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Biomimetic Electro-oxidation of Alkyl Sulfides from Exfoliated
Molybdenum Disulfide Nanosheets

Lahcene Maachou,? Kun Qi,>* Eddy Petit,® Zhaodan Qin,? Yang Zhang,? Didier Cot,? Valérie Flaud,”
Corine Reibel,” Heba El-Maghrabi,? Lei Li,c Philippe Miele,® Daniel Kaplan,® Manish Chhowalla,®
Nicolas Onofrio,f Damien Voiry*2

Enzymes are biological catalysts that are interesting for key reactions such as hydrogen evolution, CO, conversion into
hydrocarbons and the fixation of nitrogen. Enzymes are particularly good catalysts for organic reactions because of their
high selectivity. However, they exhibit modest stability and require extensive purification, which makes them costly. Here,
we report a biomimetic electroactive two-dimensional (2D) catalyst based on single-layer metallic MoS, nanosheets for the
oxidation of alkyl and aryl sulfides. The structure of the MoS, nanosheets mimics the active site of natural dimethyl sulfoxide
(DMSO) reductase found in anaerobic bacteria. We demonstrate that 2D MoS, nanosheets efficiently oxidize organic
sulfides. Notably, we show that dimethyl sulfide can be electro-oxidized to DMSO with activity surpassing that of noble metal
catalysts. The production of DMSO using metallic 1T’ phase MoS, reaches 680 L h* per gram at 1500 mV vs. NHE —~ 4 times
higher than platinum nanoparticles — and is stable for > 24 hours. Our findings provide new directions for electrosynthesis

from metallic 2D materials.

Introduction

Enzymes are proteins that catalyze key reactions in living
organisms.! They possess high selectivity, which makes them
attractive for enantioselective synthesis of drug molecules in
the pharmaceutical industry.?3 The catalytically active sites on
enzymes typically consist in coordinated transition metals and
recent insights into how they catalyze reactions has enabled
progress in the design of novel bio-inspired electrocatalysts.*

For example, understanding of mechanisms that are
responsible for hydrogenase activity has allowed the
development of electro-active molecular catalysts with

structures that reproduce active sites of the natural enzyme.®
Nanozymes are nanomaterials with enzyme-like characteristics
with superior stability compared to natural proteins — making
them attractive as electro-catalysts with tunable activity.5”
Since the discovery of unexpected peroxidase-like activity of
iron oxide nanoparticles,® various nanozymes have been
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realized using metal oxides, noble metals, graphene and
derivatives, and metal-organic frameworks (MOFs). °11
However, two outstanding challenges remain: first, nanozymes
show much lower catalytic activity because of the low densities
of active sites;!? and second, the inhomogeneous composition
and crystal facet structure!® make it difficult to identify the
active sites. These bottlenecks are significant hurdles for
implementation of nanozymes in applications.

Exfoliated two-dimensional (2D) materials are known to be
good electrocatalysts.® In particular, transition metal
dichalcogenides (TMDs) have been widely studied for their
catalytic properties in reactions such as the hydrogen evolution
reaction, as well as oxygen and CO, reduction reactions.1>17
Despite the large body of work on catalysis with 2D materials,
their application in electrosynthesis of organic molecules has
yet to be explored. Oxidation of organic sulfide compounds into
sulfoxides for production of drugs such as esomeprazole and
armodafinil are important reactions in the pharmaceutical
industry.181° With an annual production of approaching
100,000 metric tons, dimethyl sulfoxide (DMSO) is widely used
as polar and aprotic organic solvent in pharmaceutical and
microelectronic industry as well as an intermediate for the
synthesis of sulfur-based derivative molecules. Contrary to
thiols, organic sulfide are stable in air and the industrial process
for the synthesis of sulfoxide relies on the use of undesirable
strong oxidizing agents including NOy or peroxy acids.?%21 Redox
processes can be used to oxidize organic sulfides at room
temperature and without the use of harsh chemicals — greatly
limiting the safety
contributions have been reported on the electro-oxidation of
DMS in dimethylsulfoxide and dimethylsulfone using platinum

concerns. However, only handful
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as anode.???% The use of expensive and scarce noble metals
therefore limits practical applications.

