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Reduction of Exfoliated MoS, Nanosheets Yields the Semi-
Conducting 2H-polymorph Rather Than the Metallic 1T-

polymorph

Aleksandra M. Krajewska,” Aislan Esmeraldo Paiva,”” Michael Morris,” and

Aidan R. McDonald*®

Delaminated two-dimensional (2D) transition metal dichalcho-
genides (TMDs) have attracted significant attention due to their
potential application in electronics, catalysis, and biomedical
devices. Chemical derivation of TMDs often relies on the
generation of a metallic polymorph (1T) which is unsuitable for
such applications. We explored the reactivity of the semi-
conducting polymorph (2H) of pre-exfoliated MoS, nanosheets
(@s a model TMD). Pristine liquid exfoliated 2H-MoS, was

Introduction

Exfoliated two-dimensional transition metal dichalcogenides
(TMDs) have demonstrated potential for applications in a
variety of fields, as long as facile exfoliation and chemical
derivation can be achieved."! MoS,, as the model TMD, has
attracted considerable focus due to its natural availability/
abundance and potential applications in electronic devices,
photonic devices, catalyzed hydrogen evolution (HER), energy
storage, and sensor materials.? Importantly, the two most-
commonly identified polymorphs are the 2H-phase (trigonal
prismatic at Mo) and the 1T-phase (octahedral at Mo).243
Monolayers of 2H-MoS, are semi-conducting and tend to be the
more interesting material from a device perspective. In contrast,
1T-MoS, is metallic and only in the HER reaction does it display
improved properties with respect to the 2H phase.
Two-dimensional MoS, can be accessed through mechanical
methods, hydrothermal synthesis, chemical vapour deposition
(CVD) methods, chemical and electrochemical exfoliation, and
liquid-phase exfoliation." The latter two methods are most-
commonly employed to obtain reasonable quantities of
exfoliated materials. The chemical exfoliation methods involve a
reaction between bulk 2H-MoS, and n-butyllithium ("Buli,
Scheme 1), yielding the reduced intercalated product Li,[1T-
MoS,*". Other Li-reductants (LiBH, or tert-butyllithium, ‘BuLi)
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reacted with NaBH,. A novel reduced two-dimensional TMD, r-
2H-MoS,, was identified as evidenced by electronic absorption,
XPS, photoluminescence, DRIFT, and Raman spectroscopies,
and cyclic voltammetry. The material demonstrated a full
preservation of the semi-conducting phase rather than con-
version to the metallic 1T-nanomaterial that is commonly
observed in the chemical derivation/exfoliation of TMDs.

yield the same outcome.™ The intercalation of Na™ or K™ ions
could also be achieved if the expansion of the lattice was first
aided by the insertion of smaller molecules like ammonia or
hydrazine!® NaBH, reduction of bulk MoS, yielded highly
defective products and the 1T-phase.”” Subsequent reaction
with H,O causes delamination and hydrogen evolution, yielding
monolayers of so-called chemically exfoliated MoS,. Critically,
chemical exfoliation always yields the 1T-phase, and always
results in residual charge at the surface of the nanomaterial,
alongside a highly defective material. This residual charge
renders 1T-MoS, highly conductive, an effective HER catalyst,
dispersable in polar solvents, and readily functionalized. In
contrast, 2H-MoS, (obtained through hydrothermal synthesis,
CVD, or liquid-phase exfoliation) is chemically inert, poorly
dispersed, and difficult to derivatize. Semi-conducting 2H-MoS,,
while displaying many fascinating properties, is thus difficult to
handle, difficult to obtain in high yields, and difficult to
derivatize.

