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Experiments

For a better understanding and reproducibility of the reaction, an example of dumb-
bell reaction chamber with reactants is shown in Figure S1. In order to validate the
necessity of having both reactants for the synthesis of the product and its location,
control measurements were performed. Firstly, the process was done with only sulfur,
as seen in Figure S2, the only differences seen between the Raman spectra before and
after reaction can be attributed to a quenching when the sample is taken out the ovens
and a resulting phase transition of the sulfur. Secondly, the process was done with only
HOPG, no modifications of the Raman spectra were observed in the low frequencies
near the 520 cm−1 peak. Near the G band region, some phenomena are observed, a
small and wide D band appears as well as a D’ band possibly due to the heat treat-
ment, however no traces of the graphene episulfides peaks. Concerning the 2D band
area, the 2D peak decreases and shifts, and again there are no traces of the product.
Finally, during the Raman measurements of the process with both sulfur and HOPG,
measurements were taken on the surface of the substrate (see Figure S3) before and
after the reaction, in this case, no graphene episulfides or contaminants peaks were
seen.

 

!

Fig. S1: Picture of dumbbell shaped chamber before and after reaction. A.
Reaction chamber with freshly cleaved 1 by 1 cm HOPG sample and pristine sulfur
before reaction. Thin sulfur powder can be seen near the bottleneck and the HOPG, it
is due to the introduction of sulfur pellets in the glass tube however due to the size and
geometry of the cleaved sample within the cylindrical part of the chamber no powder
was in direct contact with the sample. B. Reaction chamber with reacted cleaved
HOPG sample and quenched sulfur after reaction. Due to the temperature decrease
conditions and the induced chemical vapor transport, one can see that no sulfur is in
the graphene compartment and all the sulfur condenses within its compartment.
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Control Raman measurements

 !"

#!$

#!%

#!&

#

 
!
"#
$
%&
'
(
)
*&
+
,
-(
+
,
&-
.
*/
$
"0
1*
2
+
&-
3

'##(##&##"## ##

4$#$+*,5&6-*/7#
89
3

#! #

#!#)

#!#%

#!#(

#!#"

#

 
!
"#
$
%&
'
(
)
*&
+
,
-(
+
,
&-
.
*/
$
"0
1*
2
+
&-
3

%##'##(##&##"##

4$#$+*,5&6-*/7#
89
3

#! '

#! "

#!#$

#!#%

#!#&

#

 
!
"#
$
%&
'
(
)
*&
+
,
-(
+
,
&-
.
*/
$
"0
1*
2
+
&-
3

 *## %## '## (## &## "##

4$#$+*,5&6-*/7#
89
3

#!#%

#!#(

#!#"

#

 
!
"#
$
%&
'
(
)
*&
+
,
-(
+
,
&-
.
*/
$
"0
1*
2
+
&-
3

&###"$##")##"*##"%##

4$#$+*,5&6-*/7#
89
3

+,-./-0+12/302+402546274

+,-./-0+5/420+402546274

+

+89:+12/302+402546274

+89:+/.5;2+5/420+402546274

+

 !

" #

Fig. S2: Raman control experiments (I). A. Raman spectra of elemental sulfur
before and after treatment without the presence of graphene. B-D Raman spectra
of a few-layer graphene flake (3 nm-9 layers) before and after treatment without the
presence of sulfur reactant in the Si, G and 2D bands regions respectively. Duration
and conditions of temperature, pressure and atmosphere composition were kept the
same as the synthesis protocol, respectively 24 h, 473 K and 643 K, 0.75 atm of Argon.
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Fig. S3: Raman control experiments (II). No peak of graphene episulfide can be
detected on the substrate after 24h reaction indicating that sulfur species react only
with graphene.