In this work, we report metallic two-dimensional MoS, as
biomimietic catalyst with intrinsic enzyme-like active sites for
the electro-oxidation of organic sulfides. The atomic structure
of MoS; resembles that of the DMSO reductase active site — an
enzyme responsible for reversible reduction of DMSO in DMS.
When tested in oxygen-saturated, non-aqueous electrolyte
solution, DMS is electrochemically converted to DMSO on the
MoS; nanosheets with activity and selectivity superior to those
of noble metals. Our results show that the production of DMSO
from the electrochemical oxidation of DMS using 1T’ MoS;
nanosheet catalysts is significantly higher (680 L h-1 per gram)
than for Pt nanoparticle catalysts (210 L h** g%). Our numerical
predictions suggest that the superior activity is ascribed to the
lower binding energy of DMS on the basal plane and the edge
sites of the 1T’ phase.

Results and discussion

Chemically exfoliated MoS, nanosheets

MoS; nanocrystals are known catalysts for the oxidation of
sulfur-based molecules. For example, Lauristen et al. have
observed thiophene adsorption at the brim sites on sulfide
MoS, crystals, suggesting that such sites can play an active role
in catalysis.?4 Catalytic oxidation of thiols into disulfides has also
been achieved — hinting at nanozyme-like activity of MoS, for
oxidation of sulfur-based molecules.?> Recently MoS, with
inclusion of cobalt single-atom have been proposed for the
heterogeneous oxidation of organic sulfide using H,0, as
oxidizing agent.?¢ Alternatively, DMSO can be prepared from
the oxidation of DMS with a standard potential of 574 mV vs.
NHE in water but the reaction suffers from large overpotential
and possible degradation of the catalyst materials (Figure $1).27
The similarity between the active sites of hydrogenase and the
structure of MoS, edges led to its use as an HER catalyst.> DMSO
reductase (DMSOR) — an enzyme produced under anaerobic
conditions in some bacteria — is known to reversibly reduce
DMSO into DMS. In contrast to hydrogenase that contains Fe
and Mo metals, DMSOR active site consists only of molybdenum
Mo(VI) coordinated with 4 sulfur atoms from two pyranopterin
dithiolene ligands (Figures 1a,b). We synthesized the 1T’ and 2H
MoS; nanosheets using our previously reported intercalation-
assisted exfoliation method (Figure 1c,d) (See Experimental
Section).?82° The nanosheets were exfoliated in water and first
characterized by atomic force microscopy (Figure 1e). The size
distributions extracted from the AFM measurements reveal
that the nanosheets are ~ 200nm in length while the average
thickness is < 1 nm, consistent with single layer nanosheets
(Figure 1f). It is well known that as-synthesized nanosheets by
chemical exfoliation possess the 1T’ phase structure.® The 2H
phase is obtained by mild annealing (at 300°C under 5% H; in
argon, See Experimental Section) of the 1T’ phase MoS,;
nanosheets) of the as-synthesized nanosheets.?®3° From the
deconvolution of the XPS spectra

2| J. Name., 2012, 00, 1-3

A 01T Mos,

Y .“' * 2H Mos,
WL L s 825
As.-Synth

100 200 300 400 235 230 225
Dimension (nm) Binding energy (eV)

Figure 1. Characterization of chemically exfoliated MoS, nanosheets. (a) Structural
model of DMSO reductase enzyme. (b} Structure of the active sites of the DMSO
reductase showing the molybdenum atom coordinated with two pyranopterin
dithiolene figands. Color code for the atoms: grey: C, green: Mo, yellow: S, orange:
P, red: O, blue: N. (c,d} 2H and 1T’ phase of MoS, with Mo atoms in a trigonal
prismatic and octahedral coordination with sulfur atoms. (e} Mixed topographic
and phase image obtained by using atomic force microscopy (AFM). inset: height
profile of an individual exfoliated MoS, nanosheet deposited on 300 nm SiO,/Si
wafer. (f) Length (orange) and width (biue)} distributions of the exfoliated MoS,
nanosheets measured by AFM. The Gaussian fits of the length and width
distribution are shown as dashed line. (g) X-ray photoelectron spectroscopy of the
Mo 3d regions of as-exfoliated and 300°C-annealed MoS, nanosheets. The raw and
the fitted data are shown with open symbols and dashed lines respectively. From
the deconvolution of the raw XPS signals, the metallic 1T’ polymorph composes 70%
of as-exfoliated nanosheets. At the opposite, the annealed nanosheets consist in
95% of the semiconducting 2H polymorph.

from the Mo3d and S2p regions, we have estimated the 1T’
phase concentration in the as-exfoliated nanosheets to be ~
75%, while the 2H phase is almost entirely restored after
annealing.?® The presence of the 1T’ and 2H phases is also
detected
nanosheets (Figure S2).

