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Herein, we compare the bulk, 2H and 3R phases of two most prevalent
TMD materials: MoS, and WS,. The 3R phase outperforms its 2H phase
counterpart in hydrogen evolution reaction catalysis and is even
comparable with the exfoliated, 1T phase in the case of MoS,.

Transition metal dichalcogenides (TMDs) have gained recognition
rapidly due to their layered structure, which is similar to that of
graphite." The properties emerging from the anisotropy of TMD
materials have been demonstrated to be useful for advanced
energy storage and conversion,” electrochemical catalysis,”® and
sensing’~® applications. Of particular interest is their high catalytic
activity towards the hydrogen evolution reaction (HER),'*"* which
could support efficient and low-cost production of hydrogen
without reliance on precious Pt-based catalysts. Such a charac-
teristic points to the importance of understanding the HER
catalytic mechanism, and consequently, the synthesis of TMDs
with different morphologies aimed at fine-tuning and improving
their performances.

The key role played by sulphur-terminated edges of MoS, as
active sites for the HER has been highlighted in recent theore-
tical studies.">"* Superior electrochemical and catalytic activity
was demonstrated at edge-sites not only for MoS,, but also for
other TMD materials like WS,, MoSe, and WSe,.">'® Hence,
fabrication of TMDs with increased edge-exposed surface with
respect to the basal portion'®'” is one of the strategies out of
the many proposed to enhance catalytic properties.'® Moreover,
it is a well-known fact that the properties of TMD materials in
their bulk states vastly differ from their exfoliated counterparts.
In order to enhance the catalytic properties of TMD materials, a
commonly employed method is thus, splitting the layers of bulk
TMD materials into single or few layer sheets via Li intercalation
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with organolithium compounds.'®™*' Another key factor influen-
cing the catalytic properties of TMD materials is their electrical
conductivity. A material with high electrical conductivity enables
better communication between the electron source and the
active edge sites.*

Transition-metal coordination by chalcogens and the stacking
sequences of multiple layers of TMD materials can elicit different
electronic properties. As illustrated in Fig. 1, a single-layered TMD
generally presents either an octahedral or a trigonal prismatic
coordination phase. In multi-layered TMDs, a large variety of
polymorphic structures arise, as each individual layer can possess
any of the two coordination phases. The three commonly found
polymorphs are defined as 1T, 2H and 3R, where the digit is
indicative of the number of layers in the crystallographic unit cell,
and the latter designates the type of symmetry exhibited; T stands
for tetragonal (Dsq group), H represents hexagonal (Dj, group),
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Fig. 1 Metal coordinations and stacking sequences of TMD structural unit
cells. Metal coordination can be either octahedral or trigonal prismatic. The
octahedral coordination allows stacking sequences, which yield a tetragonal
symmetry (1T). Dissimilar stacking sequences of trigonal prismatic single
layers can give rise to different symmetries: hexagonal symmetry (2H) and
rhombohedral symmetry (3R).
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and R denotes rhombohedral (C3, group). The 1T form displays
metallic behaviour, while both 2H and 3R forms exhibit semi-
conducting behaviour. Each TMD polymorph possesses unique
structures and electronic properties from where different catalytic
properties can emerge. Hence, it is imperative to make a comparison
of different TMD polymorphs, aiming to understand the influence
of polymorph structures on the catalytic properties of TMD materials.
Previous works have reported a 2H — 1T phase transition when TMD
materials are subjected to chemical exfoliation® and a comparison of
the catalytic properties of 1T- and 2H-TMDs has shown that the
exfoliated, metallic 1T phase performs as better catalysts than their
bulk, semiconducting 2H counterparts for HER.>* This was explained
by the increased edge-exposed surface, reduced sheet size and
enhanced electrical conductivity of the 1T phase. However, there
has been no previous study and there is a lack of understanding
of the catalytic properties of 3R-TMDs or comparison with their
semiconducting 2H counterparts.

