exfoliation of Large-Size 2D
Materials Via Simply Shearing in Triethanolamine. Mater. Lett. 2017,
199, 124—127.

(74) He, P.; Zhou, C.; Tian, S.; Sun, J; Yang, S.; Ding, G.; Xie, X;
Jiang, M. Urea-Assisted Aqueous Exfoliation of Graphite for
Obtaining High-Quality Graphene. Chem. Commun. 2015, SI,
4651—4654.

(75) Ryu, M. Y,; Jang, H. K; Lee, K. J; Piao, M.; Ko, S. P.; Shin, M;
Huh, J.; Kim, G. T. Triethanolamine Doped Multilayer MoS, Field
Effect Transistors. Phys. Chem. Chem. Phys. 2017, 19, 13133—13139.

(76) Song, B.; Sizemore, C.; Li, L.; Huang, X,; Lin, Z.; Moon, K. S.;
Wong, C. P. Triethanolamine Functionalized Graphene-Based
Composites for High Performance Supercapacitors. J. Mater. Chem.
A 2015, 3, 21789-21796.

(77) Blango, A.; Garcfa-Abuin, A.; Gomez-Diaz, D.; Navaza, J. M,;
Villaverde, O. L. Density, Speed of Sound, Viscosity, Surface Tension,
and Excess Volume of N-Ethyl-2-Pyrrolidone + Ethanolamine (or
Diethanolamine or Triethanolamine) from T = (293.15 to 323.15) K.
J. Chem. Eng. Data 2013, 58, 653—659.

(78) Torrisi, F.; Carey, T. Graphene, Related Two-Dimensional
Crystals and Hybrid Systems for Printed and Wearable Electronics.
Nano Today 2018, 23, 73—96.

(79) Salavagione, H. J.; Sherwood, J.; Budarin, V.; Ellis, G.; Clark, J.;
Shuttleworth, P. Identification of High Performance Solvents for the
Sustainable Processing of Graphene. Green Chem. 2017, 19, 2550—
2560.

(80) Zhang, J; Chen, C,; Pan, J; Zhang, L.; Liang, L.; Kong, Z;
Wang, X.; Zhang, W.; Shen, J. Atomistic Insights into the Separation
Mechanism of Multilayer Graphene Membranes for Water Desalina-
tion. Phys. Chem. Chem. Phys. 2020, 22, 7224—7233.

(81) Youssef, K.; Hashim, A. F.; Roberto, S. R.; Hamed, S. F.; Abd-
Elsalam, K. A. Graphene-Based Nanocomposites: Synthesis, Charac-
terizations, and Their Agri-Food Applications. In Carbon Nanoma-
terials for Agri-Food and Environmental Applications; Elsevier, 2020; pp
33-57.

(82) Randova, A.; Bartovska, L.; Moravek, P.; Matéjka, P.; Novotna,
M.,; Matéjkova, S.; Drioli, E.; Figoli, A; Lani, M.; Friess, K. A
Fundamental Study of the Physicochemical Properties of Rhodia-
solv®Polarclean: A Promising Alternative to Common and Hazard-
ous Solvents. J. Mol. Liq. 2016, 224, 1163—1171.

(83) Registration Dossier—ECHA. https://Echa.Europa.Eu/De/
Registration-Dossier/-/Registered-Dossier/2181/9 (accessed June
05, 2020).

(84) Tolle, F. J.; Gamp, K.; Miilhaupt, R. Scale-up and Purification
of Graphite Oxide as Intermediate for Functionalized Graphene.
Carbon 2014, 75, 432—442.

(85) Fodi, T.; Didaskalou, C.; Kupai, J.; Balogh, G. T.; Huszthy, P.;
Szekely, G. Nanofiltration-Enabled in Situ Solvent and Reagent
Recycle for Sustainable Continuous-Flow Synthesis. ChemSusChem
2017, 10, 3435.

