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Controlling materials’ morphology, crystal phase and chemical composition at the atomic scale has
become central in materials research. Wet chemistry approaches have great potential in directing the
material crystallisation process to achieve tuneable chemical compositions as well as to target specific
crystal phases. Herein, we report the compositional and crystal phase tuneability achieved in the quasi-
binary W,Mo,_,Se, system with chemical and crystal phase mixing down to the atomic level. A series of
W,Mo,_,Se, solid solutions in the form of nanoflowers with atomically thin petals were obtained via a
direct colloidal reaction by systematically varying the ratios of transition metal precursors. We investigate
the effect of selenium precursor on the morphology of the W,Mo;_,Se, material and show how using
elemental selenium can enable the formation of larger and distinct nanoflowers. While the synthesised
materials are compositionally homogeneous, they exhibit crystal phase heterogeneity with the co-existing
domains of the 1T" and 2H crystal phases, and with evidence of MoSe; in the metastable 1T" phase. We
show at single atom level of resolution, that tungsten and molybdenum can be found in both the 1T and
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2H lattices. The formation of heterophase 1T'/2H W,Mo,_,Se, electrocatalysts allowed for a considerable
improvement in the activity for the acidic hydrogen evolution reaction (HER) compared to pristine, 1T'-
dominated, WSe,. This work can pave the way towards engineered functional nanomaterials where pro-
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Introduction

Single atom catalysis as well as anisotropic transport at the
atomic scale for neuromorphic devices to name a few, are
amongst the new emerging materials science challenges where
single atoms and atomic patterns can determine the overall
materials properties. Layered transition metal dichalcogenides
(TMDs), a class of functional 2D materials beyond graphene,
exist in a variety of structural polymorphs with electronic pro-
perties ranging from semiconducting (2H)"? to metallic (1T)?
and semimetallic (1T’ and T,4)>* for the same chemical compo-
sition. Studying the routes to achieve chemical composition
and crystal phase engineering in these materials at the atomic
scale can underpin the design of different properties which
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perties, such as electronic and catalytic, have to be controlled at the atomic scale.

can be exploited in a broad range of nanoelectronic and
electrochemical devices.

The metastable polymorphs of TMDs are particularly inter-
esting for application in the electrocatalytic hydrogen evol-
ution reaction (HER)>® and electrochemical energy storage
devices.””® In the case of the HER, the improved activity of the
1T’ phases of group VI TMDs is shown to originate from the
activation of basal planes, which leads to the increased density
of reaction sites.>® The activation mechanism is currently
debated on, yet it is often linked to the intrinsic electron local-
isation around the transition metal zigzag chains'® and so to
the inequivalence of the chalcogen sites that favours the
proton adsorption on basal planes."* For the applications in
catalysis, increasing the density of active sites via phase engin-
eering appears to be more promising than the alternative
routes via the introduction of structural defects in the basal
plane, such as pores' or chalcogen vacancies,® since the com-
promised structural integrity may have a negative effect on the
durability of these catalyst materials. Additionally, in the het-
erophase TMD materials, it is found that the 1T'/2H bound-
aries outperform even pristine 1T’ materials, demonstrating
faster HER kinetics and higher exchange currents. This is
attributed to the effective accumulation of charges at the
1T"/2H homojunctions.'* Furthermore, the higher electrical

This journal is © The Royal Society of Chemistry 2023
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conductivity of the semimetallic 1T’ phases compared to the
semiconducting 2H counterpart aids reducing the resistive
losses to achieve faster HER kinetics.”"'

Among numerous approaches to crystal phase engineering,
tuning the chemical composition of TMD materials via hetero-
valent doping'® or alloying'’ 2 is actively explored as a route
to induce the nucleation and stabilisation of the metastable
phases in the host lattices. The heterovalent mixing often
occurs in a limited range of compositions that are stable over
segregation into the respective end-members.”’> On the
other hand, isovalent mixing in either cation or anion sublat-
tice holds great potential for targeting wider ranges of chemi-
cal compositions.”>* However, achieving the metastable
crystal phases in such isovalent systems is challenging, and
isovalent solid solutions} are generally reported in the thermo-
dynamically stable phase.’*>° Heterophase ternary disul-
phides and diselenides reported in the literature are often pro-
duced by bottom-up vapour phase®***' and liquid phase®” reac-
tions from alkali metal or ammonium salts. In this case, the
residual alkali metal or ammonium cations intercalated in the
van der Waals gaps of TMD products help to stabilise the
metastable 1T’ phase during the nucleation and growth
stages.*>** The limitation of such charge-mediated approaches
is that the charge-stabilised metastable 1T’ phases may rapidly
convert into the thermodynamically stable 2H phase once the
charged species are removed.>***

