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ABSTRACT: We report chemically exfoliated MoS, nanosheets with a very high concentration of metallic 1T phase using a
solvent free intercalation method. After removing the excess of negative charges from the surface of the nanosheets, highly
conducting 1T phase MoS, nanosheets exhibit excellent catalytic activity toward the evolution of hydrogen with a notably low
Tafel slope of 40 mV/dec. By partially oxidizing MoS,, we found that the activity of 2H MoS, is significantly reduced after
oxidation, consistent with edge oxidation. On the other hand, 1T MoS, remains unaffected after oxidation, suggesting that edges
of the nanosheets are not the main active sites. The importance of electrical conductivity of the two phases on the hydrogen
evolution reaction activity has been further confirmed by using carbon nanotubes to increase the conductivity of 2H MoS,.
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ydrogen is the cleanest fuel and represents one of the activity of catalytic sites, and the electrical communication
most promising energy sources. Efficient hydrogen between the active sites and the catalyst substrate. Optimization
evolution using metal alloy,2’3 enzyme," metal oxides,”® metal of charge transfer through the utilization of a graphene support,
dichalcogenides,” and bioinspired molecular electrocatalysts® ' for example, has been demonstrated to substantially improve
has been reported. The identification of catalytic activity from the kinetics of HER.'*'® It has been recently shown that
edges of MoS, crystals has led to numerous studies related to conversion of 2H MoS, or WS, to 1T phase improves the HER
hydrogen evolution reaction (HER)'"'> using non-metallic, catalytic performance, but the mechanism responsible for the
inexpensive, and earth abundant catalysts. This approach has enhancement is presently not completely elucidated.'®'” For
focused on enhancing the edge concentration to improve the example, it is unclear if the enhancement in the catalyst
performance of the electrodes.”’> One drawback of MoS,
catalysts is that the number of active sites is limited to edges. Received: October 1, 2013
If MoS, based catalysts are to realize their potential, then there Revised:  November 12, 2013
is an urgent need to increase the number of active sites, the Published: November 19, 2013

v ACS Publications  © 2013 American Chemical Society 6222 dx.doi.org/10.1021/nl403661s | Nano Lett. 2013, 13, 6222—6227


pubs.acs.org/NanoLett

Nano Letters

Figure 1. Electron microscope images of chemically exfoliated MoS,: (a) SEM image of chemically exfoliated MoS, nanosheets deposited on SiO,;
(b) HAADF STEM image of chemically exfoliated MoS, with octahedral coordination (1T phase). The nanosheets are mostly composed of

distorted regions with zigzag chains.

properties is related to increased conductivity of the nanosheets
that can facilitate charge transfer kinetics or if the metastable
metallic 1T phase of MoS, is intrinsically more active. We
demonstrate that it is possible to achieve a very high
concentration (>80%) of the metallic phase in MoS, nano-
sheets, which leads to a dramatic enhancement in the catalytic
activity, most strikingly in improving the Tafel slope. We
further show that the catalytic activity of the semiconducting
2H phase of MoS, can be improved in terms of decreasing the
overpotential via addition of a very small amount of single
walled carbon nanotubes (SWNTs). Our results suggest that
the catalytic activity of the 1T phase in itself may not be
fundamentally different from that of the 2H phase. The activity
of the semiconducting 2H MoS, phase nanosheets is primarily
limited by its high electrical resistance which hinders charge
transfer kinetics, but this can be, at least to some degree,
mitigated by increasing the conductivity through phase change
or doping with SWNT networks that have a very low
percolation threshold for conduction.'®