(86) Abdel-Motagaly, A. T.; El Rouby, W. M,; El-Dek, S; El-
Sherbiny, I. M.; Farghali, A. Fast Technique for the Purification of as-
Prepared Graphene Oxide Suspension. Diamond Relat. Mater. 2018,
86, 20—28.

(87) Vidal, T.; Bramati, V.; Murthy, K; Abribat, B. A New
Environmentally Friendly Solvent of Low Toxicity for Crop
Protection Formulations. J. ASTM Int. 2011, 8, 103716.

(88) Xie, W.; Tiraferri, A.; Liu, B; Tang, P.; Wang, F.,; Chen, S,;
Figoli, A,; Chu, L.-Y. First Exploration on a Poly(Vinyl Chloride)

https://dx.doi.org/10.1021/acssuschemeng.0c04191
ACS Sustainable Chem. Eng. 2020, 8, 18830—18840


https://dx.doi.org/10.1038/nnano.2008.215
https://dx.doi.org/10.1126/science.1194975
https://dx.doi.org/10.1126/science.1194975
https://dx.doi.org/10.1021/ar300009f
https://dx.doi.org/10.1021/acssuschemeng.9b04057
https://dx.doi.org/10.1021/acssuschemeng.9b04057
https://dx.doi.org/10.1039/C4CC08399G
https://dx.doi.org/10.1039/C4CC08399G
https://dx.doi.org/10.1039/C4CC08399G
https://dx.doi.org/10.1021/cm502915f
https://dx.doi.org/10.1021/cm502915f
https://dx.doi.org/10.1021/acsnano.9b02234
https://dx.doi.org/10.1021/acsnano.9b02234
https://dx.doi.org/10.1021/la903188a
https://dx.doi.org/10.1021/la903188a
https://dx.doi.org/10.1016/0009-2614(86)87093-2
https://dx.doi.org/10.1016/0009-2614(86)87093-2
https://dx.doi.org/10.1016/0009-2614(86)87093-2
https://dx.doi.org/10.1039/C8NR08227H
https://dx.doi.org/10.1039/C8NR08227H
https://dx.doi.org/10.1016/j.eurpolymj.2014.10.021
https://dx.doi.org/10.1016/j.eurpolymj.2014.10.021
https://dx.doi.org/10.2478/v10001-008-0006-z
https://dx.doi.org/10.2478/v10001-008-0006-z
https://dx.doi.org/10.1021/jp110942e
https://dx.doi.org/10.1021/jp110942e
https://dx.doi.org/10.1039/c0cc02688c
https://dx.doi.org/10.1039/c0cc02688c
https://dx.doi.org/10.1021/ja807449u
https://dx.doi.org/10.1021/ja807449u
https://dx.doi.org/10.1021/ja807449u
https://dx.doi.org/10.1039/c3cc49273g
https://dx.doi.org/10.1039/c3cc49273g
https://dx.doi.org/10.1002/aenm.201702794
https://dx.doi.org/10.1002/aenm.201702794
https://dx.doi.org/10.1002/anie.201106004
https://dx.doi.org/10.1002/anie.201106004
https://dx.doi.org/10.1039/C9TA10487A
https://dx.doi.org/10.1002/adfm.201203686
https://dx.doi.org/10.1002/adfm.201203686
https://dx.doi.org/10.1002/adfm.201203686
https://dx.doi.org/10.1016/j.matlet.2017.04.066
https://dx.doi.org/10.1016/j.matlet.2017.04.066
https://dx.doi.org/10.1039/C5CC00059A
https://dx.doi.org/10.1039/C5CC00059A
https://dx.doi.org/10.1039/C7CP00589J
https://dx.doi.org/10.1039/C7CP00589J
https://dx.doi.org/10.1039/C5TA05674H
https://dx.doi.org/10.1039/C5TA05674H
https://dx.doi.org/10.1021/je301123j
https://dx.doi.org/10.1021/je301123j
https://dx.doi.org/10.1021/je301123j
https://dx.doi.org/10.1016/j.nantod.2018.10.009
https://dx.doi.org/10.1016/j.nantod.2018.10.009
https://dx.doi.org/10.1039/C7GC00112F
https://dx.doi.org/10.1039/C7GC00112F
https://dx.doi.org/10.1039/D0CP00071J
https://dx.doi.org/10.1039/D0CP00071J
https://dx.doi.org/10.1039/D0CP00071J
https://dx.doi.org/10.1016/j.molliq.2016.10.085
https://dx.doi.org/10.1016/j.molliq.2016.10.085
https://dx.doi.org/10.1016/j.molliq.2016.10.085
https://dx.doi.org/10.1016/j.molliq.2016.10.085
https://Echa.Europa.Eu/De/Registration-Dossier/-/Registered-Dossier/2181/9
https://Echa.Europa.Eu/De/Registration-Dossier/-/Registered-Dossier/2181/9
https://dx.doi.org/10.1016/j.carbon.2014.04.022
https://dx.doi.org/10.1016/j.carbon.2014.04.022
https://dx.doi.org/10.1002/cssc.201701120
https://dx.doi.org/10.1002/cssc.201701120
https://dx.doi.org/10.1016/j.diamond.2018.04.006
https://dx.doi.org/10.1016/j.diamond.2018.04.006
https://dx.doi.org/10.1520/JAI103716
https://dx.doi.org/10.1520/JAI103716
https://dx.doi.org/10.1520/JAI103716
https://dx.doi.org/10.1021/acssuschemeng.9b04287
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c04191?ref=pdf

