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This study presents a novel single molecular source with covalently bonded ligand systems, featuring
pre-existing W-Se bonds, for direct synthesis of single crystalline flakes of 2D tungsten diselenide
(WSe;). Synthesis and structural characterization of [W{(SeC,H4),NMe},] expand the class of single-
source precursors for metal sulfides and selenides of general formula IMV{(XCoH4)>NMe}ol (MY = Ti, Zr,
Hf, Mo, W, Sn; X = S, Se). Comprehensive analysis including NMR, elemental analysis, and single crystal
X-ray diffraction, provide insights into structural characteristics of [W{(SeC,H4),NMe},] in solution and
solid state. Microwave-assisted solvothermal decomposition at 300 °C for 15 minutes yielded highly
crystalline WSe; flakes, confirmed by XRD, SEM, EDS, and TEM analyses. Reduced reaction time under
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mild conditions enables reproducible generation of layered 2D WSe, materials for large-scale applica-
tions. Electrochemical studies reveal increased electrocatalytic activity, attributed to enhanced electro-
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Introduction

Two-dimensional (2D) semiconductors, such as transition
metal dichalcogenides (TMDCs; MX,, M = transition metal,
X =S, Se) have attracted recent attention for their visible band
gap, unlike graphene." Their van der Waals-layered structure
offers unique chemical and physical traits, making them
sought-after materials in optoelectronics and catalysis.>™ Typi-
cally comprising three-atom-thick layers (X-M-X), few-layered
two-dimensional TMDCs exhibit different physical properties
compared to bulk counterparts, with direct and enlarged band
gaps.’ Bulk MX, materials have indirect bandgaps around 1 eV
(MoS,: 1.2 €V, MoSe,: 1.1 eV, WS,: 1.0 eV, WSe,: 0.9 eV),>® while
few-layered TMDC possess a direct and increased band gap
(MoS,: 1.9 eV, MoSe,: 1.6 €V, WS,: 1.8 eV, WSe,: 1.5 eV).”®
Tungsten based dichalcogenides, which are known for low
toxicity, natural abundance and cost-effectiveness, hold scien-
tific interest due to their superior optoelectronic properties®
particularly in applications like LEDs,'®'" solar energy
harvesting,**® photodetectors,'”'® energy storage, and water
splitting catalysts.'*>*

Despite extensive research on WSe,, its thin film production
remains relatively limited, primarily due to reliance on complex
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chemical surface area (ECSA, 67.3 cm?) observed in the as-prepared WSe, flower-like nanostructures.

precursors and vacuum-based deposition techniques. Unlike
sulfur-based TMDCs such as MoS, and WS,, there are fewer
reports on WSe, thin films, typically using precursors such as
W(CO)s, WClg or WO; in combination with a selenium source
(H,Se, selenium powder). However, these methods often result
in the incorporation of hetero-elements and formation of
secondary phases.>*® To address challenges such as stoichio-
metry control and impurity reduction our study introduces a
novel single-source precursor (SSP) with preformed tungsten-
selenide bonds. This molecular precursor was targeted for mild
and efficient decomposition, bypassing issues linked to multi-
ple precursors and ensuring controlled phase formation with
specific stoichiometry, oxidation states, and purity.>*® The
optimal coordination of selenium-containing ligands around
tungsten in the precursor stabilizes tungsten in the desired
tetravalent (W(wv)) state, facilitating WSe, formation in a single
decomposition step under mild conditions.

This study presents the synthesis of flower-like WSe, micro-
spheres via microwave assisted solvothermal synthesis from a
single molecular source. The W-Se precursor belongs to a
precursor class containing a chelating tridentate, dianionic
chalcogenolate-ligand [("XC,H,),NMe] (X = S, Se) in combi-
nation with M*>" or M*" centers ([M"{(XC,H,),NMe},] or
[M"(XC,H,),NMe], respectively with X = S, Se and M"Y = Ti,
Zr, Hf, Mo, W, Sn, M"" = Sn).>’"*° This unique precursor class,
known for a well-defined decomposition pathway and good
solubility in organic solvents, offers a new synthetic access
to phase-pure crystalline WSe, from a single molecular
source.”° The results emphasize the need for carefully designed

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0001-5909-621X
https://orcid.org/0000-0002-8363-9613
https://orcid.org/0000-0003-4947-7603
https://orcid.org/0009-0004-2281-7676
https://orcid.org/0000-0003-2765-2693
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma01100c&domain=pdf&date_stamp=2024-03-12
https://doi.org/10.1039/d3ma01100c
https://doi.org/10.1039/d3ma01100c
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma01100c
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005008

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 23 1402. Downloaded on 31/03/1405 04:35:06 ..

(cc)

Paper

molecular precursors and optimized decomposition parameters
to achieve high-quality, well-defined structures of WSe, for
harnessing the anisotropic properties of layered TMDCs.**
Despite various efforts on chemical synthesis of metal chalco-
genides, few single molecular precursors exist for TMDCs,
including WSe,. Notably, [(Et,N),WSe,] and [Cat],[WSe,] have
been reported as single-source precursors for solvothermal
decomposition (300 °C, 12 h) as well as through two-step dry
thermal decomposition process (1st step: 300 °C at 450 sccm Ar
flow for 30 min; 2nd step: annealing at 600 °C for 30 min at
450 sccm Ar flow) to yield particles and films, respectively.*®
Moreover, [(Et,N),WSe,] has been used in a heating-up method
to produce 1T'WSe, sheets on different substrates.>* However,
the limited availability of stable and soluble molecular precursors
continues to be a bottleneck in the chemically-controlled proces-
sing of WSe, materials with high purity and crystallinity.

