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Dimethyl 2-Methylglutarate (Iris): A Green Platform
for Efficient Liquid-Phase Exfoliation of 2D Materials

Gianluca D’Olimpio, Jessica Occhiuzzi, Luca Lozzi, Luca Ottaviano, and

Antonio Politano*

Liquid-phase exfoliation of bulk crystals of layered materials, held together

by weak interlayer van der Waals forces, is an ideal platform for scalable
synthesis of nanosheets. However, it is mandatory to substitute existing
solvents, regrettably displaying severe limitations due to toxicity. Here,
dimethyl 2-methylglutarate (Rhodiasolv Iris) is validated for efficient liquid-
phase exfoliation of selected van der Waals materials, namely, MoS,, WS,
GeSe, and graphite. Here, we show that Iris-assisted liquid phase exfoliation
provides high yield (up to 52%) of flakes of 2D materials with aspect ratio as
high as 500. Considering the various advantages of Iris over the state-of-the-art
solvents, including the absence of toxicity and its biodegradability, this work
opens new possibilities for the ecoftiendly production of 2D materials and for
their extensive usage in industrial processes hitherto semi-unexplored, owing
to the toxicity of state-of-the-art solvents (including the production of drinkable
water or fruit juice concentration). Accordingly, the validation of Iris for sustain-
able liquid-phase exfoliation of van der Waals crystals has intrinsic outstanding
potential commercial impact. Moreover, here the values of the surface tension,
Hansen solubility parameter, and viscosity of Rhodiasolv Iris are reported for
the first time, which will be relevant also for any other sustainable process
based on this new green solvent.

1. Introduction

for their successive implementation.

The large-scale manufacture of atomi-
cally thin layers is hitherto an important
hurdle in the pathway for the industrial
exploitation of 2D materials.?3?4 While
most basic investigations on 2D mate-
rials were performed on flakes prepared
by mechanical exfoliation!® or on atomi-
cally thin layers synthetized by chemical
vapor deposition,?l unfortunately such
methods are unfeasible to tackle scal-
ability. As a matter of fact, mechanical
exfoliation is poorly reproducible and
with scarce yield,*”! while chemical vapor
deposition is affected by the need of a
suitable substrate,””l which should be
successively etched and transferred,?®
with the consequent insufficient crystal-
linity (owing to the unavoidable presence
of defects?”)) and cleanliness (associated
to polymeric residuals in the successive
transfer processi®%3l) of produced 2D
materials.

On the other hand, liquid-phase exfo-
liation (LPE) from parental bulk crystals
is ideal for a scalable production of 2D
materials, dispersed in solvents, suitable
B2 Solvents for LPE must

The emergence of 2D materials!'®l had a tremendous impact
on the scientific research, in consideration of the unique prop-
erties and their broad technological prospect in photonics,”!
flexible electronics,” nanocomposites,'"12! (photo)electrocatal-
ysis,3 supercapacitors,'®"] functional coatings,™® (bio)sen-
sors,l and desalination.!"20-22]
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minimize the energy cost for separating the sheets by breaking
the weak interlayer van der Waals bonds. Specifically, the inter-
facial surface tension between the solid and the liquid should
be minimized.?**4 Such models consider that the surface ten-
sion has two components: i) polar and ii) dispersive due to
long-range interactions. By selecting the most opportune ratios
between these quantities in the solvent and in the layered mate-
rials, the yield is maximized based on the minimization of the
surface tension. Specificallyl®’!
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where o is the surface tension of the solid (i.e., materials to be
exfoliated) and oj is the surface tension of the liquid (i.e., the
solvent). The superscripts “p” and “d” stand for polar and dis-
persive components, respectively. oy is the interfacial surface
tension between the material and the solvent, which should be
minimized to optimize the efficiency of the exfoliation.
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Table 1. Surface energy and Hansen solubility parameters of van der
Waals crystals.