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

Ultrafiltration Membrane Prepared by Using the Sustainable Green
Solvent Polarclean. ACS Sustainable Chem. Eng. 2020, 8, 91—101.

(89) Dong, X.; Al-Jumaily, A.; Escobar, L. C. Investigation of the Use
of a Bio-Derived Solvent for Non-Solvent-Induced Phase Separation
(NIPS) Fabrication of Polysulfone Membranes. Membranes 2018, 8,
23.

(90) Hassankiadeh, N. T.; Cui, Z.; Kim, J. H.; Shin, D. W.; Lee, S.
Y.; Sanguineti, A.; Arcella, V.; Lee, Y. M.; Drioli, E. Microporous Poly
(Vinylidene Fluoride) Hollow Fiber Membranes Fabricated with
Polarclean as Water-Soluble Green Diluent and Additives. J. Membr.
Sci. 2015, 479, 204—212.

(91) Marino, T.; Blasi, E.; Tornaghi, S.; Di Nicolo, E.; Figoli, A.
Polyethersulfone Membranes Prepared with Rhodiasolv® Polarclean
as Water Soluble Green Solvent. J. Membr. Sci. 2018, 549, 192—204.

(92) Wang, H. H,; Jung, J. T,; Kim, J. F,; Kim, S.; Drioli, E.; Lee, Y.
M. A Novel Green Solvent Alternative for Polymeric Membrane
Preparation Via Nonsolvent-Induced Phase Separation (NIPS). J.
Membr. Sci. 2019, 574, 44—54.

(93) Lebarbé, T.; More, A. S.; Sane, P. S.; Grau, E.; Alfos, C.;
Cramail, H. Bio-Based Aliphatic Polyurethanes through Admet
Polymerization in Bulk and Green Solvent. Macromol. Rapid Commun.
2014, 35, 479—483.

(94) Luciani, L.; Goff, E.; Lanari, D.; Santoro, S.; Vaccaro, L. Waste-
Minimised Copper-Catalysed Azide—Alkyne Cycloaddition in Polar-
clean as a Reusable and Safe Reaction Medium. Green Chem. 2018,
20, 183—187.

(95) Li, J.; Lemme, M. C.; éstling, M. Inkjet Printing of 2D Layered
Materials. ChemPhysChem 2014, 15, 3427—3434.

(96) Gugliuzza, A.; Politano, A.; Drioli, E. The Advent of Graphene
and Other Two-Dimensional Materials in Membrane Science and
Technology. Curr. Opin. Chem. Eng. 2017, 16, 78—85.