Molybdenum disulfide (MoS,), a quasi-two-dimensional
transition metal dichalcogenide (TMD) having a layered
structure, has recently attracted attentlon due to its novel
electronic,”*® optical,”"** optoelectronic,”®* >* and catalytic'*
properties. The bulk MoS, crystal is an indirect band gap
semiconductor with an energy gap of 1.29 eV, which consists of
several layers of S—Mo—S coupled with weak van der Waals
interactions. Each layer itself is built up of an intermediate
plane of molybdenum atoms sandwiched between two sulfur
atoms with strong covalent bonds between Mo and S.
Octahedral (1T phase) and trigonal prismatic (2H and 3R
phases) are two coordinations for the molybdenum atoms, and
the 2H phase occurs naturally in bulk MoS,.” ® Due to the weak
van der Waals interaction between S—Mo—S layers, it is
possible to exfoliate the crystal into individual layers that exhibit
properties that are dramatically different from the bulk material.
Coleman and co-workers®” recently reported liquid-phase
exfoliation of bulk MoS, powders in appropriate organic
solvents with the aid of ultrasonication and centrifugation. It
has been previously shown by Joensen et al*® that Li-
intercalated MoS, (Li,MoS,) can be exfoliated via forced
hydration in a form of stable colloidal suspension and strong PL
signals can be detected from large area thin films consisting
mostly of single layers.” In addition to the high yield of a single
layer in solution, chemical exfoliation through lithium
intercalation induces modifications of the crystal structure
due to the electron transfer between the lithium compound (n-
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butyllithium or lithium borohydride) and MoS, nanosheets. To
accommodate these extra electrons in the d orbitals of the
metal atom, calculations®® have demonstrated that octahedral
coordination is favorable for d*% It results in emergence of
metallic property and experimentally coexistence of the two
different ghases (2H and 1T) within the single layer
nanosheet.

Density functional theory and scanning tunneling micros-
copy have shown that MoS, edges'"'” are catalytically active in
HER, which has led to optimization of the edge to basal plane
ratio using a variety of nanostructures ranging from nanowires
to mesoporous architectures.’** Interestingly, amorphous
MoS,*** is also catalytically active despite the absence of
edges and the role of molybdenum in HER has also been
highlighted in studies utilizing molybdenum nitride (MoN),
boride (MoB), and carbide (Mo,C) catalysts.>>*® In this work,
we aim to provide insight into mechanisms responsible for
HER in Mo containing compounds.

For this study, lithium borohydride (LiBH,) was used as the
lithium intercalant to exfoliate bulk MoS, powder into single
layered nanosheets using the method reported by Kanatzidis et
al.*” Monolayered MoS, nanosheets as indicated by Raman and
PL measurements (Figure S1—3, Supporting Information)
obtained from the solid state intercalation reaction can be
observed in scanning electron microscope (SEM) images, as
shown in Figure la. The high resolution scanning transmission
electron microscope (STEM) image of the 1T phase is shown
in Figure 1b. The indexed diffraction patterns obtained from
the 1T and 2H phases match perfectly our previous results for
chemically exfoliated MoS, prepared via butyllithium.>® The
concentration of 1T and 2H phases in the exfoliated products
can be detected by X-ray photoelectron spectroscopy (XPS)
(see Figure S2, Supporting Information). Deconvolution of the
Mo3d and S2p regions in the XPS spectra reveals that the
content of the 1T phase in the as-exfoliated monolayers can be
as high as 80%, which is significantly higher than exfoliated
MoS, grepared with n-butyllithium (~50%) at room temper-
ature.

HER measurements with chemically exfoliated MoS, nano-
sheets on glassy carbon electrodes were carried out using a
three-electrode cell with a 0.5 M sulfuric acid electrolyte. 2H
phase nanosheets (after annealing) exhibit overpotential values
of >250 mV with low current densities. The latter is attributed
to low edge concentration due to large lateral dimensions
(700—800 nm) and poor conductivity of the nanosheets
(Figure S4, Supporting Information). In contrast, chemically
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Figure 2. HER activity of exfoliated MoS, nanosheets. (a) Polarization curves of 1T and 2H MoS, nanosheet electrodes before and after edge
oxidation. iR-corrected polarization curves from 1T and 2H MoS, are shown by dashed lines. (b) Corresponding Tafel plots obtained from the
polarization curves. Tafel slopes of ~40 and 75—85 mV/dec have been measured for 1T and 2H MoS,, respectively. After oxidation, the Tafel slopes
of 45 and 186 mV/dec for 1T and 2H MoS,, respectively, were obtained.
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Figure 3. Edge-oxidized MoS, nanosheets. High-resolution TEM (a) and HAADF STEM (b) of edge-oxidized MoS, nanosheets showing corrugated
edges caused by the chemical oxidization. Scale bars: S and 1 nm, respectively. (c) Schematic of the oxidation process and partial restoration of the
nanosheet edges after several voltammetric cycles. (d) Variation of overpotential at 10 mA-cm™ and Tafel slopes for 1T and 2H MoS, for as-is
samples and after the 1st, 2nd, and 150th voltammetric cycles showing the partial restoration of the HER activity for oxidized 2H MoS,. At the
opposite, the activity form 1T MoS, is virtually not affected by the oxidation.