in Raman of as-exfoliated and annealed MoS,

The catalysts were prepared by loading a controlled amount of
1T" phase MoS; nanosheets on the electrode via drop casting
and controlled evaporation of the solvent.[?®! Scanning electron
microscopy (SEM) on the electrode reveals that the nanosheets
are densely packed on the surface without significant porosity
(Figure 2a). The 2H MoS; electrode is virtually identical (Inset
Figure 2a) — meaning that the phase transition during mild
annealing does not affect the orientation or morphology of
thenanosheets so that only the phase of MoS; is modified. Next,
we determined the electrochemically active surface area (ECSA)
by estimating the double layer capacitance (Cq)) of 1T’- and 2H
MoS; (See
capacitance for MoS, nanosheets and Pt nanoparticles” in the

electrodes “Estimation of the double Ilayer
Experimental Section). To do this, different electrodes were
0.1M

(NEt4BF,) in acetonitrile at increasing scan rates from 5 to 200

cycled in tetraethylammonium tetrafluoroborate
mV s (Figure 2b,c). The double layer capacitances from the 1T’
and 2H electrodes were found to be 284 and 55 pF cm?,
respectively (Figure 2d). Assuming a Cy of ~ 10 puF cm?2 for
ideally flat MoS, in organic electrolytes, 32 the ECSA is estimated
to 28.4 cmi%a and 5.5 CMidsa for electrodes with 1T’ and 2H
phases, respectively. The reduction of the ECSA values between
1T and 2H phases MoS, is likely due to the decrease in the
interlayer spacing of the nanosheets after annealing and
therefore limited intercalation of ions in the 2H MoS, electrodes
as reported in

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Characterization of the MoS, electrodes. (a) Top view of the MoS,
electrodes observed under scanning electron microscope (SEM). (b,c) Cyclic
voltammetry curves of the 1T’ phase (b) and the 2H phase (c) of MoS, nanosheets
deposited on glassy carbon electrodes measured at increasing scan rates from 5 to

200 mV s, (d) Corresponding evolution of 80.0sv with the scan rates for the 1T’
and 2H phase MoS,. The slope gives access to the double layer capacitance (C,) of
the MoS; electrodes.

Ref .33 The Cy is also significantly lower in organic electrolyte
than in aqueous electrolytes (Figure S3) due to nature of
electrochemically active sites being different for different types
of electrolyte solutions.

Electrochemical activity of MoS, nanosheets towards the
oxidation of DMS

The electrochemical responses from 1T° and 2H MoS,
nanozymes were measured in 0.1 M NEt4;BF, in acetonitrile and
the applied potentials corrected versus Normal Hydrogen
Electrode (NHE) after calibrating the reference electrode using
ferrocene: Fc/Fc* (Figure S5). The electrolyte solution was
saturated with O, used as a source of oxygen for the reaction.
When sweeping the potential of the working electrodes, the
anodic current density rapidly and continuously increased for
both phases of MoS, nanosheets (Figure 3a). The onset
potential (the potential at which the Faradaic current begins to

a b
e 20} €4 —~ 16 sc
& 5 g . "
< o

E 15 E7 / Z 15 i
> - ~ 4 -7 2H Mos,
g 75 s = 14} eerore
%’:; 10 Pot. (V vs. NHE) s " PLNP
= F=Tvies, T e
= Ay e /
= | - Ptpoic o
© 7z 1.2 1T' MoS,

0

06 08 10 12 14 16 0.1 1 10

Potential (V vs. NHE) Current density (mA cm?)

Figure 3. Electrocatalytic behavior of MoS, electrodes towards the oxidation of DMS
compared with reference catalysts. (a) Polarization curves of 1T’ and 2H MoS,
nanosheets in presence DMS compared to platinum nanoparticles, polycrystalline
platinum, palladium nanoparticles, Rh,(esp), and glassy carbon. Inset:
Magnification of the low potential region. Scan rate: 20 mV s. (b) Corresponding
Tafel plots from the different MoS, electrodes compared to platinum. The smallest
values of Tafel slopes are obtained for 1T’ MoS, nanosheets with 75 mV dec™.