(97) Arend, G. D.; Rezzadori, K; Soares, L. S.; Petrus, J. C. C.
Performance of Nanofiltration Process During Concentration of
Strawberry Juice. J. Food Sci. Technol. 2019, 56, 2312—2319.

(98) Bagger-Jorgensen, R;; Meyer, A. S.; Varming, C.; Jonsson, G.
Recovery of Volatile Aroma Compounds from Black Currant Juice by
Vacuum Membrane Distillation. J. Food Eng. 2004, 64, 23—31.

(99) Christensen, K.; Andresen, R.; Tandskov, I; Norddahl, B,; du
Preez, J. H. Using Direct Contact Membrane Distillation for Whey
Protein Concentration. Desalination 2006, 200, 523—525.

(100) Fang, C.; Wu, H,; Lee, S.-Y,; Mahajan, R. L,; Qiao, R. The
Tonized Graphene Oxide Membranes for Water-Ethanol Separation.
Carbon 2018, 136, 262—269.

(101) Tsou, C.-H,; An, Q.-F.; Lo, S.-C.; De Guzman, M.; Hung, W.-
S; Hu, C.-C; Lee, K-R.; Lai, J.-Y. Effect of Microstructure of
Graphene Oxide Fabricated through Different Self-Assembly
Techniques on 1-Butanol Dehydration. J. Membr. Sci. 2018, 477,
93—-100.

(102) Macedonio, F.; Politano, A.; Drioli, E.; Gugliuzza, A. Bi,Se;-
Assisted Membrane Crystallization. Mater. Horiz. 2018, 5, 912—919.

(103) Chen, F.-P.; Jin, G.-P.; Peng, S.-Y,; Liu, X.-D.; Tian, J.-J.
Recovery of Cesium from Residual Salt Lake Brine in Qarham Playa
of Qaidam Basin with Prussian Blue Functionalized Graphene/
Carbon Fibers Composite. Colloids Surf, A 2016, 509, 359—366.

(104) Aghanouri, A; Sun, G. Hansen Solubility Parameters as a
Useful Tool in Searching for Solvents for Soy Proteins. RSC Adv.
2015, 5, 1890—1892.

(105) Halonen, S,; Kangas, T.; Haataja, M.; Lassi, U. Urea-Water-
Solution Properties: Density, Viscosity, and Surface Tension in an
under-Saturated Solution. Emission Contr. Sci. Technol. 2017, 3, 161—
170.

(106) Aghanouri, A,; Sun, G. Prediction of Solubility Behavior of
Globular Plant Proteins with Hansen Solubility Parameters: A
Conformational Study. ACS Sustainable Chem. Eng. 2016, 4, 2337—
2344.

(107) Erni, R. Aberration-Corrected Imaging in Transmission Electron
Microscopy: An Introduction; World Scientific, 2010.

18839

(108) Molina-Sanchez, A.; Wirtz, L. Phonons in Single-Layer and
Few-Layer MoS, and WS,. Phys. Rev. B: Condens. Matter Mater. Phys.
2011, 84, 155413.

(109) Saito, R.; Tatsumi, Y.; Huang, S.; Ling, X.; Dresselhaus, M. S.
Raman Spectroscopy of Transition Metal Dichalcogenides. J. Phys.:
Condens. Matter 2016, 28, 353002.

(110) Henck, H.; Aziza, Z. B.; Pierucci, D.; Laourine, F.; Reale, F.;
Palczynski, P.; Chaste, J.; Silly, M. G.; Bertran, F.; Le Fevre, P.
Electronic Band Structure of Two-Dimensional WS,/Graphene Van
Der Waals Heterostructures. Phys. Rev. B: Condens. Matter Mater.
Phys. 2018, 97, 155421.