exfoliated 1T-MoS, nanosheets (as-exfoliated) deposited on the
glassy carbon electrodes exhibit substantially improved electro-
catalytic activity with low overpotentials of ~100 mV (Figure
2a). The reaction kinetics are substantially improved in the 1T
phase material, as indicated by the exceptionally low Tafel
slopes of ~40 mV/decade (mV/dec) after iR correction (41—
46 mV/dec before the correction) (Figure 2b). The low Tafel
slopes indicate that the Volmer—Heyrovsky mechanism'* is
responsible for HER in our case in which the desorption of
hydrogen is the rate limiting step. Li et al. also reported a Tafel
slope of 40 mV/dec for MoS, nanoclusters with high edge
concentration deposited on reduced graphene oxide (rGO) due
to the improved electronic communication between the active
Mo$, nanoparticles and the highly conductive rGO."* Similarly,
Lukowski et al. reported a Tafel slope of 40 mV/dec for
butyllithium-treated MoS, grown on glassy carbon.'” Such low
Tafel slopes have also been reported from amorphous MoS,
deposited by graphene-protected nickel foam'® on nickel or
prepared by cyclic voltamperometry.>> When converted to the
2H phase, the Tafel slope dramatically increases to above 75—
85 mV/dec. The large current density and low Tafel slope
demonstrate that the catalytic activity is substantially enhanced
in 1T phase MoS,.

The exceptionally low Tafel slope values obtained from 1T
phase MoS, in this study can be attributed to the fact that we
took great care to eliminate surface charges that are typically
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present on monolayered nanosheets. Upon lithium intercala-
tion, layers of MoS, become charged due to the electron
transfer between LiBH, and MoS,. Some of these negative
charges react with water during the exfoliation process, but a
fraction remain on the nanosheets, rendering them negatively
charged. It has been estimated that the quantity of charge
remaining after exfoliation per MoS, is ~0.15—0.25.>%%
Charge impurities play a detrimental role in electronics and
especially in 2D materials.** We have developed a simple
technique that can remove excess charge from the surface of the
MoS, nanosheets by treating them with iodine dissolved in
acetonitrile (see the Supporting Information for details). The
removal of some of the negative charge from the nanosheet
surface was confirmed by measuring the zeta potential of
suspensions before and after the treatment. The drop of the
zeta potential from —41 to —27 mV after the iodine treatment
indicates that charges are largely suppressed at the surface of
the nanosheets (Table S1, Supporting Information). We
confirm through XPS that iodine is completely removed after
the reaction while the concentration of the 1T phase is not
affected (Figure SS, Supporting Information). We find that
charge removal leads to an improvement in the overall HER
activity of the 1T phase MoS, electrodes in terms of lowered
overpotential and Tafel slopes (Figure S6, Supporting
Information). The removal of charged impurities from the
surface of Mo$S, nanosheets facilitates electron transfer between
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Figure 4. MoS,/SWNT electrode properties. (a) SEM images of the MoS,/SWNT hybrids prepared by mixing the SWNT dispersion with the
chemically exfoliated Mo$, solution. (b) Polarization curves of 1T (red and orange) and 2H phase (blue and turquoise) MoS, nanosheets with and
without SWNTs showing that the addition of SWNTs does not substantially improve the properties of the 1T phase but, in the 2H phase, the
SWNTs lead to a decrease in overpotential values (turquoise curve). The inset shows that the resistivity of the chemically exfoliated nanosheets
increases with a fraction of 2H phase concentration. However, the addition of SWNTSs increases the conductivity of the 2H phase so that it is

equivalent to that of the 1T phase.

the nanosheets and the protons in the electrolyte solution
during HER.