In this work, we wish to address the following basic questions:
(1) is the catalytic activity towards HER influenced by the polymorph
structure and if so, (2) is an additional chemical exfoliation step
necessary for producing an efficient HER catalyst. For this purpose,
we synthesized TMD materials (MoS, and WS,) in their 3R phase,
which allows us to perform a comparison of their HER catalytic
activity with their corresponding 2H phase. The synthesis was
performed from oxides using an alkali metal carbonate/sulphur
melt. Based on X-ray diffraction (XRD), high resolution transmission
electron microscopy (HR-TEM), scanning electron microscopy
(SEM), laser diffraction, energy dispersive X-ray spectroscopy (EDS),
X-ray fluorescence (XRF), X-ray photoelectron spectroscopy (XPS) and
electrochemical analyses, we show that the 3R phase outperforms
the 2H phase in HER catalysis. However, this improvement in the
HER catalytic property presents in varying magnitudes for MoS,
and WS,, and at different synthesis temperatures. Comparison
with existing literature shows that in the case of MoS,, catalytic
performance towards HER for the bulk, semiconducting 3R phase
is on par with the exfoliated, metallic 1T phase.

Considering the two highly studied transition metal dichalco-
genides (TMDs), i.e. MoS, and WS,, we first synthesized the 3R
phase from their respective oxides with sulphur in carbonate flux
according to previously established protocols at 550 °C.**2°
Herein, they are denoted as 3R-MoS, (550 °C) and 3R-WS, (550 °C).
We studied their HER catalytic properties, and further investigated if
the polymorph structure influences the HER catalytic performances
of MoS, and WS, by making a comparison of the 3R phase TMDs
with their corresponding 2H phases; 2H-MoS, (AA) or 2H-WS, (AA).
The materials were fully characterised by using XRD, HR-TEM,
SEM, laser diffraction, EDS, XRF, XPS and electrochemically tested
as catalysts for hydrogen evolution.

The phase purity of each material was verified by X-ray
diffraction (XRD). Fig. S1 (ESIt) represents the XRD patterns
of the TMD materials. The 2H-MoS, (AA) (Fig. S1A, ESIt) and
2H-WS, (AA) (Fig. S1B, ESIt) were found as a single 2H phase
and exhibiting a hexagonal structure, while 3R-MoS, (550 °C)
(Fig. S1C, ESIt) and 3R-WS, (550 °C) (Fig. S1D, ESIt) were formed
as a mixture of the rhombohedral 3R phase and the hexagonal
2H phase. The ratio evaluated from XRD gives a composition of
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about 2.3 :1 using the Rietveld refinement method. More details
are given in the ESIt (Fig. S2). The presence of the desired 3R
stacking of the atomic layers in 3R-MoS, (550 °C) and 3R-WS,
(550 °C) was further confirmed by HR-TEM analyses in Fig. S3
and S4 (ESIY), respectively. Further characterisation of the mate-
rials was performed using SEM (Fig. S5, ESIT), which indicated
the homogeneous formation of platelet structures, and laser
diffraction measurements revealed comparable particle sizes of
the TMD materials in their 2H phase and the respective 3R phase
(Fig. S6, ESIt). 2H-MoS, (AA) and 3R-MoS, (550 °C) have mean
particle diameters of 24.2 um and 12.9 pm, respectively, while
2H-WS, (AA) and 3R-WS, (550 °C) exhibited mean particle
diameters of 11.1 um and 10.4 pm respectively. Moreover,
the composition of each material was confirmed via EDS
(Fig. S7-S10, ESIT) and XRF (Table S1, ESIt). The concentration
of potassium originating from the potassium carbonate flux was
1.2 wt% and 1.0 wt% in 3R-MoS, (550 °C) and 3R-WS, (550 °C),
respectively. In 3R-MoS, (550 °C), the concentration of tungsten
lies below 0.01 wt%. However, in 3R-WS, (550 °C), the concen-
tration of molybdenum is 0.15 wt%. In addition, traces of Zn
were detected in 3R-MoS, (550 °C) (~0.01 wt%), and traces of Fe
were found in 3R-WS, (550 °C) (~ 0.02 wt%). The concentrations
of all other impurities were below 0.01 wt%. Overall, it was
determined that the presence of impurities is insignificant in
these samples and would not interfere with the electrochemical
signals of the TMD materials.

