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Functionalization of Two-Dimensional MoS,: On the Reaction
Between MoS; and Organic Thiols
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Abstract: Two-dimensional layered transition metal dichalcogenides
(TMDs) have attracted great interest due to their unique properties
and a wide array of potential applications. However, due to their inert
nature, pristine TMDs are very challenging to functionalize. We
demonstrate a general route to functionalize exfoliated 2H-MoS; with
cysteine. Critically, MoS, was found to be facilitating the oxidation of
the thiol cysteine to the disulfide cystine during functionalization. The
resulting cystine was physisorbed on MoS; rather than coordinating
as a thiol (cysteine) filling S-vacancies in the 2H-MoS; surface, as
originally conceived. These observations were found to be true for
other organic thiols and indeed other TMDs. Our findings suggest
that functionalization of two-dimensional MoS, using organic thiols
does not yield covalently or datively tethered functionalities, rather it
yields physisorbed disulfides that are easily removed.

In the rich family of two-dimensional (2D) layered nanomaterials,
layered transition metal dichalcogenides (TMDs) have sparked
increasing interest due to their unique structures, wide range of
chemical compositions, and a vast array of unique phy3|cal
properties. """ TMDs have potential applications in electr
devices, optoelectronics, sensing, energy storage and cata
A major focus of experimental research in recent yearS has
concentrated on the development of synthetic routes to
high-quality TMD nanosheets."”>'” However, as of y,
towards the efficient high-yield synthesis or exfoliati
are lacking, hindering the production of large qua
nanosheets. Functionalization of such layered
facilitate the production of higher quantities of
also allowing for the tuning of their physical properties

Molybdenum disulfide (MoS;) is a prototypical TMD and acts a
an excellent model system to explore the chemistry of 2D T
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Scheme 1. Postulated method to functionalize 2D 2H-MoS, at sulfur

vacancies.

As we reported previously,?? in the functionalization of 2H-MoS;

it was necessary to disperse few-layer thick 2H-MoS, in 2-
propanol (IPA), and not the standard (toxic)
dispersion/exfoliating solvents N-Methyl-2-pyrrolidone (NMP) or
N-Cyclohexyl-2-pyrrolidone (CHP).” ' The IPA dispersions of
2H-MoS; displayed mean lateral dimension <L> of ~260 nm and
degree of exfoliation <N> of 9-10 layers. The IPA-exfoliated 2H-
MoS; was thus an ideal 2D TMD for functionalization studies.

2H-MoS; normally displays S:Mo ratios of approximately 1.8:1 (+
0.2) as suggested by X-ray photoelectron spectroscopy (XPS).?*
%l Transmission electron microscopy (TEM) analysis
corroborates this, showing that basal-plane S-vacancies are
common.?* **% we postulated that thiol-containing organic
molecules could fill these sulfur vacancies (Scheme 1). To test
this postulate we reacted liquid exfoliated 2H-MoS; with a thiol-
containing organic molecule, cysteine. Cysteine was chosen
because it is bio-relevant, commercially available, and contains



functional groups (carboxylate and amine) that would allow for
simple characterization and also further derivatization. 2H-MoS;
nanosheets (0.5 g/L) dispersed in IPA (20 mL) were reacted with
the hydrochloride salt of L-cysteine dissolved in IPA (20 g/L, 10
mL) by combining the dispersion and solution and performing tip
ultra-sonication on the mixture for 0.5 h at room temperature
(see supporting information for full experimental details).
Following the ultra-sonication, the resulting dispersion was
subjected to high-speed centrifugation to precipitate all
dispersed materials. The resulting sediment was subsequently
exhaustively washed with aqueous solutions, and then re-
dispersed in IPA (10 mL) for further characterization.

The cysteine-functionalized re-dispersed 2H-MoS, (Cys-2H-
MoS;) displayed a markedly different dispersability in IPA
compared to pristine 2H-MoS,. The electronic extinction
spectrum of Cys-2H-MoS; displayed very high degrees of
nanosheet aggregation as evidenced by the rather large
baseline shift when comparing pristine 2H-MoS; to Cys-2H-
MoS. (Figure 1(a)).’® This difference was noticeable to the
human eye - Cys-2H-MoS; flocculated (formed clumpy
materials) readily in IPA, whereas dispersions of pristine 2H-
MoS; did not. Furthermore, Cys-2H-MoS; yielded dispersions
that were black in color, whereas pristine 2H-MoS; dispersions
tended to be yellowish-greenish (Figure 1(b)). These
observations are a clear indication that the surface properties in
the Cys-2H-MoS; had been altered dramatically compared to
pristine 2H-MoS..
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Comparison of the diffuse reflectance infrared Fourier transform
(DRIFT) spectra of 2H-MoS; and Cys-2H-MoS, demonstrated a
sharp feature at 384 cm™ that is typical of 2H-Mo$S; (Figure 2),°”
indicating that the functionalization had not affected the
vibrational properties or overall m ogy in the Cys-2H-MoS,.
Importantly, the DRIFT spectrum