PL - Raman spectroscopy
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Fig. S4: Visible luminescence of graphene episulfide under two laser excita-
tion wavelengths. PL spectra of a pristine few-layer graphene flake (black) and the
reacted compound recorded under 488 nm (blue) and 532 nm (green) laser excitation.
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Supplementary Raman measurements
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Fig. S5: Identification of Raman overtones. In red, the 1445 cm−1 peak and the
first and second overtones at 2890 and 4335 cm−1. In blue, pristine graphene peaks:
D+G, 2D’, D+2D and G+2D respectively at 2945, 3260, 4080 and 4315 cm−1 [1].
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Fig. S6: Confocal Raman spectra recorded in two distinct regions of the GS
flake presented in Figure 1. A.Optical image of the flake indicating the locations of
the selected regions for Raman measurements corresponding to plateaus of 2 nm (red)
and 5 nm (blue) in thickness. B. Raman spectra in the 2D band region normalized
with the integrated Si band intensity (I/ISi ratio) before and after reaction. C and D.
Raman spectra of selected regions (see panel A) after reaction in the G band region.
The spectra are normalized relative to the integrated G band intensity (I/IG ratio) in
panel C and relative to the integrated Si band intensity (I/ISi ratio) before and after
reaction in panel D. Note that the spectra taken before and after reaction are in black
and red for the 2 nm region and in grey and blue for the 5 nm region, respectively.
The shifts before and after reaction are ∆G = +8 cm−1 and ∆2D = +15 cm−1 for 2
nm region and ∆G= +6 cm−1 and ∆2D = +10 cm−1 for the 5 nm region.
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Fig. S7: Raman spectra of the cleaved HOPG sample after reaction ana-
lyzed by XPS. A. Full Raman spectrum recorded under 532 nm laser excitation.
B-D Zooms of the Raman spectra taken after reaction in the S-band, G-band and 2D-
band regions. The Raman responses are strong despite the large thickness (in microns)
due to a longer reaction time (7 days) suggesting a slow diffusion process into the bulk.
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Fig. S8: Thickness-dependent Raman spectra of GS materials. A. Optical
image (23×23 µm) of a GS flake showing three distinct regions of 10 nm (right), 25
nm (left) and 40 nm (middle) thickness. B. Raman spectra measured on the three
regions after reaction with sulfur.
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Fig. S9: Preliminary results obtained on a suspended GS flake. A. Compar-
ison of the Raman spectra measured before reaction (black) and after reaction on a
suspended (purple) and non-suspended (yellow) area of the reacted sample. B. Nor-
malized Raman intensities highlighting different values of the G-band shift between
the freestanding (purple) and supported (yellow) parts of the GS flake. C. Optical
image of a partially suspended few-layer graphene flake. D. AFM image (20×20 µm)
of the FLG flake recorded after the reaction.
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Supplementary XPS and UPS results

In order to complete the validation of the necessity of having both reactants for the
synthesis of the product, control measurements were performed. In XPS, the process
was done with only HOPG, without sulfur, in the same conditions of temperature,
pressure and atmosphere composition. As seen in Figure S10, there is no changes
between the pristine HOPG and the control HOPG.

Fig. S10: Comparison of C 1s XPS spectra of HOPG recorded before and
after reaction, and of HOPG under the same treatment without sulfur.
Reaction conditions were kept as described in Methods, only sulfur was removed from
the reaction chamber for control. In this Figure, XPS peaks are normalized on the C
sp2 of graphite before reaction for comparison.
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Fig. S11: Complete XPS measurements of freshly cleaved HOPG sample
before and after reaction with sulfur. A. XPS spectrum survey of cleaved HOPG
before reaction. B-D. High resolution spectra of the respective S 2p, C 1s and O 1s
regions of cleaved HOPG before reaction. E. XPS spectrum survey of cleaved HOPG
after reaction. F-H. High resolution spectra of the respective S 2p, C 1s and O 1s
regions of cleaved HOPG after reaction. 12
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Fig. S12: Angle-resolved XPS measurements of freshly cleaved HOPG
taken after a reaction with sulfur. Fits to the peaks at 285.5 eV (red) and 284.4
eV (blue) are also shown. The angles are determined from the normal incidence and
allow progressively an aimed depth of 8.94 to 0.78 nm.
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Atomic Force Microscopy

In order to remove the hypothesis of a possible of a polymeric coating instead of a com-
pound, AFM measurements have been performed. Figure S14 displays a comparison
between the pristine and reacted sample for two samples. Changes in the topogra-
phy and marbles can be observed after reaction. The increase of roughness can be
explained by the strain applied by the episulfidation of graphene domains.

Fig. S14: AFM study of few microns HOPG before and after reaction. A.
AFM image (300×300 nm) of FLG flakes before reaction; B. AFM image (300×300
nm) of HOPG after reaction. C. AFM image (3×3µm) of HOPG before reaction. D.
AFM image (3×3 µm) of HOPG after reaction. The RMS roughness of regions of flat
surfaces before (A) and after (B) reaction are 0.27 Å and 1.67 Å, respectively.
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Transmission Electron Microscopy

Transmission electron microscopy (TEM) coupled with energy dispersion spectroscopy
(EDS) has been performed on graphene nanopellet flakes and the results are presented
in Figure S15. The yellow rectangle in panel C marks the region investigated by EDS
images of elemental mapping. To verify the homogeneity of the reaction, we analyzed
the carbon and the sulfur distributions and the results in panels D-F show that the
distribution is uniform throughout the flakes. This is with the Raman results discussed
in the main text. The carbon distribution (green) also shows a good colocalization
between the sulfur (in red) and the carbon distribution. The colocalization image in
panel F was obtained using COL Finder plugin of IMAGE J software and show that
up to 99% of the pixels are correlated.