Moving on with investigating the HER efficiency of the TMD
materials, linear sweep voltammetry (LSV) was performed in
0.5 M sulphuric acid at a low scan rate of 2 mV s~ '. We studied
the HER catalytic performances of the 3R phase and compared
them to that of the corresponding 2H phase.

The polarization curves and Tafel plots of 3R-MoS, (550 °C)
and 2H-MoS, (AA) are represented in Fig. 2A and B, and those of
3R-WS, (550 °C) and 2H-WS, (AA) and are shown in Fig. 2C and D.
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Fig. 2 HER polarization curves of 2H and 3R phase TMDs. Linear sweep
voltammograms for HER in acidic electrolyte on (A) MoS, and (C) WS,
compounds. Tafel plots for (B) MoS, and (D) WS, compounds. Conditions:
background electrolyte, H,SO, (0.5 M); scan rate, 2 mV s™*. All measure-
ments were performed relative to the Ag/AgCl reference electrode and are
corrected to reversible hydrogen electrode (RHE) potentials.
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Bare glassy carbon (GC) was included as a material of reference.
We adopted three commonly used HER performance indices,
namely the overpotential, onset potential and Tafel slope.
Overpotentials were taken at —10 mA cm 2, and the onset
potential is defined as the potential at which the current density is
—0.07 mA cm 2. In general, lower overpotentials and less negative
onset potentials indicate higher HER catalytic efficiencies, as
less energy is required for the reaction to take place. An analysis
of the Tafel slope gives us an idea of the mechanism of the
hydrogen evolution on the different TMD surfaces, where the
rate-determining step may be determined.*

We observed similar and outstanding HER catalytic perfor-
mances for both materials in the 3R phase. 3R-MoS, (550 °C)
displayed an overpotential of 0.52 V vs. RHE, onset potential
of —0.20 V vs. RHE, while 3R-WS, (550 °C) showed an over-
potential of 0.56 V vs. RHE, onset potential of —0.23 V vs. RHE.
Tafel analysis of 3R-MoS, (550 °C) (113 mV dec™ ') and 3R-WS,
(550 °C) (111 mV dec™ "), which is close to the 120 mV dec™*
theoretical value, generally points to the Volmer adsorption as
the limiting step. When compared with 2H-MoS, (AA), 3R-MoS,
(550 °C) exhibited an overpotential, which was a significant
0.29 V lower. The relatively more negative onset potential of
2H-MoS, (AA) (—0.41 V vs. RHE) further exemplifies its poorer
HER catalytic performance. In the case of WS,, the 2H phase
also displayed a poorer HER catalytic performance than the 3R
phase, even though to a lesser extent. 2H-WS, (AA) displayed an
overpotential (0.73 V vs. RHE), which is 0.17 mV less than that
of 3R-WS, (550 °C), and a more negative onset potential of
—0.30 V vs. RHE. In general, the 2H phase has poorer HER
efficiencies than the 3R phase for MoS, and WS,, with the Tafel
slopes of 2H-MoS, (AA) (172 mV dec ') and 2H-WS, (AA)
(151 mV dec ") similarly directing us to the Volmer adsorption as
the HER rate-determining step. Moreover, a second TMD material in
the 2H phase with different particle sizes was included as an
additional control for both MoS, and WS,. The additional materials
are denoted as 2H-MoS, (SA) and 2H-WS, (SA), respectively. 2H-MoS,
(SA) and 2H-WS, (SA) both exhibit a single hexagonal 2H phase
(Fig. S11, ESIt) and their particle sizes are 1.8 pm and 4.1 pm,
respectively (Fig. S12, ESIT). 2H-MoS, (SA) displayed Volmer adsorp-
tion as the HER rate-determining step, an overpotential of 0.56 V vs.
RHE and an onset potential of —0.22 V vs. RHE. Despite having
particle sizes ~7 fold smaller, 2H-MoS, (SA) showed an inferior HER
catalytic performance compared to 3R-MoS, (550 °C). A similar
observation is made with WS,. The additional control experi-
ment further confirms the notion that the 3R phase outperforms
its corresponding 2H phase for hydrogen evolution.