In the present work, we investigate how the direct for-
mation of the metastable 1T’ crystal phase can be targeted in a
quasi-binary MoSe,-WSe, system via a bottom-up solution
phase reaction. We confirm that WSe, and MoSe, are fully mis-
cible and form a continuous series of W,Mo,_,Se, solid solu-
tions in the entire range of compositions 0 < x < 1. Our data
shows that, while being compositionally uniform, the
W,Mo,;_,Se, solid solutions display structural heterogeneity.
Furthermore, we demonstrate via atomically resolved imaging
that cation mixing effectively occurs in both these 1T" and 2H
crystal phase domains co-existing in the colloidal nano-
structures. We observe a composition dependant 2H-to-1T"
transition in W,Mo,_,Se, with increasing x. Molybdenum can
be stabilised in the host lattice of 1T WSe, at concentrations
of at least x = 0.5-1 with no evidence of segregation or cluster
formation. We also provide an extended study of the repeat-
ability of the proposed synthesis protocol and outline the
material characteristics that need to be thoroughly investigated
in order to gain unambiguous performance values when inves-
tigating the electrochemical, e.g. HER, activity of these
complex W, Mo, _,Se, solid solutions. Our study suggests that
the cation mixing and partial stabilisation of molybdenum in
the 1T’ lattice of WSe, helps to considerably improve the cata-

i Throughout this manuscript, we prefer to use the conventional term ‘solid
solution’ to highlight the substitutional nature of cation-mixed quasi-binary
TMD, in which one cation (solute) occupies some of the lattice positions of the
other cation (solution) in the host lattice; to differentiate from a broader term
‘alloys’, which can either be solid solutions or compounds with definite chemi-
cal composition and crystal structures.”®

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

lyst mass activity for the HER. This work highlights the possi-
bility to control with atomistic precision the TMD solid solu-
tions to enable tuneable properties, which are relevant in
nanoelectronics and electrocatalysis.

Experimental section

Chemicals and stock solutions

Molybdenum hexacarbonyl (Mo(CO)s, >99.9% trace metals
basis), tungsten hexacarbonyl (W(CO)s, 99.99% trace metals
basis, excluding Mo), selenium (99.99% trace metals basis,
100 mesh), trioctylphosphine (TOP; 90%, technical grade),
oleic acid (90%, technical grade), nitric acid (90%, ACS
Reagent), and graphitic carbon foil (CF, 99.8%) were purchased
from Sigma-Aldrich. Acetone (>99%, technical grade), ethanol
(96%, AnalaR NORMAPUR), and sulphuric acid (95%, AnalaR
NORMAPUR) were purchased from VWR. Toray carbon paper
(CP) was purchased from Alfa Aesar. Tungsten (Pure standard,
1000 pg mL™" in H,0), molybdenum (Pure standard, 1000 pg
mL™" in H,0), and selenium (Pure standard, 1000 pg mL™" in
H,0, 2% HNO;) reference standards for ICP were purchased
from PerkinElmer. All reagents were used without purification.
Trioctylphosphine was stored in an Ar filled glovebox to
prevent oxidation.

1 M trioctylphosphine selenide (TOP:Se) stock solution was
prepared by dissolving 5 mmol (395 mg) of Se powder in 5 mL
of trioctylphosphine at room temperature under dry N, atmo-
sphere. 0.0125 M tungsten and molybdenum stock solutions
were prepared by dissolving 0.125 mmol of the respective hexa-
carbonyl (either 33 mg of Mo(CO)s or 44 mg of W(CO)s) in
10 mL of degassed oleic acid for 1 hour at 200 °C under
vacuum. The ready stock solutions were stored in sealed glass
vials in a drying desiccator.

Materials preparation

All syntheses were carried out in a standard Schlenk line.
Ternary compositions in the W,Mo,_,Se, system were achieved
by taking the respective transition metal precursors, either in
the form of hexacarbonyl powders or stock solutions described
above, in the desired molar ratio. In a typical synthesis,
0.05 mmol of transition metal precursor was dissolved in oleic
acid and the total volume of reaction mixture was kept at
8 mL; all details are provided in ESI Table S1.f The reaction
mixture was first degassed under vacuum (0.5 mbar) at room
temperature for one hour, and then heated up to the injection
temperature (300 °C) under a constant flow of dry N, gas. The
selenium precursor was quickly injected into the reaction
mixture, and the material was allowed to form over three
hours. After the reaction time elapsed, the final product was
separated from the unreacted precursors by centrifugation at
5000 rpm for 10 minutes, washed twice with a mixture of
acetone and ethanol, and then redispersed in ethanol for
storage. To prepare working electrodes for electrochemical
testing, strips of carbon paper (5 cm?) were placed into the
reaction flask prior to degassing the transition metal precursor
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in oleic acid. After the synthesis was completed, the
W,Mo,_,Se, nanosheets anchored on carbon paper were
repeatedly washed with ethanol and then gently heated (50 °C)
on a hot plate to completely dry the electrodes.

Characterisation

Transmission electron microscopy (TEM) images, high-resolu-
tion TEM (HR TEM) images, annular dark-field scanning
transmission electron microscopy (ADF STEM) images, and
STEM energy-dispersive X-ray spectroscopy (STEM EDS)
elemental maps were acquired using a JEOL JEM-2100F field
emission S/TEM equipped with an Oxford X-MaxN 80 mm?>
SDD detector. DigitalMicrograph GMS3 software (Gatan) was
used for HR TEM images processing and analysis. AZtecTEM
software (Oxford Instruments) was used to visualise the
elemental maps and to perform the quantitative analysis.
Atomically resolved high-angle annular dark-field STEM
(HAADF STEM) imaging was carried on a probe corrected Nion
UltraSTEM microscope at 60 kV accelerating voltage with the
beam convergence semi-angle of 30 mrad. The statistical ana-
lysis on the HAADF STEM images was carried using the
Atomap®® and the TEMUL Toolkit?” Python packages. The
HAADF STEM image simulations were done with the Dr Probe
software.*® Scanning electron microscopy (SEM) images and
SEM EDS elemental maps were recorded using a Zeiss LEO
Gemini 1525 field emission SEM equipped with an Oxford
x-act PentaFET precision EDS detector. INCA software (Oxford
Instruments) was used to process the SEM EDS data. X-ray
photoelectron spectroscopy (XPS) measurements were carried
out using a Thermo Fisher K-Alpha+ spectrometer (Al K,
source). XPS spectra were analysed using the Avantage software
(Thermo Scientific). Powder X-ray diffraction (XRD) data was
collected using a Bruker D2 phaser diffractometer (Cu K,
source). Raman spectra were acquired using a Renishaw inVia
Qontor confocal Raman microscope (laser excitation 532 nm,
1800 lines per mm grating). Inductively coupled plasma emis-
sion spectroscopy (ICP AES) was carried out on a Thermo
Scientific iCAP 6000 series spectrometer. X-ray fluorescence
(XRF) analysis was performed using a Malvern Panalytical
Epsilon 4 spectrometer.