Surface energy Hansen solubility parameters

Eg [WNmT] & [MPa¥y &, [MPa¥] & [MPa'/
WS, ¥ =75 16-18 5-14 2-19
MoS,) ~70 17-19 6-12 45-85
Graphitel® =62 =18 =9.3 =7.7
GeSel®® =220 n.a. n.a. n.a.
Equation (1) can be also expressed as
P P P __P
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By inspecting Equation (2), it is evident that in order to mini-
mize interfacial surface tension of 2D materials and solvents,

the following conditions should be verified i) ¢ = of and
ii) of = of and, consequently,
o? of

iy ()
O O]

Moreover, the dispersibility of nanosheets and solvent is
another key issue, subject to the peculiar solvent-solute inter-
action, described by contemplating the Hansen solubility
parameters (HSP) to account dispersion forces (dy), polar inter-
actions (Jp), and hydrogen bonds (dy).

Whensoever &, dp, and &y are balanced for the solvent and
the solute, the energy amount for their dispersion is minimized.

The most diffuse solvents for dispersion of van der Waals
crystals are N,N-dimethylformamide (DMF) and NMP,**! owing
to a good matching of their surface energy and HSP (reported
in Table 1) with surface tension and HSP of solvents in Table 2.

Unfortunately, DMF and NMP show severe toxicity issues
(including as reproductive toxinP®®l), which have determined
restriction to their use in both USAP”38l and Europe (where
they are listed among substances of very high concernl®)).

Table 2. Surface tension and Hansen solubility parameters for Iris,
NMP, DMF, IPA, and urea.

Surface tension Hansen solubility parameters

o5 [MN m™] 84 [MPa'/?) & [MPa'/?] 84 [MPa'’?)
Iris 33.0 16.6 8.7 5.0
NMP 40.152 18.05% 123553 7.2
DMF 371052 17.4153 137553 113653
IPA 21.752 15.8053] 6.153 16.4131
Urea 30% in H,0 74.054 17.0059) 16.715%] 38.005%
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Thus, the quest of an ecofriendly substitute to such standard
aprotic solvents is mandatory. Several possible candidates show
remarkable pitfall. As an example, volatile organic compounds
(VOCs) display an insufficient exfoliation yield,*%) with the need
to transfer nanosheets from NMP suspensions.!] Moreover,
most VOC exhibit flash temperatures as low as 10-13 °C, with
consequent issues for safe industrial procedures.

Another possibility for LPE is represented by electrochem-
ical exfoliation in electrolytes,[’” which however requires the
addition of conductive additives* for insulating and semi-
conducting samples. Moreover, it produces highly defec-
tive nanosheets¥*! with thickness far from the monolayer
regime.[*/

Moreover, for LPE assisted by urea aqueous solutions,*! the
yield is as low as 2.4%, due to a surface tension significantly dif-
ferent from other solvents (Table 2).

On the other hand, residuals are unavoidable for LPE
assisted by surfactants in aqueous media.[*]

As regards dihydrolevoglucosenone (Cyrene), whose use in
LPE has been recently explored,” one should mention that its
excessive dynamic viscosity (around 15 cP at room temperature)
impedes any use in inkjet printing.

Manifestly, current methods using standard solvents inexo-
rably inhibit the scalability of Flatland-based industry. Thus, the
quest of a solvent enabling i) sustainable LPE and ii) high yield
is mandatory.

Here, we validate the use of dimethyl 2-methylglutarate
(Rhodiasolv Iris, CAS: 33514-22-6) as a polar solvent for son-
ication-assisted LPE of van der Waals crystals. Iris (CgHy4O,,
Figure 1) does not display measurable toxicity for doses below
2000 mg kg™! d°L Its water solubility is higher than 25 g L™! at
T =23 °C. Notably, Iris has a flash point of 90.8 °C.[*]

The sufficiently high dynamic viscosity (2.85 cP at T = 20 °C)
enables suitable use in ink-jet printing of nanosheets-based
devices, contrarily to NMP and DMF, which suffer poor jet per-
formance, owing to a dynamic viscosity below 2 cP.)

Specifically, by adopting as case-study examples MoS,, WS,,
GeSe, and graphene, we demonstrate the suitability of Iris to
produce atomically thin layers of layered materials by sonica-
tion-assisted LPE. The absence of any toxicity issues in Iris,
with an exfoliation yield as high as 52%, enables the use of 2D
materials in agri food industry (including the production of
potable water®” or fruit juices®").