This journal is © The Royal Society of Chemistry 20xx

increase) from the 1T’ phase was found to be 1190 mV vs. NHE
— clearly lower than the onset potential of 2H phase of MoS,
(1280 mV vs. NHE). To confirm that the anodic current is solely
due to the oxidation of DMS, we performed the same
experiment but in the absence of DMS. Virtually no current
wasdetected without — confirming that the anodic current is
due to the reaction of DMS and not the oxidation of the catalyst
itself (Figure S6). To further quantify the catalytic performance
of the MoS, nanosheets with respect to state-of-the art
catalysts, we compare the results with 60 mesh palladium: Pd-
NP, Polycrystalline platinum: Pt-PolyC, commercial platinum
nanoparticles supported on porous carbon (20% in mass): Pd-
NP and a dirhodium(ll) carboxylate complex: Rh,(esp), (esp=a,
o’,a’, o'-tetramethyl-1,3-benzenedipropionic acid) that is a
known catalysts for the oxidation of organic sulfides.3* The
results reveal that the 1T’ phase of MoS, catalysts exhibit
geometrical current density of 9.2 mA Cmg_egm at 1400 mV vs.
NHE compared to 4.3 mA Cmg_egmfor Pt nanoparticle electrodes
(Figure 3a). 1T° MoS, catalysts also outperforms Pt
nanoparticles, palladium and dirhodium complex with a lower
onset potential of = 45 mV, 150 mV and 160 mV respectively
(Inset Figure 3a). The substantially better electrocatalytic
activity of 1T’ phase MoS, is also supported by Tafel plots shown
in Figure 3b. The Tafel slope of 1T’ MoS, reaches 75 mV dec™.
For comparison Tafel slopes of 99 mV dec?, 110 mV dec’?, 125
and 115 mV dec? are obtained for 2H MoS,, Pt nanoparticles,
Pd and dirhodium respectively. The reduced Tafel slope is
attributed to the improved electrocatalytic reaction kinetics
due to higher electrical conductivity of metallic 1T’ phase of
MOSz. 31,35

To assess the true electrocatalytic activity of MoS, nanosheets
for the reduction of DMS, we normalized the geometrical
current to the ECSA values obtained from the Cy
measurements. We determined the surface of platinum
exposed to the electrolyte for both polycrystalline Pt and Pt
nanoparticles using the copper underpotential deposition (Cu-
UPD) method developed by Green and Kucernak.3¢ Under UPD
conditions at +0.3 V vs. RHE, Cu is solely deposited on the active
Pt while no copper is deposited on the carbon support. The
density of active sites on Pt was determined from the
exchanged charges when stripping Cu monolayers deposited on
Pt nanoparticles: Qgtip. Assuming 420 pC cm2 of charges
exchanged for the deposition of a monolayer of Cu on Pt,3® the
active surfaces for polycrystalline Pt and Pt nanoparticles were
estimated to 4.14 and 14.8 cm?/cmZeom (“Cu Underpotential
Deposition” section in the Supporting Information and Figure
S7). We note that while the Cu UPD method has been developed
for unsupported platinum, we found that the surface area of the
Pt nanoparticles reaches 10 m? g of catalyst, which is close to
the values for unsupported Pt nanoparticles.3® Fig}lcrg 4a shows
the ECSA-normalized current density (JEecsa =m) of the
different electrodes. The normalized current density for 1T" and
2H MoS, reach 0.32 and 0.13 mA CmE_CZSA at 1400 mV vs. NHE
respectively. A lower onsetpotential is observed from the 1T’
MoS,, while JEcsaincreases faster in the case of 2H MoS,. More
importantly, the ECSA-normalized current density from MoS,

J. Name., 2013, 00, 1-3 | 3
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electrodes is almost one order of magnitude higher than that of
the polycrystalline Pt electrode at 0.02 mA cmidsa at the same
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Figure 4. Comparison of the electrochemical responses from MoS, nanosheets and
platinum. (a) ECSA-normalized polarization curves for the DMS oxidation on MoS,
nanosheets and polycrystalline platinum (Pt-PolyC). Inset: Comparison between the
1T and 2H MoS, nanosheets with supported Pt nanoparticles (Pt-NP). (b} Nyquist
plots of the 1T and 2H MoS, nanosheets as well as Pt nanoparticles measured at
1350 mV vs. NHE.