The reactivity of 2H-MoS, with reducing agents has been
explored mostly in the context of exfoliation and phase
transition to the 1T-polymorph (Scheme 1). As described, Li™,
Na*, K* ions readily intercalate upon reaction with bulk 2H-
MoS, in the presence of a reductant, with the intercalated
product always found in the 1T polytype. The metal intercalated
compounds were subsequently reacted with H,O, resulting in
reoxidation and exfoliation of MoS, and loss of H, and MOH.
The production of H, bubbles is believed to cause delamination
of the nanosheets. Critically, the reoxidation with H,O did not
lead to the transformation from the 1T-phase to the thermody-
namically stable and semi-conducting 2H-phase. Thus, chemical
methods to derivatize MoS, yield the 1T-polymorph. Interest-
ingly, to the best of our knowledge, no attention has been paid
to the reduction of pre-exfoliated 2H-MoS,. Herein, we explore
the reaction of liquid-exfoliated 2H-MoS, with a reducing agent
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Scheme 1. Methods for preparation of exfoliated 1T- (red) and 2H-polymorphs (blue) of MoS, and their derivatives.

(NaBH,) demonstrating the formation of a reduced form of
MoS, that maintains the 2H polymorph.

Results and Discussion

Liquid-phase exfoliated 2H-MoS, in 2-propanol (IPA) was
prepared according to methods previously reported by us and
others (Scheme 1) As in our earlier studies, the obtained
flakes displayed a mean thickness of 10 nanosheets and the
concentration in IPA was ~0.4 g/L. We employ materials of this
thickness and concentration because it is challenging to obtain
sufficient quantities of material for further studies when the
liquid exfoliation process is extended to yield mono-layered
material. This pristine 2H-MoS, was subsequently reacted with
NaBH, (30 equiv.) in IPA for 24 h at room temperature under
magnetic stirring (see supporting information file for details).
The resulting sediment was subjected to high-speed centrifuga-
tion. To isolate the sediment, it was filtered onto a 0.2 um nylon
filter membrane (Figure 1). The obtained solid had visibly
different properties compared to pristine 2H-MoS, or n-2H-
MoS,. Upon filtration, the material did not form a film on the
membrane, but rather became brittle and started to crack.
Interestingly, the addition of a single drop of H,O onto the
membrane containing the sediment, resulted in the generation
of the characteristic n-2H-MoS, film and an evolution of a gas
was observed (Figure 1). In our previous report on the
preparation of n-2H-MoS,® reacting the obtained sediment
with H,0 lead to gas evolution and the formation of n-2H-MoS,.

Figure 1. Photograph of the sediment on a nylon membrane. The darker,
apparently quite brittle areas, represent r-2H-MoS,. The grey area is the n-
2H-MoS, film that has formed after the addition of a drop of H,0.
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Rather than add H,0, herein we isolated and characterized the
sediment formed after the initial reaction with NaBH,. Thus,
initial visual observations of the sediment suggested it was a
novel material, leading us to define it as a reduced form of
MoS,, namely r-2H-MoS..

r-2H-MoS, was collected from the membrane promptly after
filtration and was dried under reduced pressure. The material
was stored under an inert atmosphere to minimize exposure to
atmospheric moisture (given the observation that it was
reactive towards H,O). All solid-state characterizations were
performed on this as-isolated material. For solution-phase
characterization, r-2H-MoS, was re-dispersed in IPA or alter-
native solvents. It is worth noting that r-2H-MoS, did not react
with IPA (in contrast to the immediate reaction with H,0).

The electronic absorption spectrum of r-2H-MoS, in IPA
displayed the presence of the characteristic 2H-MoS, transitions
Aap (Figure 2, r-2H-MoS,: A, =685, Az =625, =490, and Ap,=
406 nm; pristine 2H-MoS,: A, =674, A;=614, A\c.=457, and A=
406 nm).”! Critically, no new transitions were observed in the
UV region, where the 1T-MoS, polymorph typically displayed
absorption bands (A=260, 300 nm).?¥ Both of those observa-
tions indicated that upon reaction with NaBH, no change in the
polymorph had occurred and that the novel material preserved
the 2H phase. It was also noted that the transitions observed in
r-2H-MoS, were red-shifted with respect to pristine 2H-MoS,: A,
and Az by 10 nm and Ac by 30 nm. Moreover, a significant
baseline shift was observed in the spectrum compared to