(111) Berkdemir, A.; Gutiérrez, H.; Botello-Méndez, A.; Perea-
Lopez, N.; Elias, A. L,; Chia, C.-L; Wang, B.; Crespi, V. H.; Lopez-
Urias, F.; Charlier, J.-C.; Terrones, H.; Terrones, M. Identification of
Individual and Few Layers of WS, Using Raman Spectroscopy. Sci.
Rep. 2013, 3, 175S.

(112) Zhao, W.; Ghorannevis, Z.; Chu, L.; Toh, M.; Kloc, C.; Tan,
P.-H.; Eda, G. Evolution of Electronic Structure in Atomically Thin
Sheets of WS, and WSe,. ACS Nano 2013, 7, 791-797.

(113) Backes, C.; Szydlowska, B. M.; Harvey, A.; Yuan, S, Vega-
Mayoral, V.; Davies, B. R;; Zhao, P.; Hanlon, D.; Santos, E. J. G;
Katsnelson, M. L; Blau, W. J.; Gadermaier, C.; Coleman, J. N.
Production of Highly Monolayer Enriched Dispersions of Liquid-
Exfoliated Nanosheets by Liquid Cascade Centrifugation. ACS Nano
2016, 10, 1589.

(114) Pagona, G; Bittencourt, C.; Arenal, R;; Tagmatarchis, N.
Exfoliated Semiconducting Pure 2H-MoS, and 2H-WS, Assisted by
Chlorosulfonic Acid. Chem. Commun. 2015, 51, 12950—12953.

(115) Palleschi, S;; D’Olimpio, G.; Benassi, P.; Nardone, M,;
Alfonsetti, R.; Moccia, G.; Renzelli, M.; Cacioppo, O. A.; Hichri, A;
Jaziri, S.; Politano, A.; Ottaviano, L. On the Role of Nano-Confined
Water at the 2D/SiO, Interface in Layer Number Engineering of
Exfoliated MoS, Via Thermal Annealing. 2D Mater. 2020, 7, 025001.

(116) Di Paola, A.; Palmisano, L.; Venezia, A; Augugliaro, V.
Coupled Semiconductor Systems for Photocatalysis. Preparation and
Characterization of Polycrystalline Mixed WO;/WS, Powders. J. Phys.
Chem. B 1999, 103, 8236—8244.

(117) Wong, K; Lu, X; Cotter, J.; Eadie, D.; Wong, P.; Mitchell, K.
Surface and Friction Characterization of MoS, and WS, Third Body
Thin Films under Simulated Wheel/Rail Rolling—Sliding Contact.
Wear 2008, 264, 526—534.

(118) Shpak, A.; Korduban, A.; Kulikov, L.; Kryshchuk, T.; Konig,
N,; Kandyba, V. XPS Studies of the Surface of Nanocrystalline
Tungsten Disulfide. J. Electron Spectrosc. Relat. Phenom. 2010, 181,
234-238.

(119) Malard, L. M.; Pimenta, M. A.; Dresselhaus, G.; Dresselhaus,
M. S. Raman Spectroscopy in Graphene. Phys. Rep. 2009, 473, 51—87.

(120) Martins Ferreira, E. H.; Moutinho, M. V. O.; Stavale, F.;
Lucchese, M. M,; Capaz, R. B.; Achete, C. A; Jorio, A. Evolution of
the Raman Spectra from Single-, Few-, and Many-Layer Graphene
with Increasing Disorder. Phys. Rev. B: Condens. Matter Mater. Phys.
2010, 82, 125429.

(121) Cangado, L. G.; Jorio, A; Ferreira, E. H. M.; Stavale, F.;
Achete, C. A,; Capaz, R. B,; Moutinho, M. V. O.; Lombardo, A,;
Kulmala, T. S.; Ferrari, A. C. Quantifying Defects in Graphene Via
Raman Spectroscopy at Different Excitation Energies. Nano Lett.
2011, 11, 3190—3196.

(122) Khan, U; Porwal, H; O'Neill, A; Nawaz, K; May, P;
Coleman, J. N. Solvent-Exfoliated Graphene at Extremely High
Concentration. Langmuir 2011, 27, 9077—9082.