Electrochemical testing

The electrochemical testing was performed in a standard
three-electrode cell configuration with a commercial Ag/AgCl
(3 M KCl) as a reference electrode (BASi MF-2052) and carbon
foil as a counter electrode using a Gamry Interface 1000 poten-
tiostat. All measurements were carried out in an acidic electro-
lyte (1 M H,SO, in Milli-Q water, pH 0). The geometric active
area of typical working electrodes ranged from 0.5 to 1 cm”.
The applied potentials were referenced to the reversible hydro-
gen electrode (RHE) using the following equation: E(RHE) =
E(Ag/AgCl) + 0.21. The polarisation curves were recorded in the
range from 0 to —0.8 V vs. reference electrode at a scan rate of
5 mV s '. The potentiostatic EIS measurements were carried
out at the electrolysis operation potential with an amplitude of
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20 mV, while sweeping the frequency in the range from 1 MHz
to 10 mHz.

Results and discussion

Colloidal synthesis and morphology of W,Mo,_,Se,
nanoflowers

Quasi-binary W,Mo,_,Se, solid solutions with variable cation
composition spanning the entire range 0 < x < 1 were syn-
thesised via the direct reaction between transition metal pre-
cursors (W(CO)s, M0o(CO)e) and a selenium precursor (trioctyl-
phosphine selenide complex, TOP:Se) in hot oleic acid
(Fig. 1a), as described in detail in the Experimental section
and in ESI Note 1.7 The synthesis approach implemented in
this study is a modified protocol we established for the col-
loidal 1T" WSe, nanoflowers.*® Crucially, in contrast to the pro-
tocols reported previously,”>*® the nucleation of cation-mixed
solid solutions in the liquid phase was initiated by a swift
injection of the chalcogen precursor into a hot solution of
mixed transition metal precursor. This allowed us to drive the
crystallisation reaction via the kinetically controlled route to
attain the metastable 1T’ crystal phase.

In general, W,Mo,_,Se, grown in the solution phase
acquire the morphology of nanoflowers that are composed of
atomically thin individual nanosheets (petals) protruding
from a dense core region, as shown in Fig. 1b, ¢ and ESI,
Fig. S3 and S4.1 The Mo-rich compositions (x = 0.25) display a
greater tendency to form continuous agglomerates of
nanosheets, similar to those found in pristine MoSe,, while
more isolated nanoflowers are seen in the W-rich compo-
sitions x = 1, 0.75 and 0.50 (ESI, Fig. S3a-c and S4d-ff). The
mean diameters of W,Mo,_,Se, (x = 0.5) nanostructures vary
in the range 150-200 nm, which is close to that of pristine
WSe, (ESI, Fig. S3a and b¥). Transmission electron microscopy
(TEM) imaging of the curled up petals of W,Mo,_,Se, nano-
flowers reveals a gradual thinning to single layers towards the
rims (ESI, Fig. S3d-f}). Elemental mapping at the nanometre
scale confirms the uniform distribution of all three elements
throughout the W,Mo,_,Se, nanoflowers, displaying no segre-
gated domains (Fig. 1d and ESI, Fig. S47).

We have investigated the effect of selenium precursor on
the morphology of W,Mo;_,Se, nanoflowers. For all nominal
compositions x, changing the selenium precursor to elemental
selenium led to the formation of uniform, well-defined nano-
flowers with rigid petals (Fig. 1b), appearing as straight high-
contrast edges in scanning transmission electron microscopy
(STEM) images (ESI, Fig. S4a-ct). In contrast, the materials
synthesised from TOP:Se complex predominantly demonstrate
the morphology of agglomerated nanoflowers and wrinkled
nanosheets (Fig. 1b and ESI, Fig. S4d-ft). This suggests that a
more reactive chalcogen source leads to the formation of more
uniform nanostructures, in good agreement with previous
works.>**! Additionally, we attribute the perceived higher reac-
tivity of elemental selenium to the in situ formation of highly

active H,Se at elevated temperatures in hydrocarbon

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) A schematic illustration of the one-pot colloidal synthesis of binary W,Mo,_,Se; solid solutions. (b and c) Low-magnification TEM images
of the W,Mo,_,Se; solid solutions x = 0.5 grown from elemental selenium and TOP:Se complex, respectively; scale bar 100 nm. (d) EDS W M,, Mo L,
Se L, and C K, elemental maps for the W,Mo,_,Se, (x = 0.5) sample; scale bar 200 nm. (e) A diagram, demonstrating the correlation between the
experimentally measured x’ and the nominal fraction of tungsten x in W,Mo;_,Se, samples. P stands for powder precursors (transition metal TM; sel-
enium Se); SS denotes the precursor stock solution. Open symbols represent the mean values x' with their respective standard deviations. The solid
grey line corresponds to the x = x' and is inserted as a visual guide. (f) A diagram, showing the variability of chemical compositions x’' immanent in
TM P + Se SS synthesis. Open squares represent the statistics mean x’ and the respective standard errors for each nominal composition x. Synthesis

of each composition x was repeated 4 times.

solvents,*** in contrast to less reactive and thermally robust

tertiary phosphine selenide complexes (ESI Note 27).