Normalised Absorbance (AU)
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Figure 2. Electronic absorption spectra of r-2H-MoS, in IPA (red), n-2H-MoS,

in IPA (blue), pristine 2H-MoS, in IPA (black), and 1T-MoS, in H,O (grey). All
spectra were normalized at A=345 nm.
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pristine 2H-MoS, collected in the same solvent. Such a baseline
shift is normally attributed to poorer dispersibility in the
solvent.® This demonstrated that despite the preservation of
the same phase, a significant change in the surface properties
of the material had occurred and that r-2H-MoS, was not able
to form a stable dispersion in IPA, likely due to agglomeration
of the particles. In comparison to n-2H-MoS,, r-2H-MoS, and
pristine 2H-MoS, appear to be two extremes, where n-2H-MoS,
represents the middle-ground. This is consistent with our
analysis of n-2H-MoS2 which displayed a partial build-up of
charge, however, not to the degree measured in r-2H-MoS, as
described below. Electronic absorption spectroscopy thus
indicated that r-2H-MoS, was a novel form of the 2H-polymorph
of MoS,, displaying features typical of the semiconducting 2H
phase and no indications of the metallic 1T phase.

The photoluminescence spectrum of r-2H-MoS, displayed
one emission peak centered at A=705 nm (Figure 3). This is

Normalised PL (AU)
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Figure 3. Photoluminescence spectra of r-2H-MoS, (red) and pristine 2H-
MoS, (black).
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Figure 4. Raman spectra of r-2H-MoS, (red) and pristine 2H-MoS, (black).
Spectra were normalized to the A4 peak intensity.
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within the energy range of the direct bandgap observed in 2H-
MoS, (L=660-710 nm)," indicating the preservation of the
semiconducting phase in r-2H-MoS,. The energy of emission
was 20 nm (0.05 eV) red-shifted with respect to pristine 2H-
MoS, (A=685nm). This decrease in energy suggested the
presence of additional electron density and an effective n-
doping in r-2H-MoS,. Interestingly, the emission was observed
at the same wavelength as the photoluminescence in n-2H-
MoS, (A=705 nm, Figure S1). The fact that the emission of r-2H-
MoS, was observed at the same energy as the emission from n-
2H-MoS, demonstrated that the shift in the energy is likely due
to the formation of trions and can be linked to the excitons
interacting with the excess of electrons in both samples."”

Raman analyses of r-2H-MoS, showed resonances that could
be attributed to the E',;, A, and 2LA(M) modes (v=2384, 408,
and 458 cm™’, respectively), previously identified as character-
istic of 2H-MoS, (Figure 4)."" Importantly, the r-2H-MoS,
spectrum displayed a stark increase in the 2LA(M) mode
intensity in comparison to pristine 2H-MoS, (2LA(M):A,;=1.34
and 0.98, respectively). The 2LA(M) mode is especially sensitive
to any chemical or physical changes in the sample.l” It is a
strong indicator of chemical changes on the surface of 2H-
MoS,, suggesting that r-2H-MoS, was chemically modified with
respect to pristine 2H-MoS,. One explanation for the increase in
the 2LA(M) mode intensity could be an increase in the defect
density."®! However, more reliable observations correlated with
defects were associated with the LA(M) mode (v=227 cm™).
Here, a weak LA(M) mode was detected in the spectrum of r-
2H-MoS,, however, it displayed the same intensity in pristine
2H-MoS,. This indicated that there was no significant increase in
the defect density in r-2H-MoS,. The intensity of the 2LA(M) was
also suggested to increase when the laser excitation wave-
length approached the energy of the photoluminescence
emission.™ However, the photoluminescence emission for r-
2H-MoS, was at higher wavelength (A=705 nm) than pristine
2H-MoS, (A=685 nm), pushing it further away from the 633 nm
excitation energy, ruling this phenomenon out. Thus, we
postulate that the increase in the 2LA(M) mode intensity is
plausibly caused by the increase in the electron density in the
material, which could be linked to the accumulation of the
higher electron density in the valence band. The slight offset in
the A, energy was ascribed to the reduction of the material,
something that was previously observed for hot-electron
doping of MoS,."™ Finally, J peaks that are normally character-
istic of the 1T-MoS, polymorph (vj,_;=156, 226, 333 cm"),('¥
were not present in r-2H-MoS,, supporting the retention of the
2H polymorph. Overall, Raman analysis showed r-2H-MoS, to be
a chemically modified form of 2H-MoS,, with indications that it
was reduced with respect to pristine 2H-MoS..

