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Raman peaks assignment of graphene-graphite flakes

The Raman spectrum of graphene is composed by several characteristic
peaks. The G peak, positioned at ~1585 cm?, which corresponds to the Ej,
phonon at the Brillouin zone centre.? The D peak, which is due to the
breathing modes of the sp? hybridized carbon rings requiring a breaking on
the carbon-ring symmetry for its activation by double resonance. Double
resonance also happens as an intra-valley process, i.e., connecting two
points belonging to the same cone around K or K’, 2 resulting in the rise of
the D’ peak. The 2D peak (a second order resonance of the D band) centred
at ~2680 cm™ for an excitation wavelength of 514.5nm in case of a single
layer graphene.? For few and multi-layer graphene the 2D peak is a
superposition of multiple components, the main being the 2D, and 2D,
components.3 The 2D peak is always present, since no defects are required
for the activation of two phonons with the same momentum, one being
backscatter from the other.? In graphite, the intensity of the 2D, band is
roughly twice the 2D, band,? while for mechanically exfoliated single layer
graphene (SLG) the 2D band is a single and sharp peak, which is roughly 4

times more intense than the G peak.3

Evaluation of lateral size and thickness of the exfoliated flakes

As discussed in Ref. 4 the exfoliation of 2D crystals is considered as a
fragmentation process. This means that the size distribution of the flakes
follows a log-normal distribution. Following this model, all the lateral size
and thickness values reported in the main text corresponds to the
distribution mode, which is the most frequent value in a data set (i.e., the
distribution peak).

The lateral sizes and thicknesses standard deviation are log-normal standard
deviations. Figure S1 shows the difference between the mode and the mean

for a log-normal distribution.

Surface tension-surface energy relationship

In order to exfoliate and stabilize a 2D crystal in a solvent, as stated in the
main text, the Gibbs free energy of the mixture solvent/layered material
should be minimized.>®7# This condition can be fulfilled if the solvent

surface tension is equivalent to the surface energy of the material by using
the equation®

Solvent

Solvent
Surface ~ TS

Surface

v==E Eq.S1

in which, E is the solvent surface energy, T is the absolute temperature and S
is the solvent surface entropy, having a value of 103 J m2K2,5210
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Figure S1. Log-normal distribution of exfoliated WS, flakes.

Characterization of the exfoliated samples

Additional high resolution transmission electron microscopy (HRTEM)
images of the sample WJMO0.10 are presented in Figure S2. The images show
the edge zone of bended flakes. The image contrast in the bended edge is
larger than in the flake basal plane, making it possible to directly count the
number of layers. The number of layers is highlighted in white; the insets are
the fast Fourier transformation of selected zones on each image, showing
the characteristic honeycomb lattice of graphene.



Figure S2. HRTEM images at the edge of bended flakes from the sample WJMO0.10.

In order to evaluate the presence of functional groups on the exfoliated
flakes, due to possible reaction with the solvent, we performed Fourier
Transform Infrared spectroscopy (FTIR). The processed WJM0.30, WJMO0.5
and WJMO0.10 samples as well as the bulk graphite are washed to avoid
contribution from solvent residuals, see the Experimental part in the main
text for details. The FTIR of all the samples do not revealed the presence of
functional groups or solvents (Figure S3). Literature indicates that expected
functional groups peaks are at 1080 to 1360 cm™ for C-N, stretching
vibration bonding, from 3300-2500 cm™, 1440-1395 and 950-910 cm-1 for
O-H, from 1760-1690 cm™ for C=0, and from 1320-1210 cm-1 for C-O
bonding.'* The FTIR characterization of our samples reveals no presence of
those groups. However, the exfoliation and fragmentation of bulk graphite

is expected to produce oxygen groups at the flake edges.'2'3* The absence
of peaks in the FTIR spectra suggest that these functional groups are below
the instrument sensitivity. Thus, in order to have a proof of the presence
and nature of functional groups in the exfoliated flakes, we performed high
resolution X-ray photoelectron spectroscopy (XPS). Figure S3 b, ¢ and d
report the carbon, oxygen and nitrogen peaks, respectively. By calculating
the areas under the carbon, oxygen and nitrogen peaks, and after the