Fig. S15: Transmission Electron Microscopy (TEM) experiments. A. TEM
image of graphene flakes after reaction with sulfur; B. EDX spectrum of the reacted
sample. C. TEM image dispaying the region analysed (yellow) via EDX. D-F EDX
images of carbon (green), sulfur (red) and their superposition , respectively, highlight-
ing the colocalization of carbon and sulfur atoms in the reacted material.
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Tables: Experimental part

Table S1: Raman peaks table of few-layer graphene before and after 24
hours of reaction.

Peak
Before
reaction

After
reaction

Intensity Comments Ref

ν(C S) - 400 Wide and weak Similar to C S bondings in graphdiyne sulfide [2]

ν2: ν(S S) - 495 Narrow and weak Possible small intercalated Sn chains [2]

ν(C S) - 1260 Medium Similar to thiocarbonyl [3]

ν4: ν(C(sp2)-

SC(sp2))
- 1445 Strong

Similar to observed C S C bondings
in sulfur doped CNTs,
sexithiophene and sulfur thermal
reaction on a bilayer of graphene.

[4] [5]
[6]

G 1580 1588 Strong Blueshift due to p-doping and strain [7]

ν2+ν4 - 1947 Weak
Possible association of (S S) and

v(C(sp2)-SC(sp2)) modes

2D 2690 2705 Strong Blueshift due to p-doping and strain [7]

2*ν4 - 2890 Medium Possible first overtone [1]

3*ν4 - 4335 Weak Possible second overtone [1]

Table S2: XPS values measured on a cleaved HOPG before and after 7 days
of reaction. Average values of three measurements performed on cleaved HOPG. The
percentage of episulfide sulfur is extracted from the amount of S 2p3/2 C S on the
amount of S 2p3/2 C S, C 1s sp2 and C S.

Attribution Before reaction After reaction Ref.

Average Peak
Position (eV)

Average
Atomic
Percentage

Average Peak
Position (eV)

Average
Atomic
Percentage

C 1s C sp2 284.4 80.5 284.4 27.93 [8]

C 1s C sp3 C S - - 285.1 38.73 [9]

C 1s C sp2 shake up 1 291.1 6.4 290.967 3.1 [10]

C 1s C sp2 shake up 2 294.53 0.6 - - [10]

C 1s C O, epoxide 286.63 2.63 287.13 2.23 [11]

C 1s O C O 288.83 2.367 288.93 1.2 [11]

O 1s O C O · 532 2.2 - - [8]

O 1s C O, epoxide, SiO2 532.53 3.2 532.6 1.8 [8]

O 1s O · C O 533.567 2.1 - - [8]

O 1s sulfone - - 530.9 0.67 [8]

O 1s H2O ads. - - 534.23 0.167 [8]

S 2p3/2 and 2p1/2 C S - - 161.53 and 162.6 1.6 [12]

S 2p3/2 and 2p1/2 C S - - 164 and 165.2 21.1 [9]

S 2p3/2 and 2p1/2 C-SOx-C - - 167.3 and 168.6 0.867 [5]

Si 2p SiO2

Quartz residue from
the reaction chamber
opening

- - 103.2 0.67 [8]
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Theory

Ab initio molecular dynamics

Ab initio molecular dynamics (AIMD) simulations were performed to verify the
time-realized dynamical stability of the proposed GS systems. The temperature was
controlled through a Nose thermostat [13] implemented in the SIESTA software pack-
age. The simulations were performed over 5 ps at a temperature of 300 K. The energy
profiles are shown in Figure S16. The three systems give rise to total energy fluctua-
tions of about twice the baseline thermal energy (∼50 meV). This is negligible both
with respect to the total energy and the adsorption energies of the systems. No bond
breaking or major structural changes were observed throughout the MD simulation. As
such, the AIMD results support the time-resolved dynamical stability of the systems
proposed herein.

Fig. S16: AIMD variation of total DFT calculated energy of the pristine
Gr (top), GS1 (middle) and GS2 (bottom) systems over a 5 s timeframe
with a time step of 1 fs and and a temperature of 300 K.
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Table S3: Electronic structure details for the two proposed calculated
graphene-sulfur systems.

one sulfur atom two sulfur atoms

Sulfur coverage (%) 5.26 10.00
C S bond length (Ang) 1.89 1.87
Orbital population overlap (Mulliken population) 0.298 0.305
S-Gr distance (Ang) 2.01 2.03
Eads (eV) 2.95 3.29

Table S4: Structure details for the two pro-
posed calculated graphene-sulfur systems.