2. Results and Discussion

The value of the surface tension of Iris (33.0 mN m™, Table 2)
resembles the cases of NMP and DMF, whereas it is lower by
=35% in isopropyl alcohol (IPA).
By defining the surface tension (o) as

O = (ESur - TSSur ) (4)
where Eg,, corresponds to surface energy and Sg,,, surface entropy
and considering Sg,,, for liquids generally is around 0.1 mN m™,
one can conclude that generally a mismatch by at least 30 mN m™
exists between the surface energy of the van der Waals crystals
with surface tensions of solvents at room temperature.>!
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Figure 1. a) Plain and b) ball-and-stick representations of the atomic
structure of dimethyl 2-methylglutarate (Iris).

The effectiveness of Iris to achieve high-yield dispersions of
nanosheets was certified through an examination of dispersed
flakes for selected cases of MoS,, WS,, GeSe, and graphite.

First, the yield of the process in terms of the amount of
nanosheets with respect to the initial concentration was evalu-
ated to range between 38% and 52% in all cases in the same
conditions.

The inspection of atomic-resolution high-angle annular dark
field-scanning transmission electron microscopy experiments
(Figure 2b) of a MoS, flake identified in bright field (BF)-scanning
transmission electron microscopy (STEM) (Figure 2a) corrobo-
rates the absence of structural damages in the basal plane of
nanosheets. Accordingly, sonication-assisted LPE of van der Waals
crystals with the Rhodiasolv Iris solvent just breaks weak interlayer
van der Waals bonds. We were unable to detect defective regions,
even for statistical analyses extended to 13 different samples.

Moreover, the lack of any modification in the electronic band
structure was secured by UV-Vis absorption data (Figure 2c).
Especially, observation of the peculiar absorptions at 674 and
612 nm related to the A and B excitons of MoS,, originating
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Figure 2. a) BF-STEM image with various nanosheets of MoS, on a lacey
carbon grid. b) High-resolution high-angle annular dark field-STEM image
for a self-standing nanosheet. ¢) UV-Vis spectrum of MoS, nanosheets
produced by Iris-assisted LPE. d) XRD pattern of (black curve) powder-
ized MoS; bulk crystals and (red curve) exfoliated nanosheets of MoS,,
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from the interband excitonic transition at the K point of the
Brillouin zone,%%! secures that the LPE in Iris solvent did not
modify the electronic band structure of MoS,.

The MoS, dispersion had a concentration of =0.18 mg mL™
(with a yield of =52% of the initial mass in the final dispersion).
The stability of the dispersions was evaluated by acquiring
daily photographs for 10 d, which indicated that 67% of the
nanosheets persist in the dispersions after 10 d.

X-ray diffraction (XRD) measurements were used to evaluate
the crystal structure of MoS, nanosheets obtained by Iris-assisted
LPE with respect to the bulk MoS, (Figure 2d). Powders of bulk
MoS, exhibited the characteristic XRD pattern of a hexagonal
structure,®? with peaks matching with International Centre for
Diffraction Data ref no. 04-003-3374. On the other hand, the
appearance of a strong (002) reflection centered at 14.4° in the
XRD pattern of exfoliated MoS, nanosheets secured their good
crystallinity (Figure 2d), congruently with results in ref. [8].

Figure 3 shows the log-normal distribution of lateral size
(peaked around =0.5 um) and thickness (peaked around =6 nm)
of MoS, nanosheets produced by Iris-assisted LPE, based on
the statistical analysis of experiments by scanning electron
microscope (SEM) and atomic force microscpe (AFM).

To provide a straightforward comparative assessment of the
exfoliation performances of Iris with respect to state-of-the-
art solvents, in Section S1 in the Supporting Information, the
results for the case of NMP-assisted LPE in the same processing
conditions are reported. The statistical analyses on the thickness
of exfoliated flakes revealed that a bimodal distribution with
the second maximum located even at 30 nm, thus inferring an
incomplete exfoliation of the parental bulk crystals, also clarified
by supporting STEM images. Correspondingly, Iris-assisted LPE
provides 98% of flakes with thickness below 15 nm.
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Figure 3. a) Selected high-resolution SEM picture of MoS, nanosheets.
b) Distribution of lateral size of MoS, nanosheets based on SEM experi-
ments. c) Selected AFM picture of MoS, flakes. The inset reports the
height profile along the white solid line. d) Thickness distribution derived
from AFM experiments.
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Figure 4. Mo-3d and S-2p core-level XPS spectra of bulk and nanosheets
of MoS, exfoliated in Iris. The component at a BE of 226.7 eV in Mo-3d
core level is related to the overlapping S-2s core level. The photon energy
is 1486.6 eV (Al K,) and the spectra are normalized to the maxima.