The chemical composition of the synthesised W,Mo;_,Se,
materials can be effectively varied by tuning the molar ratio of
transition metal precursors in the reaction mixture (ESI,
Fig. S57). However, the ability to precisely control the resulting
chemical composition of the nanomaterials synthesised in
liquid phase is challenging. The crystallisation pathways of
nanomaterials are strongly affected by the synthesis con-
ditions, such as local fluctuations of precursors concen-
trations, the finite rate of mass transport, and uneven heat dis-
tribution.** These effects lead to the nucleation of diverse,
locally favoured, structures. This eventually causes the
inherent heterogeneity, including compositional variation,
within the same batch. On the other hand, the synthesis proto-
col proposed in this work as well as in the previous reports on
pristine colloidal TMDs use only small amounts of starting
precursors (typically, less than 0.1 mmol),*"*>*® which can
lead to the unavoidable variation of the W:Mo molar ratio
from synthesis to synthesis for the same nominal x. In order
to assess the variability within the same batch, we analysed
the chemical composition of W,Mo,_,Se, nanoflowers with

This journal is © The Royal Society of Chemistry 2023

the nominal values x = 1 (WSe,), 0.75, 0.50, 0.25, and 0
(MosSe,) by energy dispersive X-ray spectroscopy (EDS), acquir-
ing the signal at various spots across each sample. The final
chemical composition of each sample was determined by aver-
aging the data from 3 to 10 spots, and the result is summar-
ised in the ESI, Table S2.f Fig. 1e presents the correlation
between the measured composition x' and the nominal x for
the W,Mo,_,Se, samples. Within each sample batch, the
chemical composition varies only slightly (up to 7%), and the
mean x' of the W,Mo,_,Se, materials grown from mixed hexa-
carbonyls (TM P) is very close to the nominal value x, regard-
less of whether TOP:Se complex (Se SS) or elemental selenium
(Se P) were used as selenium source. To assess the repeatability
of the proposed synthesis protocol from TM P and Se SS, each
growth was repeated 4 times, and the mean values x' as well as
their standard errors are presented in Fig. 1f. Using solubilised
forms of transition metal precursors (TM SS, Experimental
section) allowed for achieving better repeatability of the col-
loidal growth procedure (ESI, Fig. S61). However, the measured
compositions x' were found to deviate from the nominal
values x by up to 40% (Fig. 1e and ESI, Fig. S6%). It is likely
that such a shift towards considerable molybdenum excess

Nanoscale, 2023,15, 2714-2725 | 2717
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(x" < x) is caused by a partial loss of W(CO)s during the stock
solution preparation due to its less effective solubilisation”
and higher volatility*®*® compared to Mo(CO)s. Because of this
lack of control over the tungsten stock solutions concen-
trations, mixtures of tungsten and molybdenum hexacarbonyl
powders were used as a mixed transition metal source (TM P)
throughout this work, and the chemical composition x' of
each ensemble of binary W,Mo,_,Se, was established prior to
electrocatalytic activity measurements. This detailed analysis
of the actual sample composition suggests that in colloidal
synthesis, each growth parameter can significantly affect the
overall material composition, and that assessing the repeat-
ability of experimental protocols is essential to understand
whether there is any factor influencing the overall chemical
composition of the synthesised materials.

Microstructure of W, Mo, _,Se, nanoflowers

Under the proposed synthesis conditions, the parent WSe, and
MoSe, compounds crystalise in dissimilar crystal phases.
Specifically, pristine WSe, predominantly acquires the meta-
stable monoclinic 1T’ phase, whereas pristine MoSe, is found
in the thermodynamically stable hexagonal 2H phase. The
reason for the formation of the metastable TMD polymorphs
during direct growth in solution phase is two-fold. First, the
predicted energy difference between the metastable 1T’ and
the thermodynamically stable 2H polymorphs in their mono-
layer limit is as small as 0.27 and 0.33 eV per MX, for WSe,
and MoSe,, respectively.’® Second, the energy barrier for the
1T-to-1H conversion exceeds 1 eV per MX, for all group 6
TMDs.”" This suggests that the metastable 1T’ polymorphs can
be attained under favourable synthesis conditions, and a few
successful examples have been reported previously.***%>
Under our reaction conditions, MoSe, may initially nucleate in
the 1T’ phase. However, the reaction temperature (300 °C)
considerably exceeds that of the 1T-to-2H conversion
(125-127 °C),>*® and it is likely that any 1T’ phase, possibly
present at the very early stages of the nucleation, fully converts
into the 2H phase during the subsequent growth. The 1T’
phase of nanostructured WSe, is more thermally robust, and
only converts into the 2H phase at temperatures exceeding
390 °C.*