A survey X-ray photoelectron spectroscopy (XPS) analysis of
r-2H-MoS, displayed the presence of Mo, S, Na, B, C, and O in
the material (Figure S2). The ratio of Mo:S atoms (1:1.7) was
within the range expected for 2H-MoS, and any differences are
likely due to preferential alignment of the samples.”” The Na:B
ratio was found to equal 2.2:1, even though these elements
were introduced in a 1:1 ratio in the form of NaBH,. This
suggested that the reaction between 2H-MoS, and NaBH,
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resulted in the formation of a collected product that retained
Na while some B-containing products were lost (presumably
during centrifugation/filtration). The presence of O signalled
that the product contained IPA, water, and/or oxygenated
products.

The analysis of the S 2p and Mo 3d core level XPS spectra
revealed significant changes consistent with an increased
electron density in r-2H-MoS, (Figure 5). The binding energy
maximum shifted by 0.8 eV to lower energy for both elements.
The S 2p region displayed two peaks at 161.7 and 162.9 eV (S
2p 3/2 and S 2p '/, respectively) in r-2H-MoS, compared to
162.5 and 163.7 eV in pristine 2H-MoS,. Similarly, the Mo 3d
components were found at 228.9 and 232.1 eV (Mo 3d 5/2 and
Mo 3d 3/2, respectively) in r-2H-MoS,, compared to 229.7 and
232.9 eV in pristine 2H-MoS,. This shift in the binding energy of
the core orbitals demonstrated a significant increase in the
electron density in the material, indicating that r-2H-MoS,
represented a reduced form of 2H-MoS,. The binding energy
has been observed to shift when comparing the phase trans-
formation from the 2H to 1T-polymorph of MoS,.**'” This shift
is usually between 0.8-0.9 eV and in many reports is used as a
confirmation of the phase transition from the 2H to 1T
polymorph. However, it should be noted that the 1T-phase
always suffers from accumulated negative charge, because of
the method of preparation - we contend that the negative shift
is simply a designation of charge accumulation rather than
phase change, which is supported by observations elsewhere
exploring the redox chemistry of MoS,." All other spectro-
scopic analyses of r-2H-MoS, demonstrate that it retains the 2H
polymorph and that the 1T-polymorph was absent. Finally, the
XPS spectra for both elements displayed peak broadening by

CPS

' T . T y : T g | iy T l
168 166 164 162 160 158
Binding Energy (eV)

0.4 eV and 0.3 eV, respectively, as measured by the full width at
half maximum (FWHM) against pristine 2H-MoS,. This suggests
that there is likely some uncharged 2H-MoS, in the sample
causing the peak broadening, as observed previously for studies
on chemical changes at the surface of MoS,.®>'?*

The B 1s core level spectrum of r-2H-MoS, displayed a one-
component feature localized at 192.0 eV (Figure S3). NaBH,
would be expected at a lower energy of 188.7 eV, indicating
that all NaBH, had been consumed and that the new species
was likely an oxidized form of B.” Boron oxides or boric acids
are generally observed at a higher energy, approximately
~193.0-193.3 eV. Borates, in contrast are generally observed in
the region of 191.8-192.0 eV, leading us to conclude that the B
in r-2H-MoS, was a borate. The Na 1s core level spectrum also
displayed a one-component feature at 171.3 eV (Figure S4). The
position of the peak did not reveal any details about the nature
of the Na adduct, as any differences in the binding energy of
Na in varying chemical environments are rather modest.?" The
analysis of the O 1s core level spectrum displayed a two-
component fit (Figure S3), with binding energies=531.5 eV and
5359eV (ratio 1:0.45). The high energy component was
identified as H,0,”? whereas the peak at 531.5eV was
consistent with borate.”? We conclude, based on the B and O
core level spectra that NaBH, was converted to
Na,B,05(0OH),*xH,0 (sodium borate hydrate) in the preparation
of r-2H-MoS,. Importantly, the survey spectrum indicated a
Na:B ratio of 2:1, inconsistent with the ratio in
Na,B,O5(0OH),*xH,0. We surmise that the remaining Na was
present in the r-2H-MoS, sample acting to balance the charge
at the surface of r-2H-MoS,, which might better be formulated
as Na,[(H),2H-MoS,].