showed that the vibrational pr
MoS; surface have been
with 2H-MoS,.
attributed to the vs
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surface of the 2H-MoS,. However, the clear and
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Figure 2. DRIFT spectra of pristine 2H-MoS, (black trace), cysteine (blue
trace) and Cys-2H-MoS, (red trace).

Raman spectroscopy also indicated that the reaction between
cysteine and 2H-MoS, yielded a slightly altered 2H-MoS;
surface. Minor changes to the relative intensities of resonantly
enhanced features in the Raman spectrum (Figures S1, S2) of
Cys-2H-MoS; indicate organic functionalities were interacting
with the 2H-MoS; surface 33 3539401

To examine the atomic-level 2H-MoS,/cysteine interaction in
Cys-2H-MoS;, high-resolution X-ray photoelectron spectroscopy
(XPS) analysis was performed. Firstly, we observed that the
Cys-2H-MoS; nanosheets preserved the semiconducting 2H
polymorph after functionalization, and are not the 1T
polymorph.?® %41 The XPS spectrum of cysteine (Figure 3(b))



exhibited a single doublet of S 2p peaks with the S 2ps/; binding
energy at 163.5 eV. In contrast, peak fitting of the S 2p spectrum
of Cys-2H-MoS; results in two doublets. The first doublet with S
2ps2 binding energy at 161.8 eV made the largest contribution
(68%) and was comparable to the S 2ps, peak of the pristine
2H-MoS;. The other smaller doublet with S 2ps/, binding energy
at 163.3 eV can be attributed to the surface cysteine entities. A
minor shift (0.2 eV) in the binding energy in this doublet relative
to pure cysteine was observed, consistent with a chemical
change to the cysteine molecule. The higher binding energy
component represented 32% of the S-atoms on the sample
surface, indicating a degree of functionalization of 32%. We note
that thermo-gravimetric analysis (TGA, below) also suggests
~30% loading of cysteine in Cys-2H-MoS..

Critically, the binding energy of the surface S-atoms in 2H-MoS;
was not affected by the presence of a functional group on the
nanosheet surface.*? The S 2p XPS data was best fit with only
two S-atom components - a cysteine-like component and a 2H-
MoS; component. Furthermore, the Mo 3d XPS spectra
displayed no differences between 2H-MoS; and Cys-2H-MoS;,
showing that the electronic environment around the Mo-atoms in
Cys-2H-MoS; had not been altered upon functionalization.
Previous reports showed that changes in the S 2p region of the
XPS spectra of functionalized ce-1T-MoS, were indicative of the
presence of functionality C- to MoS;, S-bonds on the ce-1T-MoS;
surface.?® %! These observations suggest that chemical
modification of the 2H-MoS, surface in Cys-2H-MoS, was
unlikely to have occurred, while a chemical modification
cysteine had occurred.
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Figure 3. Fitted XPS spectra. a) Mo 3d core level
(top), and pristine 2H-MoS, (bottom). JFit components ar
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thus indicates that an organic functionality, very similar to
cysteine, is tethered to 2H-MoS; in Cys-2H-MoS;.

Having thoroughly characterized Cys-2H-MoS, we then probed
the effect of the cysteine functio s on the dispersability of
the 2H-MoS,. We found that Cys= S, was readily re-
dispersed in water (Figure S5). Pris 0S, did not

disperse 2H-MoS; in wa
Importantly, the aqueous Cys~
for at least one week. Furt

identified methods to
22 byt the present water
tentially eliminating the
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altogether.
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had occurred, with a very minor
change to the e. These observations indicate that
the functionalization in Cys-2H-MoS; was not covalent and also
suggested t cysteine S-atoms were not filling S-atom
ies. ’ever, the surface properties of the 2H-MoS; in
-2H-Mo3¥ had clearly been altered as evidenced by UV-Vis
roscopy and re-dispersion measurements. XPS, TGA, and
analyses confirmed the presence of surface
lites in Cys-2H-MoS,, however, these analyses
idence for covalent or dative bonding formation
2H-MoS; and functionality. Finally, the DRIFT
ts suggested a chemical change to the cysteine
molecules on the surface, while the 2H-MoS, remained in a
prigtine state.