The representative high-resolution TEM (HR TEM) images
of the individual nanosheets comprising pristine WSe, and
MoSe, nanoflowers are shown in ESI, Fig. S3g and i.t Colloidal
WSe, displays good crystallinity with the single crystal
domains extended over tens of nm®. The contrasting stripes
correspond to the one-dimensional zigzag chains of tungsten
atoms along the x direction that are characteristic to the 1T’
phases.>*® The experimental lattice constants determined
from the HR TEM data are a = 5.77 A and b = 3.32 A and match
well those of the 1T" WSe,.>”*® Pristine MoSe, demonstrates
the mosaic-like nature of individual petals (ESI, Fig. S3it). The
crystalline domains show the hexagonal arrangement of uni-
formly spaced atomic columns with the characteristic
d-spacing of 2.63 A, corresponding to the (100) planes of
MoSe, (2.84 A).
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TEM imaging of W,Mo;_,Se, nanoflowers reveals the pres-
ence of segregated nm>-sized domains of the coexisting 1T’
and 2H crystal phases in the compositionally uniform solid
solutions (ESI, Fig. S7af). Due to the rich three-dimensional
morphology of colloidal W,Mo,_,Se, nanoflowers, only the
very rims of individual petals are accessible for atomic-scale
imaging. While these single- to few-layered regions of the
parent WSe, and MoSe, exhibit exclusively the 1T' and 2H
phases, respectively; the solid solutions display an inherently
more polycrystalline nature with the numerous misaligned
domains as shown in the overview HR TEM images in ESI,
Fig. S3h and S7a.f The coexisting 1T’ and 2H crystal phase
domains are repeatedly found in W,Mo,_,Se, with x = 0.75
and x = 0.50, while x = 0.25 mainly presents the 2H phase
domains (ESI, Fig. S7b and ct). The lattice constants a = 5.8 A
and b = 3.23 A of the 1T’ phase of W,Mo,;_,Se, (x = 0.50) are
close to these of pristine 1T' WSe, (a = 5.76 A, b = 3.3 A)*® and
1T’ MoSe, (a = 5.98 A, b = 3.25 A).>® The 2H phase regions of
the same W,Mo,_,Se, (x = 0.50) nanoflowers show the hexag-
onal lattice with the d-spacing of 2.82 A, matching the (100)
planes of both 2H WSe, and 2H MoSe, (ESI, Fig. S7at).

The composition-dependent crystal phase heterogeneity
was further examined using X-ray photoemission spectroscopy
(XPS). Fig. 2a shows the high-resolution spectra of the W 4f
and Mo 3d core level electrons of colloidal WMo, _,Se, solid
solutions. The experimental spectra were calibrated using the
C 1s level of adventitious carbon (284.8 eV) and were normal-
ised to the same height to better highlight the evolution of
spectral line shape with the nominal x increasing. Except for
pristine MoSe, (x = 0), the observed prominent W** and Mo**
peaks cannot be fitted with a single doublet, supporting the
coexistence of two disparate crystal phases in binary
W, Mo, _,Se, solid solutions. Substitutional doping in TMDs
typically manifests in uniform changes in the binding energy,
reflecting the changes in chemical environment of the host
atoms caused by doping,°”°" whereas the peak splitting has
been previously reported in similar heterophase TMD
systems.'”?**%%% In pristine MoSe, (x = 0), the Mo*" 3d
doublet is found at 228.8 and 232.0 eV and is consistent with
the values reported for the semiconducting 2H MoSe,.*"** On
the other hand, two W** 4f doublets are present in the spec-
trum of pristine WSe, (x = 1). The most prominent doublet at
31.9 and 34.0 eV is assigned to the semimetallic 1T’ crystal
phase of WSe,, while the low intensity doublet found at 32.4
and 34.6 eV corresponds to the semiconducting 2H phase
component.’**® When forming a tungsten-rich W,Mo,_,Se,
solid solution (x = 0.75), the W 4f lines remain largely
unchanged and are resolved into two doublets with the ener-
gies close to those of the 1T’ and 2H phases of WSe, seen in
pristine WSe, samples (Fig. 2a). The Mo 3d peaks, however,
are significantly red shifted from the reference positions in
pristine MoSe,, and the experimental spectrum is deconvo-
luted using two Mo*" 3d doublets (Fig. 2a). The lower binding
energy doublet at 228.3 and 231.4 eV, indicating the more
metallic character of the Mo-Se bonding, matches well the 1T’
phase of MoSe,.>® The higher energy doublet at 228.9 and

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) High-resolution XPS spectra of the W 4f and Mo 3d core level electrons of W,Mo;_,Se, nanoflowers. Open circles show the raw data,

solid red lines are the fitting results. (b) A bar chart illustrating the progressive change from the 1T'-dominated to the 2H-dominated character of the
W,Mo,_,Se, nanoflowers with the fraction of tungsten x decreasing. The fractions of the 1T and 2H crystal phase, as well as the fraction of oxidised

material, were determined from the respective XPS components.

232.1 eV originates from the 2H phase MoSe,. To our knowl-
edge, this is the first time the metastable 1T' phase of MoSe,
has been detected in the isovalently substituted material
obtained by a direct solution-phase reaction. The previous
reports concerned phase pure 1T' MoSe, single crystals syn-
thesised from alkali cation containing intermediates® and by
salt-assisted conversion of the 2H crystals.*>! In atomically thin
nanosheets, similar stabilisation of molybdenum atoms in the
1T’ lattice has been observed in heterovalent Re,Mo;_,Se,.®?
The splitting of the W 4f and the Mo 3d core levels into two
sets of doublets is observed throughout the entire range of
compositions x, and the peak positions remain nearly constant
(Fig. 2a). As the fraction of tungsten x in W,Mo;_,Se, solid
solutions decreases, the intensities of the 1T’ bands of both
WSe, and MoSe, decrease, while the respective 2H bands
become more dominant. This is summarised in the bar chart
shown in Fig. 2b. The described splitting of the W 4f and the
Mo 3d core levels suggests the presence of 2H MoSe,, 1T’
MoSe,, 2H WSe, and 1T’ WSe, in W,Mo,_,Se, solid solutions.
The cation mixing occurs in both crystal phases, which is cor-
roborated by the results of atomically resolved HAADF STEM
imaging discussed later. This allows for tuning the chemical
environment of both cations, effectively stabilising molyb-
denum in the lattice of 1T WSe,, as well as tungsten in the
lattice of 2H MoSe,. Moreover, the dominating crystal phase of
the heterophase W,Mo,_,Se, solid solutions appears to be
dependent on their chemical composition x (Fig. 2b). This can
enable tailoring of the electronic properties of W,Mo,_,Se,,
targeting the functional materials that are either more metallic
(predominantly 1T’, x = 0.75) or alternatively more semicon-
ducting (predominantly 2H, x = 0.25) in nature.

