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Functionalization of liquid-exfoliated two-dimensional 2H-MoS,

Claudia Backes,™ Nina C. Berner,?"! Xin Chen,?®! Paul Lafargue,” Pierre La
Freeley,? Georg S. Duesberg,®™ Jonathan N. Coleman,’? and Aidan R. McDo

Abstract: The study of layered two-dimensional (2D) inorganic
transition metal dichalchogenides (TMDs) has attracted great
interest due to their potential application in optoelectronics, catalysis,
and medicine. However, methods to functionalize and process such
2D TMDs remain scarce. We have established a facile route towards
functionalized layered molybdenum disulfide (MoS;). We found that
the reaction of liquid-exfoliated 2D MoS; with M(OAc), salts (M = Ni,
Cu, Zn; OAc = acetate) yielded functionalized MoS,-M(OAc),.
Importantly, this has furnished the 2H-polytype of MoS,, which is
semiconducting. X-ray photoelectron spectroscopy (XPS) analysis
supports coordination of surface S-atoms to the M(OAc),, as
evidenced by the appearance of new S 2p features in the XPS core
level spectra of the functionalized materials. Diffuse reflectance
infrared Fourier transform (DRIFT-IR) and thermogravimetric
analysis (TGA) also provide strong evidence for the presence of
carboxylate moieties on the 2H-MoS,. Most interestingly,
functionalization of the 2H-MoS; allows for its dispersion/processing
in more conventional lab solvents.
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Figyre 1. Schematic representation of the procedure for exfoliation and
alization of 2H-MoS; nanosheets (IPA = 2-propanol, M(OAc), = metal
salts).

order to functionalize 2H-MoS, in a mild and efficient manner,
e have employed similar liquid exfoliation techniques to those
reported recently.'® 5% 5 ° Rather than using the standard
dispersion/exfoliation solvents employed previously, however,
we used 2-propanol (IPA). Typically for 2H-MoS, exfoliation,
NMP and N-cyclohexyl-2-pyrrolidone (CHP) are used due to the
matching solubility parameters of solvent and solute.!'® % %% we
found these solvents unsuitable because: they tend to leave a
residue on the surface of the 2H-MoS, that inhibited
functionalization; their high boiling point prevented efficient
drying and characterization of the functionalized material; NMP
has been identified as a reproductive toxin. Prior to
functionalization, commercially available 2H-MoS, was initially
sonicated in IPA for 5 h (see supporting information).
Subsequent isolation of the exfoliated 2H-MoS, was achieved by
centrifugation to remove unexfoliated material. As evidenced by
atomic force microscopy (AFM, Figure 2), the 2H-MoS, has
been successfully exfoliated in IPA. AFM length and thickness
analysis on a number of nanosheets was used to determine the
mean lateral dimension <L> (260 nm) and degree of exfoliation
<N> (9-10 layers) of the IPA-exfoliated 2H-MoS,. Even though
the concentration of exfoliated 2H-MoS, was typically lower by a
factor of three compared to NMP,®™ |PA was found to be a
suitable solvent, eliminating the problems associated with
NMP/CHP.
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Figure 2. Atomic force microscopy after drop-casting a 2H-MoS, dispersion on
Si/SiO, wafers (image in inset) (a) thickness histograms (b) length histogram.

The IPA-exfoliated 2H-MoS;, was reacted with a variety of metal-
acetate salts. We postulated that surface S-atoms of the
exfoliated 2H-MoS, would coordinate to the metal-acetate salts,
providing a facile route to functionalized 2H-MoS,. The metal
cations were anticipated to act as an anchor for (functional)
organic carboxylate ligands to bind, altering the surface
properties of the 2D 2H-MoS,. Tremel and co-workers have
taken a similar approach for the functionalization of TMD
nanoparticles."” M(OAc), salts (M = Cu, Ni, Zn) were dissolved
in IPA (10 mM) and subsequently reacted with IPA-exfoliated
2H-MoS; (~0.2 mM, v/v = 1) under sonication for 30 min.
M(OAc), salts were identified as suitable functionalities for two
reasons: they display solubilitity in a variety of common lab
solvents (acetone, alcohols, nitriles, metal halides do not display
such favorable solvation); they represent a large cohort of metal-
carboxylate salts, where the carboxylate ligand can be easily
changed allowing a broad scope of functional carboxylate group
be tethered to the 2H-MoS, surface. A first j
successful functionalization was provided through
optical extinction spectra of the functionalized
functionalization we noted marked changes in the
of 2H-MoS;, dispersed in the IPA reaction mixture (as e
by changes in optical extinction intensity), indicating
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feature assigned to Cu(OAc), after functionalization was
observed in the supernatant solutions, providing further strong
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Figure 3. Left: Fitted XPS S 2p core level spectra[”] of the 2H-Mo0S,-M(OACc),:
M = a) Cu; b) Ni; c) Zn. Right: DRIFT spectra of the M(OAc), salts and 2H-
MoS,-M(OAc),: M = d) Cu; e) Ni; f) Zn.