To assess eventual influence of LPE with Iris solvent on
MoS,, X-ray photoelectron spectroscopy (XPS) characterization
was performed. Core-level spectra of bulk and exfoliated MoS,
are shown in Figure 4. The Mo-3d core levels are splitin [ =5/2
and 3/2 components shifted by 3.1 eV. Specifically, XPS meas-
urements indicate that Mo-3d core levels displays two different
contributions arising from pristine (fully coordinated atoms)
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and defective MoS, (sulfur vacancies, related to neighboring
vacancy sites) with a binding energy (BE) of 229.8 and 229.0 eV
for the J = 5/2 component, respectively, in agreement with pre-
vious works on MoS,-based systems.[®3 Actually, defects intro-
duce a minority component at lower BE, due to a redistribution
of charge. Specifically, the charge localized on the more elec-
tronegative sulfur atom, once it is desorbed, is redistributed
on the first neighboring atoms, so as to enhance the Coulomb
screening effect.l®%! Notably, we note in Mo-3d spectra the
absence of MoOs-derived spectral features, which should appear
at a BE of 232.4 eV for the ] = 5/2 component.’”] Therefore, we
can conclude that Iris does not act as an oxidation agent for
the MoS; nanosheets and, correspondingly, Iris-assisted liquid-
phase exfoliation process does not favor the oxidation of MoS,
flakes. Concerning the S-2p core levels, they are split in | = 3/2
and 1/2 components shifted by 1.2 eV. Two well-distinct contri-
butions associated to pristine and defective MoS, are observed
at a BE of 162.5 and 161.5 eV for the J = 3/2 component, respec-
tively, as in previous reports.[®*5 Correspondingly, in S-2p core
level no trace of sulfur-oxide phases was found.

To endorse the use of Iris as a suitable solvent for sonication-
assisted LPE of van der Waals crystals, we validated its effective-
ness for the cases of WS, graphite, and GeSe (Figure 5).

Panels (a—c) of Figure 5 report a representative SEM image of
Iris-exfoliated WS,, few-layer graphene, and GeSe nanosheets.
Their corresponding distribution of lateral size and thickness
are reported in panels (d—f) and (g—i), respectively.

GeSe
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Figure 5. Selected SEM images of Iris-assisted LPE-exfoliated nanosheets of a) WS,, b) graphite, and c) GeSe. Statistical analysis of d—f) lateral size
and g—i) thickness of d,g) WS,, e,h) graphite, and f,i) GeSe flakes, respectively.
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As concerns WS, exfoliation, statistical analyses on both
lateral size and thicknesses (Figure 5d,g) reveal similar values
compared to the case of MoS,. Precisely, the distribution of lat-
eral size is centered around =1.2 um, whereas the thickness dis-
tribution is peaked around 7 nm.

As regards the exfoliation of few-layer graphene flakes with
Iris, the average lateral size exceeds 3 um, with an average
thickness of 7 nm.

GeSe flakes have average lateral area and thickness of 1 and
9 nm, respectively.

It is also important to remark that the use of other solvents
for LPE of Ge bulk crystals could provide undesired effects. As
an example, IPA provides nucleation of Se nanowires through
abstraction of Se from the surface of GeSe flakes with the
self-assembled formation of Se nanowires, as shown in SEM
images in Section S2 in the Supporting Information.

Actually, for all case-study examples of van der Waals crys-
tals studied for Iris, only 2D nanosheets with an aspect ratio
exceeding 10? were obtained, with the highest aspect ratio being
500 for few-layer graphene.