applied potential (Figure 4a). MoS, also compares favorably
with Pt nanoparticles that exhibit a current density of 0.28 mA
cmidsa for the reaction (Inset Figure 4a). We performed
electrochemical impedance spectroscopy (EIS) on electrodes of
the different phases of MoS, as well as Pt nanoparticles (Figure
4b). The EIS measurements were performed at onset potentials
of 1300 and 1350 mV vs. NHE. The impedance responses consist
of 2 semi-circles corresponding to the electrolyte response for
the highest frequencies and the reaction responses for the
lower frequencies. The high frequency responses in the form of
quasi semi-circles are independent of the applied potential at
the working electrode and are attributed to the responses from
the counter electrode, substrate-catalyst interface and the
electrolyte.3” The second semi-circle originates from the
working electrode and originated from the charge transfer
resistance {R¢r) and the capacitances. The equivalent circuit
used for fitting the EIS data is shown in inset of Figure 4b. The
values of R¢r decrease when the applied potential is increased,
reflecting improved reaction kinetics (Figure S8a, b and Table
S1). At 1300 mV vs. NHE, the charge transfer resistance is
estimated to be ~ 370 Q for 1T" MoS,, which is lower than the
values extracted for 2H MoS; (1480 Q) and Pt nanoparticles (~
790 Q).

Quantification of DMSO production and estimation of Faradic
efficiency

Next, we investigated the product of the DMS oxidation
reaction by holding the potential of the electrode at 1500 mV
vs. NHE. The products of the reaction after 4, 8 and 24 hours
(See
“Detection of the products of the reaction via Nuclear magnetic

were analyzed using nuclear magnetic resonance
resonance {NMR)” section in the Supporting Information).
According to the literature, the oxidation of DMS can form
several products including dimethyl sulfoxide, dimethyl sulfone
and methyl sulfonates.?®3° In our NMR measurements, DMS
and DMSO signatures are clearly identified at 2.08 ppm and 2.5
ppm respectively (Figure 5a). The NMR peaks from dimethyl
sulfone and methyl sulfonates —expected at 2.91 and ~ 3.1 ppm
— are not detected even after 24 hours of reaction (Figure $10).
These results demonstrate that the electrochemical oxidation

of DMS on the MoS; nanozymes is highly selective towards the

4 | J. Name., 2012, 00, 1-3

formation of DMSO. We note that as the reaction proceeds, the
DMSO signals increase continuously with time while the
signatures for DMS decrease. Figure 5b shows the production
of DMSO over 24 hours from MoS, and platinum electrodes. The
production of DMSO from the 1T’ phase of MoS; is largely
maintained up to 24 hours with a total production of 250 mol g
1, equivalent to a production rate of 680 L h? per gram of
catalyst {Inset Figure 5b). This performance is clearly higher
than that of 2H MoS, and Pt nanoparticles that exhibit a
production of 30 and 71 mol g after 24 hours equivalent to ~
89 L ht gt and ~ 210 L h'! g%, respectively. More importantly
our results also demonstrate that 1T MoS; can sustain high
production rate of DMSO with a quasi linear increase of the
evolved DMSO, while the production rates from Pt and 2H MoS,
tend to stabilize after 4 hours of reaction. This demonstrates
that 1T MoS, does not suffer from rapid deactivation of its
catalytic properties compared to Pt or 2H MoS..

To obtain fundamental insight on the mechanisms of the
reaction, we have estimated the quantity of electrons involved
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Figure 5. Production ratio of DMSO and determination of the reaction efficiency.
(a) NMR spectra of the electrolyte during the reaction after 4, 8 and 24 hours. The
DMSO and DMS signatures are visible at 2.1 ppm and 2.5 ppm respectively. (b}
DMSO production from the 1T’ and 2H MoS, electrodes compared with supported
Pt nanoparticles. Inset: Production rates of DMSO for the different electrodes
averaged over 24 hours. (¢} Ratio: n. : npyso Obtained from the NMR results and

This journal is © The Royal Society of Chemistry 20xx
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the electrochemical measurements for the 3 different electrodes after 4, 8 and 24
hours.

per molecule of DMSO formed. We found that the ratio: n.:
Nowmso is the slowest for 1T" MoS, confirming the high efficiency
of the 1T’ phase. That is, after 24 hours, both 1T’ and 2H phase
demonstrate a lower ng: npuso ratio than Pt nanoparticles with
1.07 and 1.25 electrons per DMSO molecule, respectively,
compared to 1.34 for Pt nanoparticles. Assuming one electron
involved in the reaction, the Faradaic efficiency for the initial 4
hours of reaction is close to 96.2+2.1 % for 1T’ phase MoS; and
86.4+1.8 for the 2H MoS, compared to 89.1+1.9 % for Pt
nanoparticles (Figure 5c). After 24 hours, the Faradaic efficiency
(FE) is largely maintained for 1T" MoS; (97%) and 2H MoS, (92
%) — in contrast to Pt nanoparticle catalysts where the FE
retention drops to 83.8%. To confirm the stability of the MoS,
nanosheets, the electrodes were characterized using Raman
and XPS spectroscopy (Figure $11)%%41, The signatures from the
1T’ phase are clearly visible from the E,,, J; and J; peaks as well
as from the deconvolution of the Mo3d and S2p XPS spectra.
Importantly virtually no signals from the oxidized Mo and S are
detected in XPS, while the 1T’ phase is estimated to ~50 % after
the reaction, suggesting minimal relaxation of the metallic
structure.