Unequivocal evidence for the coordination of surface 2H-MoS;
S-atoms to the metal atoms of the M(OAc); salts was obtained
through X-ray photoelectron spectroscopy (XPS). Survey
spectra (Table S1) of the material confirmed the presence of
surface Mo, S, M (Cu, Ni, Zn), C, and O atoms consistent with
the functionalization of 2H-MoS, by M(OAc); salts. Significantly,
in all fitted XPS S 2p core level spectra (Figures 3 and S3) a
second well-separated component in the S 2p core level spectra
at higher binding energies was clearly discernible in the
functionalized materials. This is consistent with a proportion of
surface S-atoms being found in a different chemical environment
compared to the unfunctionalized material (Figure S3). As a
result of coordination to the Lewis acidic metal atoms, the
surface S-atom donors become more electropositive, resulting in



a higher photoelectron emission energy. Analysis of the same
spectra allowed us to estimate the degree of functionalization of
the 2H-MoS; surface (see supporting information). The ratio of
the integrated peak intensity of the high-energy (coordinating) S
2p component to the total integrated S 2p core level peak yields
a degree of surface functionalization of 50% in the case of 2H-
MoS,-Cu(OAc),, i.e. 50% of the S atoms on the surface bear a
functional group. For 2H-MoS;-Ni(OAc),, and 2H-MoS,-
Zn(OAc), values of 30% and 10% high-energy S 2p component,
respectively, were determined. This pronounced difference in
the degree of functionalization is not unexpected. The binding
affinity of Cu, Ni, and Zn towards thioether ligands (analogous to
S-donors of 2H-MoS,) tends to follow the trend Cu >> Ni > Zn.I"?
We note that the successful chemical functionalization is also
reflected in the Mo 3d core level XPS spectra (Figure S2).
However, these spectra are too complex to provide clear
insights into the functionalized 2H-MoS,. Nonetheless, XPS
analysis has allowed us to clearly establish a direct sulfur-metal
interaction in exfoliated 2H-MoS,-M(OAc), nanomaterials.

The high degree of functionalization clearly demonstrates that
the M(OAc), functionalities are binding to the basal-plane of the
2D 2H-MoS:;. If the M(OAc), functionalities were reacting only at
disulfide-rich edge-sites," the degree of functionalization would
be expected to be considerably lower. We can estimate the ratio
of edge to basal plane sites by modeling the 2H-MoS;
nanosheets as rectangles with mean length of 260 nm
mean width of 150 nm (as determined from AFM, Figure 1)
perimeter (edge sites, 820 nm x 1 nm) constitutes roughly
the sites that are present in the basal plane (39,0
consequently yielding a maximum degree

functionalization of 2%. This is an encouraging out
that analysis of the XPS-determined values for {
surface functionalization would suggest that 50%
atoms in 2H-MoS,-Cu(OAc), coordinates to a C
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pronounced shifts of the vc-o of the metal-bound acetate ligands
strongly suggests an interaction between the metal centers and
the sulfur atoms of the 2H-MoS,.

°C, the parent 2H-MoS;
contrast 2H-MoS,-Cu(OAc),
very sharp weight-loss

ligible weight loss. In
a significant (15%) and
icative of the loss of
support of this,
-MoS,-Cu(OAc), sample
-0 features that were
ups (Figure S6). This
200 °C is as a result of
ic surface groups.
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Figure 4. Optical extinction spectra after redispersion in NMP, IPA and
acetone of pre-sonicated 2H-MoS; reference powder (a) compared to 2H-
MoS,-Cu(OAc), (b).

Nanomaterial dispersibility can be described reasonably well in
the framework of Hansen solubility parameters.” '”! To minimize
the energetic cost of dispersion/solubilization, the enthalpy of
mixing needs to be minimized. This is the case when solubility
parameters (dp, Op, On,) Of solvent and solute match (see
supporting information).” ' Using HSPiP (Hansen solubility
parameters in practice, Y-MB algorithm) software, we can
estimate the solubility parameters of the acetate ligands to be dp
=14.7 MPa"?, 85 = 12.5 MPa"?, = 7.9 MPa'”. While polar and
H-bonding Hansen solubility parameters are close to NMP, the
dispersive component is significantly lower. It is thus expected
that successful surface modification by functionalization



decreases the dispersibility in NMP. In our redispersion
experiments, we show that this is indeed the case, as the
concentration of ‘2H-MoS;’ (estimated from the extinction at 345
nm)'? is reduced by a factor of > 40 in the 2H-Mo0S,-Cu(OAc),
compared to the pristine 2H-MoS.. In IPA (8p = 15.8 MPa"?, 8p =
6.1 MPa"?, &y = 16.4 MPa"), the concentration 2H-MoS,-
Cu(OAc); is lower by a factor of 5 compared to the reference.
This is consistent with destabilization of the dispersed 2H-MoS;
after functionalization (Figure S1). However, as the solubility
parameters of IPA neither perfectly match the acetate ligands,
nor the 2H-MoS,, quantitative analysis of this behavior is
challenging. All three solubility parameters of the acetate ligands
are close to acetone (p= 15.5 MPa"?, 8p= 10.4 MPa"?, dy=7
MPa"?) so that an enhanced dispersibility of the functionalized
2H-MoS; is expected. From our optical extinction spectra, we
observe a 20-fold increase in concentration of the functionalized
2H-MoS; in acetone compared to the non-functionalized 2H-
MoS; — perfectly consistent with the expectation from Hansen
solubility parameters. Overall, the introduction of M(OAc),
functionalities to the surface of exfoliated 2H-MoS, has
dramatically altered the dispersibility properties of the material,

allowing for the surface tuning of the material to specific solvents.

In conclusion, we have demonstrated a facile route towards
functionalized 2H-MoS,. Until now, protocols for the preparation
of functionalized exfoliated TMDs like MoS; have yielded the 1T
polytype, which is metallic. We have shown that the reactio
liquid exfoliated 2H-MoS, (a semiconductor) with
carboxylate salts vyields functionalized 2H-MoS;-M
Functionalization was achieved through coordination of
S-atoms with the metal center of the metal-carboxy,
XPS, DRIFT-IR, and TGA analysis provide strong
this. Most interestingly, functionalization of the 2
for its dispersion in non-conventional solvents in
acetone. At present we are investigating a vari
salts as functional groups on the surface of 2H-MoS,.
to be able to disperse 2H-MoS; in solvents displaying
range of polarities (i.e. from water to aliphatic hydrocarbons).
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