(123) Celik, Y.; Flahaut, E.; Suvaci, E. A Comparative Study on Few-
Layer Graphene Production by Exfoliation of Different Starting
Materials in a Low Boiling Point Solvent. FlatChem. 2017, 1, 74—88.

(124) Zhang, R; Zhang, B; Sun, S. Preparation of High-Quality
Graphene with a Large-Size by Sonication-Free Liquid-Phase
Exfoliation of Graphite with a New Mechanism. RSC Adv. 2015, S,
44783—44791.

(125) Yi, M; Shen, Z.; Zhang, X;; Ma, S. Achieving Concentrated
Graphene Dispersions in Water/Acetone Mixtures by the Strategy of

https://dx.doi.org/10.1021/acssuschemeng.0c04191
ACS Sustainable Chem. Eng. 2020, 8, 18830—18840


https://dx.doi.org/10.1021/acssuschemeng.9b04287
https://dx.doi.org/10.1021/acssuschemeng.9b04287
https://dx.doi.org/10.3390/membranes8020023
https://dx.doi.org/10.3390/membranes8020023
https://dx.doi.org/10.3390/membranes8020023
https://dx.doi.org/10.1016/j.memsci.2015.01.031
https://dx.doi.org/10.1016/j.memsci.2015.01.031
https://dx.doi.org/10.1016/j.memsci.2015.01.031
https://dx.doi.org/10.1016/j.memsci.2017.12.007
https://dx.doi.org/10.1016/j.memsci.2017.12.007
https://dx.doi.org/10.1016/j.memsci.2018.12.051
https://dx.doi.org/10.1016/j.memsci.2018.12.051
https://dx.doi.org/10.1002/marc.201300695
https://dx.doi.org/10.1002/marc.201300695
https://dx.doi.org/10.1039/C7GC03022C
https://dx.doi.org/10.1039/C7GC03022C
https://dx.doi.org/10.1039/C7GC03022C
https://dx.doi.org/10.1002/cphc.201402103
https://dx.doi.org/10.1002/cphc.201402103
https://dx.doi.org/10.1016/j.coche.2017.03.003
https://dx.doi.org/10.1016/j.coche.2017.03.003
https://dx.doi.org/10.1016/j.coche.2017.03.003
https://dx.doi.org/10.1007/s13197-019-03659-z
https://dx.doi.org/10.1007/s13197-019-03659-z
https://dx.doi.org/10.1016/j.jfoodeng.2003.09.009
https://dx.doi.org/10.1016/j.jfoodeng.2003.09.009
https://dx.doi.org/10.1016/j.desal.2006.03.421
https://dx.doi.org/10.1016/j.desal.2006.03.421
https://dx.doi.org/10.1016/j.carbon.2018.04.077
https://dx.doi.org/10.1016/j.carbon.2018.04.077
https://dx.doi.org/10.1016/j.memsci.2014.12.039
https://dx.doi.org/10.1016/j.memsci.2014.12.039
https://dx.doi.org/10.1016/j.memsci.2014.12.039
https://dx.doi.org/10.1039/C8MH00612A
https://dx.doi.org/10.1039/C8MH00612A
https://dx.doi.org/10.1016/j.colsurfa.2016.09.030
https://dx.doi.org/10.1016/j.colsurfa.2016.09.030
https://dx.doi.org/10.1016/j.colsurfa.2016.09.030
https://dx.doi.org/10.1039/C4RA09115A
https://dx.doi.org/10.1039/C4RA09115A
https://dx.doi.org/10.1007/s40825-016-0051-1
https://dx.doi.org/10.1007/s40825-016-0051-1
https://dx.doi.org/10.1007/s40825-016-0051-1
https://dx.doi.org/10.1021/acssuschemeng.6b00022
https://dx.doi.org/10.1021/acssuschemeng.6b00022
https://dx.doi.org/10.1021/acssuschemeng.6b00022
https://dx.doi.org/10.1103/PhysRevB.84.155413
https://dx.doi.org/10.1103/PhysRevB.84.155413
https://dx.doi.org/10.1088/0953-8984/28/35/353002
https://dx.doi.org/10.1103/PhysRevB.97.155421
https://dx.doi.org/10.1103/PhysRevB.97.155421
https://dx.doi.org/10.1038/srep01755
https://dx.doi.org/10.1038/srep01755
https://dx.doi.org/10.1021/nn305275h
https://dx.doi.org/10.1021/nn305275h
https://dx.doi.org/10.1021/acsnano.5b07228
https://dx.doi.org/10.1021/acsnano.5b07228
https://dx.doi.org/10.1039/C5CC04689K
https://dx.doi.org/10.1039/C5CC04689K
https://dx.doi.org/10.1088/2053-1583/ab5bf8
https://dx.doi.org/10.1088/2053-1583/ab5bf8
https://dx.doi.org/10.1088/2053-1583/ab5bf8
https://dx.doi.org/10.1021/jp9911797
https://dx.doi.org/10.1021/jp9911797
https://dx.doi.org/10.1016/j.wear.2007.04.004
https://dx.doi.org/10.1016/j.wear.2007.04.004
https://dx.doi.org/10.1016/j.elspec.2010.05.030
https://dx.doi.org/10.1016/j.elspec.2010.05.030
https://dx.doi.org/10.1016/j.physrep.2009.02.003
https://dx.doi.org/10.1103/PhysRevB.82.125429
https://dx.doi.org/10.1103/PhysRevB.82.125429
https://dx.doi.org/10.1103/PhysRevB.82.125429
https://dx.doi.org/10.1021/nl201432g
https://dx.doi.org/10.1021/nl201432g
https://dx.doi.org/10.1021/la201797h
https://dx.doi.org/10.1021/la201797h
https://dx.doi.org/10.1016/j.flatc.2016.12.002
https://dx.doi.org/10.1016/j.flatc.2016.12.002
https://dx.doi.org/10.1016/j.flatc.2016.12.002
https://dx.doi.org/10.1039/C5RA04480D
https://dx.doi.org/10.1039/C5RA04480D
https://dx.doi.org/10.1039/C5RA04480D
https://dx.doi.org/10.1088/0022-3727/46/2/025301
https://dx.doi.org/10.1088/0022-3727/46/2/025301
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c04191?ref=pdf