CPS

J T . T T lI 4 T ¥ T J T y I
236 234 232 230 228 226 224 222

Binding Energy (eV)

Figure 5. Core level XPS spectra of S 2p (left) and Mo 3d (right) for 2H-MoS, (top) and r-2H-MoS, (bottom). Color code: experimental data (grey circles), fits of:
S 2p (blue), S 2 s (red), Mo 3d (green), summed simulation fit (black). The red dashed lines centred at 162.8 and 229.7 eV to emphasize shift upon generation

of r-2H-MoS,. CPS stands for counts per second.
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Diffuse reflectance infra-red Fourier transform (DRIFT) analy-
sis of r-2H-MoS, displayed the characteristic Mo—S stretching
mode identified in MoS, located at v=384 cm™' (Figure 6).*¥
However, the other features normally associated with pristine
2H-MoS, were masked by new broad features. In particular, new
resonances at v=3330, 1360, and 980 cm™' were identified
which  could be attributed to sodium  borates
(Na,B,05(0H),*xH,0, Table 51).2°

Importantly, r-2H-MoS, displayed new features at v=
1775 cm™" and 2290 cm™' which could not be ascribed to either
the Na,B,05(OH),*8H,0 or pristine 2H-MoS,. We postulate that
the v=1775 cm™' peak corresponds to a vy, y stretch, which is
in good agreement with literature reports of such modes found
in MoS,,*® but was ~40-170 cm™' lower in energy in compar-
ison to the Mo—H bonds reported in molecular systems.””
Similarly, we assigned the v=2290 cm™' feature to v, which
are typically found in the v=2500-2600 cm™' range for organic
thiols, while for metallo-hydrosulfides they are generally found
between v=2450-2650cm~', but can be as low as v=
2150 cm~'.®*?® To probe these features further, we prepared r-
2H-MoS, with NaBD,. The DRIFT spectrum of r-2H-MoS,
obtained with the deuterated reducing agent displayed the
Mo-S stretching mode at v=384 cm™' (Figure 6), together with
all the vibrations previously ascribed to Na,B,0;(OH)*xH,0. The
features at vy, yn=1775cm ™' and vs,=2290cm™' were ex-
pected to shift to v=1262 and 1644 cm™' for vy, p, and v p,
respectively. We noted a change in the shape of the band at
v~1630 cm™" which we assign to contributions from vg o (Fig-
ure S5). We believe the vy, is masked by other features.
Despite this, the disappearance of the Mo—H and S—H bonds as
well as the visible contribution of S—D vibration into the r-2H-
MoS, spectrum have provided further evidence for the hydride
attachment from reaction with NaBH, and 2H-MoS, reduction
during the formation of r-2H-MoS,. Infra-red analysis thus
provides strong evidence that r-2H-MoS, is a reduced form of
MoS, that has incorporated hydride through the formation of
Mo—H or S—H bonds.

Thermogravimetric analysis (TGA) of r-2H-MoS, displayed a
thermogravimetric trace different to that of pristine 2H-MoS,
(Figure S6). For r-2H-MoS, there was a 16% overall mass loss