It should be noticed that all types of the exfoliated 2D flakes
have rugged edge (Figures 2, 3, and 5), while LPE assisted
by other solvents, such as NMP, provides flakes with sharp
edges with well-defined angle between, following some sort
of crystallographic orientation (see Supporting Information,
Figures S1-S3), congruently with findings in literature.l%8l
Recently, Coleman and co-workers!®*! have demonstrated that,
in the early stages of LPE, sonication induces the breakage of
large flakes, with the formation of kink band striations on the
flake surfaces, predominantly along zigzag directions. Then,
cracking occurs along these striations and, together with inter-
calation of solvent, thin strips of van der Waals crystals are
unzipped and peeled off, lastly affording atomically thin layers.

The above-mentioned difference regarding the shape of the
flakes produced by Iris-assisted LPE could be rationalized by
considering that, following suggestions by Bari et al.[®) the
shape of edges and folds in nanosheets produced by sonication-
assisted LPE are correlated to their bending moduli and soni-
cation response. Correspondingly, the difference in the shape
of the same crystal exfoliated with NMP and Iris could be cor-
related to the sonication response. One can infer that a key role
could be played by the particularly reduced value of HSP of
the Iris solvent, related to polar interactions (dp) and hydrogen
bonds (Jy), as reported in Table 2.

3. Conclusions

We have validated Iris as a suitable green solvent for producing
atomically thin layers of van der Waals crystals with nanometric
thickness and micrometric lateral size. Based on our results,
one can propose that Iris could also substitute solvents usu-
ally used for all processes, such as shear mixingl® or wet-jet
mill,"! particularly promising for industrial scale up. The
efficiency of the Iris-based LPE process is crucial in order to
combine intrinsic benefits for environmental health and safety
with optimization of performances. Undeniably, the introduc-
tion of a green solvent for LPE also will expand the growing
market of 2D materials toward fields to date nearly unexplored
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(e.g., recovery of minerals from seawater, concentration of fruit
juices, production of drinking water, etc.), as a result of the tox-
icity of state-of-the-art solvents for LPE, with subsequent superb
impact on the commercial potential of their technological
applications.

Moreover, here we have reported for the first time the values
of the surface tension, Hansen solubility parameter, and vis-
cosity of the new solvent Rhodiasolv Iris, remained unexplored
so far. Such information will be relevant for sustainable pro-
cesses based on this new green solvent.

4. Experimental Section

Materials: WS, (CAS Number 12138-09-9), MoS, (CAS Number 1317-
33-5), and graphite (CAS Number 7782-42-5) were bought from Sigma-
Aldrich. Dimethyl 2-methylglutarate (Rhodiasolv Iris) was provided by
Rhodiasolv, Solvay Novecare, Paris.

Exfoliation of van der Waals Crystals: 0.04 g of powder of WS,, MoS,,
and graphite were dispersed in 45 mL Rhodiasolv Iris and sonicated
for 4 h in bath sonicator in a thermostat bath to avoid undesired
temperature increase (T < 24 °C). To eliminate Iris, various centrifuges
were performed. After a first centrifuge at 5000 rpm, supernatant was
cast off and replaced with comparable quantity of ethanol. Then, a
couple of further centrifuges were carried out to eliminate solvent
residuals, with a final centrifuge at 1000 rpm to separate thinner flakes
from thick and unexfoliated material. Conclusively, the supernatant was
taken for spectroscopic and microscopic analyses.

Characterization: STEM investigation was performed with a JEOL
ARM?200F Cs-corrected microscope.

Field Emission Scanning Electron Microscope experiments were
performed with Gemini SEM 500, at an accelerating voltage of 2 kV.

AFM measurements were performed with a Nanosurf NaioAFM
instrument, using the Dynamic Force configuration with a dynamic
mode cantilever. Used tips had a spring constant of 48 N m™ and
resonance frequency of 190 kHz.

UV-vis absorption was measured with spectrometer by Perkin Elmer
(Lambda 750).

XPS measurements were carried out with a PHI 1257 spectrometer
with a monochromatic Al K,, source (h, = 1486.6 eV). The experimental
resolution was 0.3 eV.

XRD experiments were performed at Instituto de Ciencia de Materiales
de Barcelona of Consejo Superior de Investigaciones Cientificas (CSIC)
(ICMAB-CSIC), Barcelona, Spain using a point detector in 6-26
configuration using a Bruker-AXS (model A25 D8 Discover).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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