normalization to the corresponding relative sensitivity factors (i.e., factors

related to the cross-section of the photoemission process),’> we evaluated
the surface composition of the three samples. The results of the quantitative
analysis are reported in the Table S1. The lack of correlation between the
samples regarding the presence of nitrogen and oxygen groups lead us to
conclude that the presence of these atoms are mainly related to traces of
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Table S1. XPS quantitative analysis

b) C1s
; ‘WJM 0.30 _c=C
S -t
> c-C
. g WJM 0.15 ~ C-OH
—— Graphite 1 £ Cc=0
20F ——wJM0.30 —0-C=0
——— WJMO.15 ~CN
WJMO.10 WJM 0.10
0
4000 3500 3000 2500 2000 1500 1000 292 290 288 286 284 282
Wavenumber (cm™) Binding energy (eV)
c) o1s]d) N 1s
A WJM 0.30
~ Twimoso AL ~
3 —— 3
s s
% WJIM 0.15 A % W
= =
/\ WJM 0.10
WJM 0.10 e
e N
540 535 530 525 410 405 400 395 390

Binding energy (eV) Binding energy (eV)

Figure S3. a) Fourier transform infra-red spectra. X-ray photoemission spectroscopy of
the processed samples resolved for b) C 1s, ¢) O 1sand d) N 1s.

Exfoliation of graphite in surfactants-aided aqueous solution

For the exfoliation of graphite in water and sodium cholate we followed the
same protocol used for the exfoliation in organic solvents, i.e., consecutively
using the 0.30, 0.15 and twice the 0.10 mm nozzle. Figure S4a shows a
representative image of few-layers graphene on a TEM grid, the inset (top
left) shows the electron diffraction pattern, demonstrating the crystalline
structure of the flake. The lateral size statistical distribution peaks at 220
nm, Figure S4b, with a lognormal standard deviation of 0.89. The thickness
of the exfoliated flakes is estimated by atomic force microscopy (AFM).
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Figure S4c shows a characteristic flake, while the statistical thickness

distribution peaks at 6.8 nm with a lognormal standard deviation of 0.78.

Figure S4. a) Representative TEM image of exfoliated flakes in water and
sodium cholate. b) Statistical lateral size distribution analysing 200 flakes. c)
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Representative AFM image of exfoliated flakes and d) their thickness
distribution.
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Figure S6. Analysis of functional groups in the purified WJM0.10 sample by (a) FTIR and
X-ray photoemission spectroscopy resolved for (b) C 1s, (c) O 1s and (d) N 1s

Spectroscopy analysis of centrifuged WJMO0.10

The statistics of the Raman spectra acquired on samples prepared at
different centrifugation speeds is analysed in order to understand the
relative change between graphene/few-layer graphene and multi-layer
graphene flakes during the purification process. The I(D)/I(G) statistical
distribution broads when the centrifugal speed increases (Figure S5 a),
ranging from 0.03 to 1.2, for WJMO0.10 samples, increasing to 2 for the
WJMO0.10-3000g.
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Figure S5. Statistical Raman analysis of the purified samples (dark and light blue or
centrifuged at 500 and 3000 g, respectively) compared with the as-produced WJMO0.10
sample. a) I(D)/1(G), (b) Pos(G), c) FWHM(G) and d) Pos(2D).

The G peak position (Pos(G)) and its full width at half maximum (FWHM (G))
of the Raman spectra of the purified samples after ultracentrifugation are
unchanged compared with the ones of the as-prepared sample. This
indicates that no changes in doping and creation of defects are promoted by
the ultracentrifugation process (Figure S5 b-d). To understand the nature of
the defects, specifically, the type of functional groups on the flake edges,
FTIR and XPS are performed on the centrifuged sample at 3000 g. The FTIR
spectra, as in the case of the as-produced samples, do not shows either the
presence of solvent traces or functional groups, Figure S6 a. The high
resolution XPS reveals the presence of oxygenated and nitrogen groups in
the centrifuged sample, Figure S6 b to d. The presence of nitrogen, from
solvent residual is analysed by the N spectra of XPS. Table S1 specifies the
atomic percentage on the samples surface.