The gradual change of the dominating crystal phase from
the 2H to the 1T’ in the W,Mo,_,Se, solid solutions as the
tungsten content x increases, is also corroborated by the
results of powder X-ray diffraction (XRD) and Raman spec-

This journal is © The Royal Society of Chemistry 2023

troscopy presented in ESI, Fig. S8.1+ Raman spectroscopy data
confirms the coexistence of two distinct crystal phases in the
quasi-binary W,Mo,_,Se, solid solutions. The most prominent
vibration mode observed in the range 238.5-246.5 cm™" for all
intermediate compositions x suggests the presence of the 2H
phase-based mixed-cation component (ESI, Fig. S8bt). This
Raman signature progressively shifts from the characteristic
A, band of pristine 2H MoSe, (236.6 cm™') towards the unre-
solved A,y + E,,' mode of 2H WSe, (~250 cm™') as the x
increases. Due to the similarity of MoSe, and WSe, crystal lat-
tices, the Raman active modes in mixed-cation material are
expected at intermediate frequencies compared to the parent
phases. This is due to the random cation mixing in the tran-
sition metal sublattice, and similar shifts have been reported
for micromechanically exfoliated 2H W, Mo, _,Se, monolayers>’
and for colloidal 2H W,Mo,_,Se, The
characteristic Raman modes of semimetallic 1T’ phases typi-
cally exhibit a very low intensity and are not easily resolved in
the presence of the semiconducting 2H phase. The presence of
mixed-cation 1T’ crystal phase can be inferred from two modes

nanostructures.>’

centred at ~105 and 218 cm™". Following the early reports on
chemically exfoliated 1T" MoS, single layers,** these modes are
often labelled J; and J; and are reported to appear at ~105 and
218 em™' in 1T WSe,***° and in the range 108-114 and
198-228 cm™" in 1T' MoSe,,*>®® respectively. Since these J;
and J; modes do not overlap with the strong vibration modes
Ei; and A, of the 2H phase of either WSe, or MoSe,, we
selected them to track the presence of mixed-cation 1T' com-
ponent. Indeed, these peaks are the most prominent in W-rich
W, Mo, _,Se, (x = 0.75 and 0.50) as shown in ESI, Fig. S8b.}
This is in good agreement with the results of TEM and XPS
studies that revealed the 1T’ phase being dominant in these
compositions.

High resolution STEM imaging was employed to examine
the cation distribution and the atomic structure of the syn-

Nanoscale, 2023,15, 2714-2725 | 2719
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Fig. 3 (a) Atomically resolved HAADF STEM image of Wq75Mog 25Se, sample illustrating the co-existing 1T' (purple box) and 2H (teal box) crystal

phase domains (scale bar 5 nm). The respective fast Fourier transform (FFT) patterns of the highlighted areas are presented in the panels below. (b
and d) Representative HAADF STEM images of the 2H phase monolayers in W 75M0g 255, and W s0M0g 50Se2 samples (scale bar 1 nm). (c and e)
Histograms showing the fractional HAADF intensities at the atomic positions in (b) and (d), respectively.

thesised W,Mo, _,Se, colloidal solid solutions in two represen-
tative x = 0.75 and x = 0.50 compositions. In order to provide
atomic-scale insights into the microstructure of the two solid
solutions, we focused on imaging the thinnest sample regions
in the nanoflowers rims where monolayer domains can be
observed (Fig. 3a and ESI, Fig. S10). High angle annular dark
field (HAADF) STEM images confirm the TEM observations
whereby both the 1T'and 2H crystal phase domains are seen to
coexist in the x = 0.75 and x = 0.50 solid solutions (Fig. 3a and
ESI, Fig. S107). This initial qualitative analysis was performed
by a visual comparison of the experimental micrographs to the
simulated HAADF signal intensity motifs of both MoSe, and
WSe,, in 1T' and 2H crystal phases, as monolayers and bilayers
(ESI, Fig. S9;t see Experimental section for details). 1T"/2H
interfaces stabilised by vacancy lines are observed in the x =
0.75 solid solution and illustrate the stability of 1T'/2H hetero-
phase monolayers (ESI, Fig. S10a and S117). Within the intrin-
sically limited extent of atomic-scale STEM observations, nano-
scale domains exhibiting the 1T’ crystal structure were
observed more frequently in the x = 0.75 than x = 0.50 solid
solutions,
domains (Fig. 3a), whereas the 2H domains were ubiquitously

and predominantly in bilayers or multilayer

imaged in both cases, including as monolayers on the very
edges of the nanoflower petals (ESI, Fig. S10a and cf). A more
quantitative, statistical atom-by-atom examination of the
observed HAADF intensities was carried out to provide further
insights into the cation intermixing.®”°® Specifically, the 2H
monolayer domains of both the x = 0.75 and x = 0.50 solid
solutions were selected for the analysis (Fig. 3b and d), while