To investigate the HER mechanism in chemically exfoliated
MoS, nanosheets, we partially oxidized the nanosheets (see the
Supporting Information for details). The reactivity of TMDs
toward oxidation is strongly influenced by their electronic
structure.*’ Mo-based TMDs have been found to be more
stable than their W-based counterpart, and therefore, oxidation
of MoS, proceeds slowly.*' The rate of oxidation at low
temperature (typically bellow 100 °C) can be increased by
combining water and oxygen.**> Here MoS, nanosheets were
partially oxidized over few days in aqueous solution that was
saturated with oxygen. It is worth noting that MoS, was fully
exfoliated and the temperature was kept below 20 °C to ensure
a uniform and controlled oxidation. Oxidation was confirmed
by the observation of new peaks at 232.4 and 235.5 eV from
Mo® 3ds/, and Mo®* 3d;),, respectively, using XPS (Figure S7,
Supporting Information). We also measured the concentration
of the 1T and 2H phases before and after oxidation and found
it to not vary substantially (Figure S7, Supporting Information),
which suggests that the oxidation minimally disrupts the atomic
arrangement in the basal plane. It has been shown previously
that the oxidation of MoS, crystals and nanostructures initiates
at the edges and propagates into the crystal.*** Transmission
electron microscopy (TEM) confirmed that the edges are
highly disordered after oxidation (Figure 3a), while the basal
plane of the nanosheets remains preserved, as shown by the
scanning transmission electron microscope (STEM) image
(Figure 3b). HER measurements on electrodes consisting of
edge oxidized 2H phase nanosheets show a dramatically
suppressed performance, while the catalytic activity of edge
oxidized 1T nanosheets is completely unaffected, as shown in
Figure 2 and summarized in Figure 3c. Similar deactivation of
the 2H phase of MoS, after oxidation has been reported
previously and attributed to the edge oxidation.** The absence
of any changes in HER with oxidation treatment time in the 1T
phase tends to prove that the active sites on chemically
exfoliated nanosheets are mainly located in the basal plane and
the contribution of the metallic edges on the overall HER is
relatively small. Further evidence of the decrease in the catalytic
activity of the 2H phase after edge oxidation was provided by
impedance spectroscopy. The charge-transfer impedance (Zy)

6225

was found to dramatically increase for the edge oxidized 2H
MoS, (Figure S8, Supporting Information) samples. Moreover,
we observed that the overall performance of oxidized 2H MoS,
can be improved upon cycling, which indicates that the catalytic
activity from the edges can be partially restored (Figure 3d).
The partial restoration of the nanosheets is further confirmed
by XPS with a progressive decrease of the Mo®* signals between
the 1st and the 150th cycle (Figure S7, Supporting
Information).

To gain further insight on whether it is the 1T phase that is
inherently more catalytically active or if the enhanced
performance is due to an increase in conductivity of the
nanosheets, we performed additional control experiments in
which the conductivity of the 2H phase was increased by
adding SWNTs (as shown in the SEM image in Figure 4a and
Figure S10, Supporting Information). The addition of ~0.1 wt
% SWNTs (slightly above the percolation threshold of SWNT
networks) to 2H MoS, nanosheets leads to a substantial
enhancement in conductivity, achieving values that are
comparable to those of pure 1T phase, as shown in the inset
of Figure 4b. We confirmed that SWNT's are not active in HER
catalysis. However, it can be seen from Figure 4b that the
addition of SWNTs to the 2H phase nanosheets has a positive
impact on the HER in terms of a decrease in the overpotential
to a value that is comparable to that of the 1T phase. Despite
this improvement, however, the reaction kinetics are limited by
the inefficient adsorption of H" on the basal plane, as indicated
by the ~90 mV/dec Tafel slope. These results suggest that the
number of accessible active sites on the 2H phase MoS,
nanosheets has increased, whereas the kinetics of the HER
are limited. In contrast, the HER performance of the
conducting 1T phase nanosheets is unaffected by the addition
of SWNTs, although a slight increase in the Tafel slopes to ~60
mV/dec is observed. The decrease in charge transfer kinetics
can also be identified by the larger charge-transfer resistance of
IT MoS, and 1T MoS,/SWNT (Figure S9, Supporting
Information). The increase in Tafel slopes in SWNT/MoS,
hybrids can be attributed to the presence of interfacial
resistance between the metallic SWNTSs and semiconducting
MoS, nanosheets in the 2H phase and between semiconducting
SWNTs and metallic MoS, nanosheets in the 1T phase.