Figure 6. DRIFT spectra of r-2H-MoS, synthesized with NaBH, (red trace) and
NaBD, (blue trace).
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between 100-800°C, compared to the just 2% loss for the
pristine material. r-2H-MoS, underwent three mass loss events:
100-300°C (10%), 450-600°C (2%), and 670-800°C (4%). The
first two mass loss events can be ascribed to the decomposition
of Na,B,05(0H)*xH,0.”” The assignment of the third event was
more challenging to assess, hence TGA was coupled with FT-IR
to aid the identification of gaseous molecules desorbing (Fig-
ure S7). No new vibrations were detected until 720°C was
reached when the formation of a resonance at v=1350 cm™'
was observed, corresponding well with the temperature of the
third mass loss event. This was ascribed to v,, of S0,” which
indicated the decomposition of the r-2H-MoS, lattice. Impor-
tantly pristine 2H-MoS, did not display the same mass loss. This
suggests that r-2H-MoS, has a different, less thermally stable,
chemical composition than pristine 2H-MoS,. TGA thus con-
firmed the presence of Na,B,05(OH),*xH,0 in r-2H-MoS, as well
as providing indications that the MoS, was chemically modified,
consistent with other observations.

With powder X-ray diffraction (pXRD) measurements it was
possible to discriminate all the characteristic reflections of the
2H-phase in r-2H-MoS, (Figure S8), with a perfect overlap with
those observed in the pristine 2H-MoS, pattern. At the same
time, no broadening of the reflections was observed indicating
that there was no loss of the crystallinity in favor of the 1T or an
amorphous phase nor a reduction in thickness.”” Importantly,
there were no new peaks present in the diffraction pattern,
especially at °26 lower than the 002 reflection. We surmise that
the reason that we do not observe borate by pXRD is that it is
likely amorphous, and the degree of hydration in borate was
not clear. This indicated that there was no Na-ion intercalated
between the layers of the intermediate species.””

The zeta-potential of r-2H-MoS, in IPA was examined to
further investigate the surface properties of the material.
However, during the measurement, the particles were found to
flocculate becoming increasingly large upon the application of
the voltage, making any data collected unreliable - the
measured data was extremely broad and poorly resolved
(Figure S9). This prevented us from assessing the charge on the
surface using zeta-potential measurements.

To analyze the redox properties of r-2H-MoS,, the material
was characterized with cyclic voltammetry (CV). A three-
electrode set-up in "Bu,NPF¢ (CH,CN, 0.1 M) was used. r-2H-
MoS, was drop-cast onto a glassy carbon and the CV was
recorded (Figure S10). The r-2H-MoS, voltammogram displayed
a chemically irreversible oxidation wave (E=0.13 V), which was
absent in pristine 2H-MoS,. The presence of this new oxidation
event indicated that r-2H-MoS, was present in a reduced form
that was oxidized under the CV conditions. Importantly, this
oxidation event was absent in the voltammograms of 2H-MoS,
and 1T-MoS,,* signifying the difference in the oxidation state
observed in r-2H-MoS,. Overall, CV demonstrated that r-2H-
MoS, was present in a reduced form.

Negative charge accumulation has been shown to affect the
surface properties of n-2H-MoS, and 1T-MoS,."” We previously
demonstrated that the dispersibility of these charged MoS,
species could be correlated with the relative permittivity
expression of the solvents. The negative charge detected in r-
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2H-MoS, was more substantial according to XPS, indicating the
reduction of the material. r-2H-MoS, was re-dispersed in IPA,
dimethylsulfoxide (DMSO), CH;CN, acetone, toluene, N-methyl-
pyrolidinone (NMP), and diethylether Et,O (Figure S11, note
that H,0 was not used as that would have yielded the
formation of n-2H-MoS,). r-2H-MoS, displayed a relatively poor
dispersibility in all solvents tested. The material visibly floccu-
lated within 30 minutes in all cases. Electronic absorption
spectra revealed some differences in the relative dispersibility
of r-2H-MoS, (Figure S11): very poor dispersibility was observed
in acetone, CH;CN, toluene and Et,O as indicated by a high
baseline shift. The baseline absorption was the lowest in IPA,
DMSO, and NMP. A poor correlation between the dispersibility
and the relative permittivity expression was observed."” This
would suggest that the nature of the n-doping in r-2H-MoS, is
different and has a different effect on the surface properties of
the material than we observed in the cases of n-2H-MoS, and
1T-MoS,.