2720 | Nanoscale, 2023,15, 2714-2725

stepped regions and areas exhibiting adventitious surface con-
tamination were excluded. Three distinct types of atomic
columns can unambiguously be recognised as 1Mo, 1W and
2Se, confirming cation intermixing at the atomic scale within
single 2H domains of the x = 0.75 and x = 0.50 solid solutions.
The assignment of the observed atomic columns to one of
these types was performed based their relative intensity. While
it would be difficult to provide overall statistics, reflecting the
macroscopically measured compositions, due to the limited
fields of view, the frequencies with which 1Mo and 1W
columns are identified in images of the 2H domains in x =
0.75 and x = 0.50 samples are negatively correlated, that
suggests a good agreement with the larger scale composition
measurements (Fig. 3c and e). A similar intensity analysis on
the 1T' domains is complicated by the fact that multilayer or
very restraint monolayer regions were observed in both the x =
0.75 and x = 0.50 W,Mo,_,Se, samples. However, the contrast
variation along the metal chains might suggest that cation
mixing effectively occurs in the 1T’ phase domains as well, as
highlighted in the ESI, Fig. S10b and d.¥}

Electrocatalytic HER activity of heterophase W,Mo, _,Se,

Chemical composition engineering via substitutional doping
and precise targeting of the metastable 1T’ phases in TMDs
are being studied for application in electrocatalytic hydrogen
generation.’”®®7% To assess the catalytic activity of quasi-
binary W,Mo,_,Se, solid solutions, we prepared a set of
working electrodes by growing the active material directly on
carbon paper (CP). Thus, grown binary W,Mo,_,Se, forms

This journal is © The Royal Society of Chemistry 2023
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dense arrays of atomically thin nanosheets, uniformly coating
carbon fibres over a few cm?® areas of the substrate as illus-
trated in ESI, Fig. S12.f EDS elemental mapping shows the
signal of W, Mo, and Se matching that of carbon, thus further
confirming the uniform coverage of carbon fibres with active
material (ESI, Fig. S127).

We found that inducing heterogeneous nucleation of binary
W,Mo,_,Se, on CP did not lead to changes in their chemical
composition. The composition x’ of W,Mo;_,Se, grown
directly on CP is very close to that of the respective free-stand-
ing nanoflowers formed as a side-product in the solution
phase (ESI, Fig. S13b and Table S31). Raman spectroscopy con-
firms the presence of the 1T’ crystal phase in W,Mo;_,Se,
formed on CP (ESI, Fig. S13at). The fraction of the semimetal-

View Article Online
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lic 1T" phase in WMo, _,Se, catalysts was estimated from the
XPS data for each working electrode (ESI, Table S3t). To deter-
mine the mass loading of active material for each working
electrode, binary W,Mo,_,Se, were dissolved off the carbon
supports in concentrated nitric acid as described in ESI Note
3,7 and the respective concentrations of tungsten, molyb-
denum and selenium measured using inductively coupled
plasma atomic emission spectroscopy (ICP AES) were used to
calculate the catalyst mass loading (in pg cm™>). This is sum-
marised in the ESI, Table S4.F