The stellar HER efficiency of the 3R phase prompted us to
make a comparison with the exfoliated, 1T phase, studied
previously by our group.®** 1T-MoS, and 1T-WS, were prepared
by the exfoliation of 2H-MoS, (SA) and 2H-WS, (SA), respectively
which would result in particle sizes of the 1T phase TMDs being
similar to or slightly smaller than their 2H counterparts. While
3R-MoS, (550 °C) exhibited an overpotential of 0.52 V vs. RHE
and a Tafel slope of 113 mV dec™', 1T-MoS, was reported to
display a similar overpotential of about 0.55 V vs. RHE and a
Tafel slope of 99 mV dec . Despite being in its bulk form and
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with bigger particle sizes, it was surprising to note that the HER
catalytic performance of 3R-MoS, (550 °C) is comparable to that of
the exfoliated, 1T-MoS,. On the contrary, 3R-WS, (550 °C) did not
perform as good as the exfoliated, 1T-WS,; 1T-WS, reported an
overpotential of 0.35 V vs. RHE and a Tafel slope of 85 mV dec™ .

In an attempt to optimise the synthesis conditions of 3R phase
MoS, and WS, for HER applications, the study was further extended
to include two other synthesis temperatures; 650 °C and 750 °C.
A comparison of the HER catalytic performances of the 3R phases
synthesized at different temperatures was performed, and their
polarization curves and Tafel plots are represented in Fig. S13 (ESIt).
A careful analysis of their HER performance indicators (Fig. S14,
ESIY) disclosed a general trend, applicable for both MoS, and WS,
materials. In both cases of MoS, and WS,, the 3R phase displayed
superior or comparable HER performance to the 2H phase
regardless of synthesis temperatures. However, as the synthesis
temperature for the 3R phase is increased from 550 °C to 750 °C,
we observed a decreasing trend in the HER efficiency. Hence, we
report that the optimal temperature for the synthesis of 3R phase
MoS, and WS, for HER applications is 550 °C.

Delving deeper to understand the trend observed with different
synthesis temperatures for the 3R phase MoS, and WS,, we
consider four possible factors that may affect the HER efficiency
of the materials; (1) 3R phase concentration, (2) crystallite size,
(3) presence of impurities and (4) particle size. For this purpose,
characterisation of the materials was carried out using XPS, XRD,
EDS, XRF, SEM and laser diffraction. Fig. S15 (ESIf) shows the
high resolution XPS spectra of the 3R phase MoS, and WS,
synthesized at 550 °C, 650 °C and 750 °C. Deconvolution analyses
of the Mo bonding modes show the presence of 2H and/or 3R
phases in the 3R-MoS, (550 °C), 3R-MoS, (650 °C) and 3R-MoS,
(750 °C) materials with Mo 3ds, and Mo 3d;, at binding
energies of ~229.0 and 232.5 eV, respectively. Similarly, decon-
volution analyses of the W bonding modes show the presence of
the 2H and/or 3R phases in the 3R-WS, (550 °C), 3R-WS, (650 °C)
and 3R-WS, (750 °C) materials with W 4f,, and Mo 4f;,, at
binding energies of ~33.2 and 35.3 eV, respectively. For com-
parison, the XPS spectra of 2H-MoS, and 2H-WS, measured on
single crystals are also shown (Fig. S16, ESIt). In order to
distinguish between the 2H and 3R phases, X-ray diffraction
was employed. The X-ray diffractograms of the 3R phase MoS,
and WS, synthesized at 550 °C, 650 °C and 750 °C are shown
in Fig. S17 and S18 (ESIf), revealing that the 3R phase was
successfully produced at all three temperatures. However, we
observed that an increase in synthesis temperature generally led
to a decrease in the 3R phase concentration. This is most
significant for MoS,, where the concentration of the 3R phase
was only 30 wt% for the material synthesized at 750 °C. On the
other hand, the concentration of 3R-WS, was still about 45 wt%
for the material synthesized at 750 °C. Moreover, decreasing
FWHM of the reflection indicates improvement of crystallinity and
increase of crystallite size with increasing synthesis temperature.
Therefore, a reduction in the 3R phase concentration and increase
in the crystallite size account for the decreasing trend in the
HER catalytic performance of the 3R phase MoS, and WS, with
increasing synthesis temperature.