Estimation of intrinsic activity of 1T’ and 2H MoS, nanozymes
towards the oxidation of DMS

To benchmark activity of 1T" and 2H phases of MoS, with that
of platinum towards oxidation of DMS, we normalized the
activity per mass of catalysts loaded on the electrode. Figure 6a
shows the FE-normalized mass activity of MoS, compared to Pt
nanoparticles. At 1400 mV vs. NHE, the activity of 1T" MoS,
nanosheets reaches 240 A g* — compared to 16.4 A g’ for 2H
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Figure 6. Estimation of the electrocatalytic performance of MoS, nanosheets
towards DMSO oxidation. (a) Evolution of the mass activity (in A g?) with the
increase of the applied potential for 1T and 2H MoS; electrodes compared to 20%
Pt/C. The mass activity is normalized by the faradaic efficiency. (b) Evolution of the
Turnover frequency (TOF) with the onsetpotential for 1T’ and 2H MoS, nanosheets
and compared to polycrystalline Pt. (c) Binding energy of DMS on the surface of
MoS; and Pt (111) as a function of the coverage fraction. (d) Comparison between

This journal is © The Royal Society of Chemistry 20xx

the binding energy of DMS at the Mo 100%S-edges and the basal planes of the 1T’
and 2H phases of MoS,.

MoS, nanosheets. The DMS oxidation performance of the 1T’
polymorph is 5-fold larger than for Pt nanoparticles supported
on carbon. The required potential to generate a current of 50 A
g (equivalent to 132 L g* h'!) is 1280 mV vs. NHE — 120 mV
lower than in the case of Pt nanoparticles. To further evaluate
the intrinsic electrocatalytic properties of the MoS; nanosheets,
we estimated the turnover frequency (TOF) based on ECSA
measurements and assuming active site density of 1.5 X 10%°
cm2for a flat MoS, surface. We note that for the calculations of
the TOF, we assume that the whole surface of the MoS,
nanosheets is active. The TOF values from the 1T’ and 2H phases
were compared to those from the platinum nanoparticles
(Figure 6b). The density of active sites for platinum was
estimated from UPD measurements and assuming a site density
of 1.1 X 10% cm2.%2 The higher intrinsic activity from the MoS,
nanosheets compared to Pt is clearly visible from the TOF
values. When compared to platinum nanoparticles, MoS,
nanosheets demonstrated excellent performance with notably
lower onset potential and similar TOF values at lower applied
potentials. A TOF of 0.1 s is achieved for an applied potential
of 1258 mV vs. NHE in the case of 1T’ MoS,. This potential is 73
mV and 180 mV smaller than the potential for achieving similar
activity from 2H MoS; and Pt nanoparticles, respectively.