The electrocatalytic activity of binary W,Mo,_,Se, solid
solutions towards the HER was investigated in acidic electro-
Iyte (1 M H,SO,, pH 0) as described in the Experimental
section. The corresponding polarisation curves recorded in the
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Fig. 4 (a) Polarisation curves (scan rate 5 mV s7Y) of the W,Mo;_,Se, nanosheets grown directly on CP for the HER in 1 M H,SO, electrolyte. Filled
scatters denote the overpotential 5 values required to achieve the benchmarking current density of —10 mA cm™2. (b) Tafel plots derived from the iR
drop compensated polarisation curves in (a). (c) The impedance spectra of the W,Mo,_,Se, working electrodes. (d) Polarisation curves (scan rate
5 mV s7%) of the W,Mo,_,Se, working electrodes normalised by the active material mass loading. Open scatters denote the overpotential 5 values
required to achieve the current density of —20 mA mg™™. (e) A comprehensive summary of the overall performance of binary W,Mo,_,Se, catalysts
for the HER (top panel) linked to their chemical and crystal phase composition as well as mass loading (bottom panel). Top panel: overpotentials 5
(left y-axis, columns, light-grey —10 mA cm~2 and dark-grey —20 mA mg™Y) and Tafel slopes b (right y-axis, filled squares from Jgeo and open squares
from jmass); X is the nominal fraction of tungsten in W,Mo,_,Se,. Bottom panel: mass loading m (left y-axis, open squares, ICP AES); measured frac-
tion of tungsten x’ (right y-axis, light-grey columns, EDS) and the fraction of the semimetallic 1T’ crystal phase (right y-axis, dark-grey columns, XPS);
X is the nominal fraction of tungsten in W,Mo;_,Se,. (f) Overpotentials 7 (left y-axis, grey columns) and Tafel slopes b (left y-axis, green columns) of
the x =0, 0.5, and 1 W,Mo,_,Se, samples compared to the nanostructured pristine and metal-doped MoSe, and WSe, catalysts reported in literature
(ESI, Table S51). The respective catalyst mass loadings are presented in open squares (right y-axis). HTS — hydrothermal synthesis, CS — colloidal syn-
thesis, LPE — liquid phase exfoliation. Asterisks indicate the mixed 1T(1T')/2H systems.
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range from 0 to —0.8 V vs. reference electrode are shown in
Fig. 4a. The overpotential # required to reach the benchmark-
ing catalytic current density of —10 mA cm™ (_;,) depends on
the chemical composition of our binary W,Mo,_,Se,. Partial
substitution of W with Mo results in the reaction overpotential
710 lowering by 136 mV from 556 mV for x = 1 (pristine WSe,)
to 420 mV for x = 0.50. Pristine semiconducting MoSe, (x = 0)
reaches the benchmarking current density at considerably
lower overpotential (290 mV), which agrees well with the
theoretical works predicting MoSe, to be the most active cata-
lyst for the HER among the other group 6 TMDs.”! It should
be noted that the reaction overpotentials derived from geo-
metric current densities strongly depend on the mass loading
of active material per working electrode.”” Since the working
electrodes were prepared by growing active material directly on
the conductive supports, and so the catalyst mass loading was
expected to vary, we present the mass normalised catalytic
current densities to better highlight the effect of chemical
composition x on the catalytic performance of binary
W,Mo, _,Se, catalysts (Fig. 4d). Thus, normalised polarisation
curves confirm the significant improvement of the catalytic
activity of binary W,Mo,_,Se, compared to pristine WSe,
counterpart (Fig. 4d). In addition to the conventional metric
7-10, We also report the mass activity of binary W,Mo,;_,Se, as
the overpotential #_50, at which the catalytic current density of
—20 mA mg ' is generated. The respective activity parameters
are summarised in the ESI, Table S4.1 Graphically, these cata-
lytic performance metrics are correlated to the working electro-
des characteristics in Fig. 4e. The Tafel plots derived from the
polarisation curves are displayed in Fig. 4b. In the low overpo-
tential region, the Tafel slopes b of binary W,Mo;_,Se, are
close to that of pristine WSe, (152 mV dec™" for x = 1), whereas
pristine MoSe, (x = 0) exhibits faster reaction kinetics with the
Tafel slope b of 137 mV dec™". Additionally, the electrode kine-
tics under the HER operating conditions was investigated
using electrochemical impedance spectroscopy (Fig. 4c). The
charge transfer resistance in binary W,Mo,;_,Se, catalysts (x =
0.75: 12 Q; x = 0.50: 19 Q; x = 0.25: 11 Q) is noticeably lower
than in pristine semimetallic 1T' WSe, (x = 1: 42 Q) and semi-
conducting 2H MoSe, (x = 0: 24 Q). Lower charge transfer resis-
tance is often linked to the higher electrical conductivity of the
1T/1T" phases®”® and has been previously reported for the
doped and alloyed TMD catalysts with the enhanced catalytic
activity.'”%*%°

Overall, we demonstrate that partial substitution with mol-
ybdenum at the tungsten sites of WSe, and the formation of
1T'/2H heterophase W, Mo, _,Se, catalysts allow for improving
the HER performance. The binary compositions reach the
benchmarking catalytic current densities of —10 mA cm™> and
—20 mA mg™" at significantly lower overpotentials compared to
pristine WSe, (Fig. 4e). While the reaction rate, as is evidenced
by Tafel analysis, is nearly unchanged (Fig. 4e). Although the
2H MoSe, demonstrates higher catalytic activity for the HER
with the lowest reaction overpotential and Tafel slope, the
experimental reports on the mixed-phase TMD catalysts
showed that pristine MoSe, was also the material most prone

2722 | Nanoscale, 2023, 15, 2714-2725
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to oxidation among group 6 TMDs.”*”® Forming cation-mixed
TMDs might help to mitigate this issue, while retaining high
catalytic activity.

We compare the performance of our binary catalysts to that
of both pristine and doped WSe, and MoSe, nanostructured
materials reported in the literature (Fig. 4f and ESI, Table S57).
Our pristine WSe, (x = 1) and MoSe, (x = 0) are characterised
by overpotentials n_;, and Tafel slopes b close to those of
reported WSe, and MoSe, synthesised by colloidal and hydro-
thermal reactions. The x = 0.50, selected here as a representa-
tive binary solid solution, outperforms the exfoliated Nb-
doped WSe,.”® Although the reported Ni- and Nb-doped col-
loidal WSe, ”” and 2H W,Mo,_,Se, *° express lower overpoten-
tials, it should be taken into account that the active material
mass loading in these studies is nearly 3 times higher than in
our work, so the direct comparison must be done with
caution.

Conclusions

In summary, we have synthesised WMo, _,Se, solid solutions
with the optimized morphology of nanoflowers and chemical
compositions tuneable in the entire range of x (0 < x < 1). The
constituent chemical elements are distributed uniformly
throughout individual nanoflowers while these cation-mixed
W Mo, _,Se, solid solutions present structural heterogeneity
with the 1T’ and 2H crystal phases co-existing within the same
nanostructure, and with evidence of MoSe, in the metastable
1T’ phase. We demonstrate that the cation mixing effectively
occurs in both crystal phases, and that the crystal phase com-
position of W,Mo,_,Se, solid solutions depends on their
chemical composition x. Within the tungsten-rich compo-
sitions x = 0.75 and x = 0.50, molybdenum is effectively stabil-
ised within the lattice of 1T WSe,, demonstrating an improved
catalytic activity for the HER compared to the pristine 1T’
phase-dominated WSe,. This work can pave the way to engineer
new solid solutions in a precise manner with atomistic control
on lattice symmetry to tune properties such as electrical trans-
port and catalysis at the nanoscale.
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