oved them from the surface (de-functionalization). De-
nctionalization was achieved by firstly dispersing the Cys-2H-
0S; in IPA and subsequently centrifuging this dispersion and
decanting the IPA (repeated numerous times). Secondly, after
the multiple washings, the resultant solids were re-dispersed in
water, placed in a dialysis bag, and dialyzed for four days. After
dialysis, the solvent was removed from the resulting dialysate
under vacuum, and the obtained product (de-functionalized
organic material) was analyzed by 'H NMR, while the resulting
2H-MoS; was subjected to XPS. The 'H NMR spectrum (Figure
S7) showed the obtained product was not cysteine, but in fact
was the oxidized (disulfide) derivative of cysteine, cystine. The
identification of the disulfide product accounts for the
disappearance of the vs_y resonance in the DRIFT spectrum of
Cys-2H-MoS,. XPS analysis of the post-dialysis 2H-MoS;
showed that the de-functionalized nano-material was pristine
2H-MoS; (Figure S8, no organic S-features, confirming complete
de-functionalization). As postulated, these observations confirm
that the reaction between the organic thiol and 2H-MoS; caused
the thiol to be converted to a new entity, but the 2H-MoS, was
chemically unchanged.

We then compared the DRIFT spectrum of Cys-2H-MoS; with
the DRIFT spectrum of cystine (Figure 4). The spectra showed
an almost perfect overlap of resonances (of particular note is the
S-S vibrational mode (vs_s = 540 cm™)** demonstrating that in
fact cystine (and not cysteine) was docked on the surface in



Cys-2H-MoS;. The lack of a chemical change to the 2H-MoS;in
Cys-2H-MoS, and ease at which the cystine was de-
functionalized from the surface, would suggest that cystine was
simply physisorbed to the 2H-MoS; surface.
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Figure 4. DRIFT spectra of Cys-2H-MoS, (red trace) and cystine (purple
trace).

We were intrigued by the 2H-MoS, facilitated oxidation of
cysteine to cystine yielding ‘functionalization’ through
physisorption of cystine. Earlier work demonstrated tpe
functionalization of ce-1T-MoS; through ‘ligand conjugatio
We explored the reaction of cysteine with ce-1T-MoS; (foll
the ‘ligand conjugation’ methods) and obtained DRIFT spectra

(Figure S9), rather than cysteine. Thus in both 2
polymorphs of MoS,, their reaction with cysteine vyi
functionalized MoS,. We then performed the re
cysteine and 2H-MoS; under an inert atmosph,

product cystine, as evidenced by DRIFT spectroscopy (Fi
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showed
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Finally, the analogo
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. The DRIFT spectrum
S, product showed a characteristic S—
540 cm™ (Figure S12(a)) suggesting
H17C8—S—S—CsH17. Furthermore,
m™', as observed previously for
dioctyl-disulfide functionalized nanoparticles,*” provided a very
strong indication of disulfide formation when 1-octanethiol
reacted with 2H-MoS,. Furthermore, GC-MS analysis of the 2H-
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MoS,/1-octanethiol reaction mixture showed the presence of the
disulfide product (C16H34S2, Figure S12(b)). It thus appears that
TMDs facilitate the oxidation of organic thiols to disulfides
(Scheme 2). The formed disulfides appear to have physisorbed
on the 2D TMD surface pres ly through electrostatic
interactions.

R SH+MoS, ——> R S R +MoS,

Scheme 2. MoS,-media ic thiol to disulfide.

In conclusion, we
functionalizati

Functionalizati

exfoliated 2H-Mo
Cys-2H-MoS; was
TGA,
oxidation of C ine during functionalization. Rather
than coordinating as a thiol (cysteine) at S-vacancies in the 2H-
MoS,, as o?ally conceived, cystine was simply physisorbed

a general route for the
osheets with cysteine.

the nanogiet. These observations were found to be true for
r orga thiols and indeed other TMDs. Based on our
gs, we urge caution with methods that employ organic
o0 chemically functionalize TMDs - the thiols may not be
onds with the surface. Present explorations in our lab
on alternative methods for the covalent
n of 2H-MoS..
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