This journal is © The Royal Society of Chemistry 2017
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Further characterization was performed with EDS (Fig. S19-S22,
ESIT), which presented no obvious changes in elemental composi-
tion regardless of the synthesis temperature. More in-depth analyses
with XRF (Table S1, ESIt) reported that the concentration of
potassium originating from potassium carbonate flux ranges
from 0.05 to 1.2 wt% and decreases with increasing synthesis
temperature. While only traces of tungsten were detected in
3R-MoS,, the concentration of molybdenum ranges from 0.15
to 0.39 wt% in 3R-WS, and this concentration increases with
synthesis temperature. Furthermore, similar traces of Zn and
traces of Fe were found in 3R-MoS, and 3R-WS,, respectively,
regardless of synthesis temperature. The concentrations of
all other impurities were below 0.01 wt%. It can be concluded
that the changes in the elemental composition of 3R-MoS, and
3R-WS, synthesized at different temperatures were not signifi-
cant enough to interfere with the electrochemical signals. Next,
to study the relation between the particle size and the HER
catalytic activity, we performed SEM (Fig. S5, ESIT) and laser
diffraction measurements for particle size analysis (Fig. S6,
ESIT). All samples are highly polydispersed with particle sizes in
the range of 0.2-50 pm. However, a closer observation of the
particle size distribution curves from laser diffraction measure-
ments does not reveal any correlation with the synthesis
temperature. From these results, we can conclude that the
main influence on electrocatalytic activity will be related to
the concentration of the 3R phase in the TMD materials and the
size of individual crystallites.

A comprehensive study and comparison of the 3R and 2H
phases of the two most representative TMD materials, MoS, and
WS,, has been conducted in relation to their catalytic properties
towards the hydrogen evolution reaction. We report the synthesis of
3R-MoS, and 3R-WS, materials via a simple and scalable method at
three different temperatures (550 °C, 650 °C and 750 °C). The
optimal synthesis temperature was determined to be 550 °C for
applications in industrially important electrocatalysis like HER,
where high 3R phase concentration and small crystallite sizes were
obtained. It was demonstrated that the 3R phase displayed superior
HER efficiency compared to the 2H phase. Additionally, a more
significant improvement in the HER catalytic activity was observed
with 3R-MoS, than with 3R-WS,. Specifically, it is surprising to
note that the bulk, 3R-MoS, (550 °C) displayed comparable HER
efficiency to that of the previously studied exfoliated, 1T-MoS,.
These results highlight the profound impact different polymorph
structures of TMD materials have on their HER efficiencies,
and further challenge the need for the commonly employed
technique of exfoliation to enhance the catalytic properties of
TMD materials. The insights from this work not only provide an
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understanding of the underlying electrochemical activity of TMD
materials, but are also particularly important in the search for
highly efficient catalysts for hydrogen evolution.
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