dx.doi.org/10.1021/nl403661s | Nano Lett. 2013, 13, 6222—6227
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In conclusion, chemically exfoliated MoS, nanosheets exhibit
excellent electrocatalytic performance for hydrogen evolution.
The superior catalytic activity can be attributed to the very high
concentration of metallic 1T phase in the chemically exfoliated
samples, which substantially improves the charge transfer
kinetics of HER. Electrochemical oxidation of the edges leads
to a dramatic reduction in catalytic activity for 2H nanosheets,
but the catalytic performance is unaffected by oxidation for 1T
phase nanosheets, which suggests that the basal plane is
catalytically active. The catalytic activity of the 2H phase can be
improved by increasing its conductivity through doping with
SWNTs. Our results suggest that charge transfer kinetics in
metallic MoS, is a key parameter for further improving its
performance as a catalyst in HER.

Methods. Chemical Exfoliation. Lithium intercalation was
done in an Ar-filled glovebox (Vacuum Atmosphere Company
glovebox). Bulk MoS, was intercalated with lithium via a
solvent-free method by reacting MoS, powder (0.3 g Alfa
Aesar) with lithium borohydrate (0.75 g, Sigma Aldrich) with a
1:2.5 ratio. Both powders were mixed to ensure homogeneity
and then heated at 300° under argon. After 3 days, the black
powder was immerged in water with a ratio of 1 mg/mL of
water. The exfoliation goes fast, and the solution turns
completely dark after a few seconds. Sonication was eventually
performed for an hour. Lithium cations and non-exfoliated
MoS, were removed by centrifugation following the same
protocol as we recently reported (ref 22).

Physical Characterizations. High angle annular dark field
scanning transmission electron microscope (HAADF STEM)
imaging was performed using a JEOL JEM-2100F TEM/STEM
instrument with double spherical aberration (Cs) correctors
(CEOS GmbH, Heidelberg, Germany) at an acceleration
voltage of 120 kV. The collecting angle was between 100 and
267 mrad. Scanning electron microscope (SEM) imaging was
performed using a Zeiss Sigma Field Emission SEM with an
Oxford INCA PentaFETx3 EDS system (model 8100). X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed with a Thermo Scientific K-Alpha spectrometer. All
spectra were taken using an Al Ka microfocused monochrom-
atized source (1486.6 eV) with a resolution of 0.6 eV and a spot
size of 400 ym. Raman spectra were obtained using a Renishaw
1000 system operating at 514 nm (2.41 eV).

Electrochemical Measurements. HER measurements were
carried out using a three-electrode cell with a 0.5 M sulfuric
acid (H,SO,) electrolyte solution. The reactivity of chemically
exfoliated MoS, toward hydrogen evolution has been system-
atically measured in hydrogen-saturated and nitrogen-saturated
solution. Saturated calomel electrode (Pine Research Instru-
mentation) and graphite rod (Sigma Aldrich) have been used as
reference and counter electrodes, respectively. The reference
electrode was calibrated with respect to reversible hydrogen
electrode (RHE) using platinum wires as working and counter
electrodes. In 0.5 M H,SO,, Epyp = Egcp + 0.256 V. Potential
sweeps were taken with a S mV/s scan rate using a Pine
Bipotentiostat from Pine Research Instrumentation. Electrodes
were cycled at least 40 cycles prior to any measurements.
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Details on the iodine treatment, oxidation reaction, Raman and
XPS spectroscopy, SEM and size analysis, electrode prepara-
tion, UV—vis and photoluminescence, and additional electro-
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chemical measurements. This material is available free of charge
via the Internet at http://pubs.acs.org.
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