one sulfur atom two sulfur atoms

a (Ang) 7.405 7.405
b (Ang) 7.405 7.405
c (Ang) 39.99 39.99
α (degrees) 90 90
β (degrees) 90 90
γ (degrees) 60 60
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Vibrational Calculation Details

Γ point vibrational mode calculations were performed to verify the dynamical sta-
bility of the proposed GS systems. The interatomic force constants in real space are
computed, and a discrete Fourier transform is performed to compute the dynamical
matrix in reciprocal space at the Γ point. This matrix is then diagonalized, and the
eigenfrequencies (and eigenvectors) are computed in order to obtain the vibrational
modes. This is implemented in the VIBRA package accessible through the SIESTA
software [14]. The simulations were performed on the fully relaxed pristine graphene
and the proposed GS1 and GS2 systems using a (3×3×1) Monkhorst-Pack mesh with
the GGA-PBEsol [15] formalism and a 0.01 Å maximum displacement of the atoms.
The full modes are enumerated in tables S5 through S7 for the pristine graphene, GS1
proposed system, and the GS2 proposed system, respectively. The three systems give
rise to exactly three ∼0 cm−1 translational modes (in italic), and no major imaginary
modes are observed. As such, this supports the fact that the calculations have arrived
at the minimum on the potential energy surface for both systems, and the vibrational
results support the dynamical stability of these systems proposed here.

Fig. S17: Experimental Raman spectrum of the reacted compound (top,
red) and computed (bottom) first order Raman spectra of the GS2 system
(blue) and pristine (3×3) graphene (black). Intensities are normalized with
respect to the maximum.
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Table S5: List of DFT calculated Γ point vibrational modes of the graphene
(no sulfur) model.
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Table S6: List of DFT calculated Γ point vibrational modes of the graphene-
sulfur, proposed structure GS1).
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Table S7: List of DFT calculated Γ point vibrational modes of the graphene-
sulfur, proposed structure GS2.
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doza, D.: Sulfur and few-layer graphene interaction under thermal treatments.
Chemical Physics Letters 665, 121–126 (2016) https://doi.org/10.1016/j.cplett.
2016.10.056

[7] Lee, J.E., Ahn, G., Shim, J., Lee, Y.S., Ryu, S.: Optical separation of mechanical
strain from charge doping in graphene. Nature Communications 3(1), 1024 (2012)
https://doi.org/10.1038/ncomms2022

[8] Moulder, J.F.: Handbook of X-ray Photoelectron Spectroscopy: A Reference Book
of Standard Spectra for Identification and Interpretation of XPS Data. Physical
Electronics Division, Perkin-Elmer Corporation - 1992.

[9] Wang, F., Wang, L., Xue, Q.: Fluorine and sulfur co-doped amorphous carbon
films to achieve ultra-low friction under high vacuum. Carbon 96, 411–420 (2016)
https://doi.org/10.1016/j.carbon.2015.09.084

23

https://doi.org/10.1103/PhysRevB.84.113406
https://doi.org/10.1103/PhysRevB.84.113406
https://doi.org/10.1002/smll.201702277
https://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/smll.201702277
https://doi.org/10.1016/B978-0-08-057116-4.50020-1
https://doi.org/10.1016/B978-0-08-057116-4.50020-1
https://www.sciencedirect.com/science/article/pii/B9780080571164500201
https://www.sciencedirect.com/science/article/pii/B9780080571164500201
https://doi.org/10.1021/acsnano.6b05660
https://arxiv.org/abs/https://doi.org/10.1021/acsnano.6b05660
https://doi.org/10.1088/1361-6528/ac1e52
https://doi.org/10.1088/1361-6528/ac1e52
https://doi.org/10.1016/j.cplett.2016.10.056
https://doi.org/10.1016/j.cplett.2016.10.056
https://doi.org/10.1038/ncomms2022
https://doi.org/10.1016/j.carbon.2015.09.084


[10] Morgan, D.J.: Comments on the xps analysis of carbon materials. C 7(3) (2021)
https://doi.org/10.3390/c7030051

[11] Al-Gaashani, R., Najjar, A., Zakaria, Y., Mansour, S., Atieh, M.A.: Xps and
structural studies of high quality graphene oxide and reduced graphene oxide
prepared by different chemical oxidation methods. Ceramics International 45(11),
14439–14448 (2019) https://doi.org/10.1016/j.ceramint.2019.04.165

[12] Atzei, D., De Filippo, D., Rossi, A., Caminiti, R., Sadun, C.: Xps and laxs study of
1,3-thiazolidine-2-thione and its complexes with co(ii) and zn(ii). Spectrochimica
Acta Part A: Molecular and Biomolecular Spectroscopy 51(1), 11–20 (1995) https:
//doi.org/10.1016/0584-8539(94)E0083-M
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