To gain further understanding on the origin of the high activity
of MoS, towards DMS oxidation, we computed the binding
energy (E, in eV) of DMS adsorption for different levels of DMS
coverage on MoS, and Pt(111) surfaces using density functional
theory (See “Calculation of the binding energy (E,) of DMS”
section in Supporting Information and Figure S12). Figure 6c¢
shows the binding energy of DMS on MoS,; and Pt surfaces as a
function of the coverage fraction. In the dilute limit, we found
that approximate potentials of 0.46 and 2.56 eV are required to
desorb DMS from MoS, and Pt, respectively. Charge density
differences and Bader charge analysis show that DMS is charge
donor in both cases and that the charge transfer (from DMS to
the surface) is of +0.18e and +0.38e when DMS is adsorbed on
MoS, and Pt, respectively (Figure $S13). Moreover, the shortest
distance between an atom of the DMS and an atom of the
catalyst is 3.0 A and 2.3 A for MoS, and Pt, respectively. These
key figures demonstrate the strong interaction between DMS
and Pt by contrast to mild physisorption of DMS on MoS,.
Interestingly, we found the bonding energy to be -0.55 and -
0.90 eV at the edges of the 1T’ and 2H phases respectively
(Figure 6d and Table S2). Our DFT calculations suggest that DMS
preferentially physisorbs at both the edges and the surface sites
of the 1T” MoS, nanosheets, leading to more efficient oxidation
to DMSO. We anticipate that the strong DMS adsorption in the
case of the 2H phase lowers the performance and stability of
the 2H phase. Our DFT calculations combined with the
examination of the structure of the DMSOR demonstrate that
the superior activity from the MoS, nanosheets originates from
its biomimetic structure and composition. Overall, our results
reveal the superior activity of the 1T’ phase toward the
oxidation of organic sulfide. The activation of the MoS,
nanosheets originates from the lower binding energy of the
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DMS compared to that of platinum. The 1T’ phase of MoS, is
expected to be active from both the edges and the basal planes
while the active sites from the 2H phase are localized only on
the basal planes due to the larger binding energy on the 2H edge
sites. Further calculations of the free energy of the overall DMS
oxidation reaction that would provide additional information on
the reaction pathways are currently ongoing in our group, but
are beyond the scope of this study. Besides the
thermodynamics of the reaction, the metallic nature of the 1T’
phase of MoS, is expected to further improve the kinetics of the
reaction and is the reduction of the
overpotentials. Similar behavior has previously been reported

responsible for

in the case of the hydrogen evolution reaction on the 1T’ phase
of group-6 TMDs.3> This is supported by the reduced Tafel slope
of 75 mV dec? and the low charge transfer resistance R¢r of 370
Q.

Role of defects and crystallinity of MoS, on the DMS oxidation

Defect engineering of MoS, has been explored to trigger the
electrocatalytic reactions such as the hydrogen evolution
reaction or the splitting water.344 To further understand the
origin of the MoS, activity toward the oxidation of DMS, we
prepared electrodes with increasing density of defects. The
defect concentration was tuned by thermally annealing MoS,
under hydrogen atmosphere at increasing temperatures in
order to create point-defect vacancies (2H MoS,-Vs) and sulfur
stripping defects (2H MoS,-Ss) corresponding to low and high
defect densities respectively.*> We also prepared amorphous
MoS, (A-MoS,) nanosheets grown under hydrothermal
conditions in DMF (See details in Supporting Information). The
structure and the composition of the MoS, electrodes were
analyzed by using Raman and XPS spectroscopy (Figure $S16).
The sulfur-to-molybdenum ratios were estimated to 2.24, 1.79
and 0.63 for A-MoS,, 2H MoS,-Vs and 2H MoS,-Ss respectively.
Figure 7a,b shows the DMS oxidation performance of the
different electrodes compared with the 1T’ and 2H phases of
MoS,. We also estimated the electrochemically active surface
area (ECSA) by measuring the electrochemical double layer
capacitance. The corresponding ECSA-normalized polarization
curves are presented in Figure 7c. The geometrical current
density is found to be the highest for A-MoS, along with 1T’
MoS,, while the activity of the 2H phase increases with the
concentration of sulfur vacancies. Conversely, Jecsa sharply
decreases for A-MoS, suggesting that the large geometrical
current density is ascribed to the more porous or rough nature
of the materials. Our results also demonstrate that the
performance from defective 2H MoS, is comparable to that of
its pristine counterpart. We further calculated the binding
energy of DMS on the basal plane of 1T and 2H MoS, with
single sulfur vacancies (Figure S13, Table S2) and found that, for
the same phase, the thermodynamics of the adsorption of DMS
is virtually identical on defect-free MoS, and MoS,-Vs basal
planes.
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Figure 7. Electrocatalytic behavior of amorphous MoS, and defective MoS,
electrodes towards the oxidation of DMS. (a,b) Polarization curves (a) and
corresponding Tafel plots (b) of the different molybdenum sulfide electrodes. Scan
rate: 20 mV s™. (c) ECSA-normalized (Jecsa) polarization curves of amorphous MoS,
and defective MoS, electrodes toward the oxidation of DMS compared to the
pristine 1T’ and 2H phases of MoS,. Inset: Magnification of the low potential region.