This journal is © The Royal Society of Chemistry 20xx

Exfoliation and characterization of other layered materials

Optical absorption spectroscopy of MoS,, WS, and h-BN
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The spectrum of MoS, is characterized by two excitonic bands, originating
from the inter-band excitonic transition at the K point of the Brillouin zone
and are located at 671 nm and 613 nm.'61718 |n the case of WS,, the
spectrum shows two main peaks around 530 nm and 639 nm corresponding
to the excitonic absorption bands arising from the gap transition at the K
point of the Brillouin zone.'® The h-BN spectrum shows no bands in the
wavelength range between 400 nm and 800 nm, but it is usually
characterized by a band located at 236 nm corresponding to an optical band
gap of ~5.26 eV, as it is shown in the reported literature on exfoliated h-BN
nanosheets.®?® However, in this range there is the cut-off absorption of
NMP (285 nm), thus making impossible to observe the aforementioned

peak.
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Figure S7. Optical absorption spectra of a) MoS,, b) WS, and c) h-BN.

The concentration of the dispersions obtained through UV-visible
spectroscopy is reported in Table S2. All the extinction coefficients (a) and
the reference wavelength (A) used to calculate the concentrations are taken
from the value reported in Ref 5. The optical extinction coefficient is
determined by using the Beer-Lambert law (E = O‘Cl, in which E is the
optical extinction at 600 nm, C the concentration of the exfoliated 2D crystal
and / is the path length, 0.01 m)

% Table S2. Concentration and extinction coefficients

Material o [Lm/g] A [nm] C[g/L]
MosS, 3400 672 0.05
WS, 2756 629 0.7

h-BN 2367 300 0.15

Raman spectroscopy and statistics of MoS,, WS, and h-BN

The Raman spectra of bulk MoS, exhibits two main peaks, the first one, i.e.,
the Ay, located at 405 cm™ and E,g positioned at 379 cm™.Y The A, is due to
the in-plane vibration of the molybdenum and sulphur atoms, and the E,,
corresponds to the out-of- plane vibration.?* The shifting of the two peaks
with respect to the bulk ones indicates a reduction of the number of layers
compared to the bulk counterpart. This behaviour has been discussed
previously in literature.#?%232 Moreover, the peaks in the exfoliated
material show a broadening with respect to the bulk peaks, which also
indicates a decrease in the flakes thickness, as observed in the study of
Ramakrishna Matte et al.?®
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Figure S8 Raman statistical analysis of bulk and exfoliated MoS,,

The comparison between the Raman spectra of the as-produced WS, flakes
and the bulk WS, powder are reported in Figure $9. The Raman spectrum of
WS, consists mainly in three peaks, the first-order modes at the Brillouin
zone centre () and A(l), which involve the in-plane displacement of W
and S atoms and the out-of-plane displacement of S atoms, respectively.26:27,28
29 The second order longitudinal acoustic mode at the M point, 2LA(M). 263031
323334 The Eqp(IN) of single-/few-layer flakes of WS,, located at ~421 cm?, is
stiffened with respect to the bulk WS,, which is generally found at ~419 cm-
1,2630 The blue-shift of the E',,(I) Raman mode in WS, flakes results from the
reduced dielectric screening of long range Coulomb interaction with respect
to the bulk WS,.2634 The 2LA(M) overlaps the El,(), despite of this the
multi-peak Lorentzian fitting separates their
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Figure S9 Raman statistical analysis of bulk and exfoliated WS,
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individual contributions, as shown in Figure 5h. The analysis of the ratio of
the intensity of the peak 2LA(M) and A4(l), has been used to assess the
single-/few-layer composition of WS, samples.?® In our case, the spectra
analysis estimates 1(2LA)/I(A;) values ~0.2 in bulk WS, and ~0.35 in the
exfoliated few-layer WS, flakes.

0
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1366 cm™ that is due to in-plane atomic displacements,35362° The exfoliation

of the h-BN from the bulk material to few layer or bilayer flakes is associated C) FWHM (E, ) d)40 FWHM (E,)
to a red shift of the peak E,,.37283°

Statistical analysis (performed on 106 flakes) of the E,; peak position shows

n
=]

Counts (%)

the maximum distribution of the Pos(E,,) down shifted of 1 cm?, i.e., from

1366.6 cm™ bulk to 1365.5 cm, from the exfoliated samples, respectively,
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Figure S10 Raman statistical analysis of bulk and exfoliated h-BN.
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