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

Tailoring Hansen Solubility Parameters. J. Phys. D: Appl. Phys. 2013,
46, 025301.

(126) Capasso, A; Castillo, A. D. R; Sun, H; Ansaldo, A;
Pellegrini, V.; Bonaccorso, F. Ink-Jet Printing of Graphene for Flexible
Electronics: An Environmentally-Friendly Approach. Solid State
Commun. 2018, 224, 53—63.

(127) Biccai, S.; Barwich, S.; Boland, D.; Harvey, A.; Hanlon, D.;
McEvoy, N.; Coleman, J. N. Exfoliation of 2D Materials by High
Shear Mixing. 2D Mater. 2019, 6, 015008.

(128) Tominaga, Y.; Sato, K; Shimamoto, D.; Imai, Y,; Hotta, Y.
Wet-Jet Milling-Assisted Exfoliation of H-BN Particles with
Lamination Structure. Ceram. Int. 2015, 41, 10512—10519.

18840

https://dx.doi.org/10.1021/acssuschemeng.0c04191
ACS Sustainable Chem. Eng. 2020, 8, 18830—18840


https://dx.doi.org/10.1088/0022-3727/46/2/025301
https://dx.doi.org/10.1016/j.ssc.2015.08.011
https://dx.doi.org/10.1016/j.ssc.2015.08.011
https://dx.doi.org/10.1088/2053-1583/aae7e3
https://dx.doi.org/10.1088/2053-1583/aae7e3
https://dx.doi.org/10.1016/j.ceramint.2015.04.143
https://dx.doi.org/10.1016/j.ceramint.2015.04.143
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c04191?ref=pdf