Mechanism of r- and n-2H-MoS, Formation

When r-2H-MoS, was reacted with H,0, a visible change, from a
brittle solid to a solid that was collected as a film, was observed
alongside gas evolution. We surmised that the gas evolved was
H, and have characterized the obtained product as n-2H-MoS,.
This sequence mirrors the observations made in the preparation
of 1T-MoS,:*%¥ reaction of bulk 2H-MoS, with a reductant, "BulLi,
yielded Li,[1T-MoS,]* followed by oxidative quenching with H,O
resulting in the evolution of a gas (H,) which caused
delamination yielding monolayers of so-called ‘chemically
exfoliated’ 1T-MoS,. The difference for r-2H-MoS, was that we
employed NaBH, on pre-exfoliated 2H-MoS, and obtained the
reduced form of the 2H polymorph, Na,[(H),2H-MoS,], which
reacted with water to give n-2H-MoS,. It thus appears that
NaBH, reduction of pre-exfoliated 2H-MoS, yielded a reduced
form of the 2H-polymorph without isomerization to the 1T
(Scheme 2).

We postulate that in the reaction of pristine 2H-MoS, with
NaBH,, H™ performs a nucleophilic attack at an Mo exposed site
(such as an S-vacancy). This results in the formation of a new
Mo—H (as identified by DRIFT analysis) bond and an overall
reduction of 2H-MoS, to r-2H-MoS, (Scheme 2). It is also
possible that H™ attack occurred at a sulfide or that Mo—H
formed and the H-atom transferred to an S-site, yielding the
DRIFT observed S—H moiety. The negative charge introduced

into the material with the H™ transfer is balanced by adsorbed
Na® cations. In the presence of atmospheric oxygen and/or
H,0, the BH; that was formed after the H™ donation from
NaBH,, presumably underwent a multi-step conversion to the
identified Na,B,05(0OH),*xH,0. We concluded that the mode of
reduction by NaBH, yielded only surface-altered 2H-MoS,, with
no evidence for Na intercalation. This contrasts to the reaction
between bulk 2H-MoS, and "BuLi, which resulted in Li*
intercalation and a change in electronic structure and thus
polymorph (trigonal prismatic at Mo to octahedral at Mo).

Conclusions

The activation of pre-exfoliated pristine 2H-MoS, was explored
through its reaction with a reductant, NaBH,. A novel two-
dimensional nanomaterial, r-2H-MoS,, was identified as a
reduced form of MoS,, as indicated by an XPS peak shift to
lower binding energy by 0.8 eV compared to pristine 2H-MoS,
in both the S 2p and Mo 3d core level spectra. The reduction
was further indicated by CV, photoluminescence, DRIFT, and
Raman spectroscopies. The material demonstrated a full
preservation of the trigonal prismatic geometry at Mo in 2H-
MoS, as indicated by electronic absorption spectroscopy, pXRD,
Raman spectroscopy, and photoluminescence measurements. r-
2H-MoS, reacted with H,O resulting in the formation of a
negatively charged form of 2H-MoS, (n-2H-MoS,). This sequence
mirrors the common preparation of the delaminated metallic
phase 1T-MoS,, where reaction of bulk 2H-MoS, with a
reductant ("BuLi) yielded Li[1T-MoS,I* which was quenched
with H,0 yielding monolayers of 1T-MoS,. In this case, we have
demonstrated facile access to reduced and negatively charged
2H-MoS, with the retention of the semiconducting properties
rather than conversion to a metallic nanomaterial as previously
observed. The 2H-phase displays more promise for the develop-
ment of electronic and optical devices, while the 1T- tends to
be less desirable because of the high degree of defects and its
metallic character. Until now, most protocols for the preparation
of chemically derived TMDs like MoS, have yielded the 1T
polytype. We anticipate chemical derivation of pre-exfoliated
TMDs should open new avenues for further chemical derivation,
facile dispersion in aqueous media, and novel applications of
semi-conducting TMDs.

K=K = KK

2H-MoS,

Scheme 2. Preparation of r- and n-2H-MoS,.
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r-2H-MoS,

n-2H-MoS,
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