DMS oxidation mechanism from 1T’ MoS, nanosheets

Previous reports on the oxidation of DMS have suggested that
the reaction proceeds through a one (DMSO) or two electrons
(DMSO,) processes.384647 Instead, our results demonstrate that
the DMS is selectively electrochemically oxidized into DMSO via
a one-electron reaction on both Pt and MoS,. We anticipate
that the oxidation of DMS involves the formation of a radical
cation after the electron withdrawal from DMS: (CH3),S—
(CH3),S ™ + e~ as proposed by Elinson and Simonet.2> The
first hint of the presence of radicals during the DMS oxidation is
brought by the appearance of light-yellow color in the
electrolyte in absence of oxygen during the reaction (Figure
S17). To further point out the role of radicals during the

This journal is © The Royal Society of Chemistry 20xx
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reaction, we performed electron paramagnetic resonance (EPR)

to detect the formation of sulfur radicals as reaction
intermediates. The electro-oxidation of DMS was performed in
the presence and in the absence of a radical trapping agent: 5,5-
Dimethyl-1-pyrroline N-oxide, DMPO (See “EPR measurements”
section in the Supporting Information). First, we performed the
reaction in the absence of DMS and no free radical signals were
detected. In the presence of DMS, clear EPR signatures are
identified centered around 3510 G and the intensity of the
signals increases with time (Figure 8a). The EPR measurements
after 30 min revealed a six-line spectrum different from the
spectrum of oxidized radical trapping agent ruling out any
oxidation of DMPO.* The spectrum corresponds to hyperfine

coupling constants of ay =15.4 G, ay =21 G (g = 2.0621) —close

3480 3500 3520
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Figure 8. Mechanism of the electrochemical oxidation of DMS. (a) EPR spectra from
the electrolyte in presence of radical trapping agent (DMPO) with absence of DMS
(black, biank experiment) and after 30 min (orange), 1 h (blue} with presence of
DMS. (b} Proposed mechanism for the reaction of DMS oxidation in O, saturated
solution. (c) Comparison of the DMSO production from 1T’ and 2H MoS, in presence
or absence of O, dissolved in the electrolyte.

to the constants obtained when trapping CH3S '~ using DMPO:
ay = 15.03 G and ay = 18 G.*° Our EPR investigation thus points
out that the oxidation of DMS involves the formation of an alkyl
sulfur radical that further reacts with DMPO. The additional
signals detected after 1h are attributed to the reduction of the
DMPO (ay = 14.5 G, ay = 19.5 G, see details of the reaction
mechanism in the Supporting Information).5° The sulfur radical
cations formed on MoS, nanosheets thus act as a “cation pool”
in the formation of DMSO as observed for other anodic
oxidation reactions in electrosynthesis.>1>2 We propose that the
sulfur radicals then reacts with the radical superoxide Oz °
formed at the cathode as previously proposed for the oxidation
of thioethers (Figure 8b and Figure $19).5 To further confirm
the role of oxygen in the reaction, we performed the same
reaction under a flow of argon instead of oxygen. After 24
hours, the production rate of DMSO from the 1T’ and 2H MoS,
nanozymes decreases from 680 and 71 L h™ g to only 213 and
38 L h'g?forthe 1T’ and 2H MoS, respectively (Figure 8c). We
also found that the Faradic efficiency decreased at higher
applied potential {(i.e. at higher current density) due to the

This journal is © The Royal Society of Chemistry 20xx

limited concentration of O, dissolved in the electrolyte. To
generalize our approach, MoS; nanosheets have been tested
sulfide

molecules. Our investigations show that ethyl phenyl sulfide

toward the oxidation of different alkyl and aryl
and diphenyl sulfide can be oxidized using 1T" MoS; 2D
nanozymes and the onsetpotential associated with the reaction
is found to increase when replacing alkyl chains for aryl groups
revealing differences in term of reactivity (Figure 8d).

Conclusions

Our findings reveal the potential of phase engineered TMDs as
biomimetic electrocatalysts for the electrochemical oxidation of
sulfide-based molecules. We identified the exfoliated MoS,
nanosheets as efficient two-dimensional electrocatalysts for
the oxidation of alkyl and aryl sulfides. Remarkably, the metallic
1T phase of MoS; exhibits superior activity towards the
production of DMSO from DMS compared to noble metals such
as platinum nanoparticles and dirhodium complexes with
reduced onset potential and lower Tafel slope. By carefully
estimating the density of active sites, we determined that the
TOF reaches 0.87 s at a potential of 1400 mV vs. NHE, 30-fold
larger than for polycrystalline platinum (=~ 0.03 s). The reaction
proceeds via one-electron transfer and the Faradaic efficiency
is found to be stable for at least 24 hours. We believe that our
results open avenues for novel applications of TMDs towards
electrochemical-assisted synthesis of organic molecules.
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