This report describes a novel molecular precursor [W{(SeCyH,),-
NMe},], demonstrating excellent solubility and stability in organic
solvents, which can be efficiently transformed into WSe, flakes
through microwave-assisted solvothermal processing.

Results and discussion

This work is motivated by the need of swift and reproducible
synthesis of phase pure WSe, material via solution-based decom-
position of a single molecular source. The molecular complex
reported here is synthesized by the reductive cleavage of the
diselenide bonds in cyclic selenium-containing ligand [{(SeC,H,),-
Me},]. A subsequent reaction with WClg, resulted in the formation
of the desired complex bis(2,2’-(methylazanediyl)bis(ethane-1-
selenolate)) tungsten(v) [W{(SeC,H,),Me},] (Scheme 1). The initial
selenium containing ligand was synthesized following an opti-
mized synthesis route established by Hartl et al. to isolate the air
stable crystalline ligand [{(SeC,H,),NMe},].*®

The synthesis of metal complexes containing selenium-
based organic ligands involves the intermediary step of reduc-
tive cleavage of Se-Se bond due to the instability of unsaturated
selenols.®® The reduction of diselenide rings to corresponding
selenols enable their in situ reaction with metal centers, which
represents a well-known synthetic strategy.®® To ensure
controlled transformations, all reaction steps were conducted
under an inert atmosphere, preventing the uncontrolled

' N
N LiEt;BH, THF se_ | se
1.5 Se Se +tWClg o > Sw
\Se ~Se toluene, n-pentane Sé \Se
L
| T
Scheme 1 Reaction of cyclic selenium  containing  ligand

[{(SeCzH4)2NMe},] with tungsten hexa-chloride (WClg) to the desired
complex [W{(SeC,H4).NMe},].
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oxidation of the tungsten center or the uncontrolled re-
oxidation of the reduced ligand system.

The resulting dark product was analyzed using multinuclear
NMR spectroscopy analysis including 1D and 2D NMR experi-
ments (*H, *C, 'H, 'H COSY, 'H, "*C HSQC, 'H, *C HMBC).
The spectral data confirmed the coordination of two dianionic
tridentate ligands to the same tungsten center. The proton
NMR spectrum exhibited eight inequivalent proton signals in
an integrative ratio of 2:2:2:6:2:2:4:2 corresponding to five
inequivalent carbon signals suggesting a rigid tungsten
complex in solution (Fig. S1, ESIT). The split proton signals,
result from the fixed orientation of the protons towards (endo
protons, highlighted in red) or away (exo protons, highlighted
in green) from the metal center, which allowed the identifi-
cation of 22 proton (Fig. 1 and 2b) signals but only five non-
equivalent carbon signals, due to the symmetrical arrangement
of the ligands. A similar non-fluxional behavior in solution has
been reported previously within this precursor class.>’*° The
methyl-group protons appeared as a singlet signal at 3.50 ppm,
correlated with the carbon signal at 59.1 ppm (Fig. S1, ESIT).
The CH,-protons exhibit complex multiplets, mirroring the
comparable structure observed in both solution and the solid-
state as shown in the molecular structure presented in Fig. 1.
Notably, the CH,-protons appearing at 3.13-3.18 ppm and 2.65-
2.75 ppm, correlated with the high-field carbon signal at
39.4 ppm. The CH,-protons with an integrative proton ratio
of four at 2.45 ppm correlate with the carbon signal observed at
66.8 ppm. The multiplets with a chemical shift of 4.08-
4.18 ppm and 3.50-3.58 ppm relate to the **C chemical shift
of 74.5 ppm. The carbon signal displaying the most down-field
shift corresponds to the CH,-protons at chemical shift of 4.45-
4.52 ppm and 2.18-2.29 ppm.

The elemental analysis of the tungsten precursor exhibited
close agreement between the calculated and measured values
for C, H and N contents. Furthermore, the solid-state structure
was elucidated by single crystal X-ray structure analysis of black
crystals grown from a chloroform/n-pentane solution revealing
a triclinic space group P1, with similar cell parameters as the
isotypical compounds ([M{(XC,H,),NMe},]; M = Ti"V, zr", Hf'"Y,
WY, Mo", sn", X = S, Se). The molecular structure as shown in
Fig. 2a confirmed the coordination of two chelating dianionic
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Fig. 2 Molecular structure of [W{(SeC,H,4),NMe},], (a) showing the dis-
torted octahedral coordination and bond length around the tungsten
center, (b) precursor chemical structure showing in total 22 protons,
highlighted are the exo (green) and end (red) oriented protons as identified
by NMR analysis.

ligands to the same metal center in a tridentate fashion,
resulting in a distorted octahedral coordination, consequently
stabilizing tetravalent oxidation state for the tungsten center.

The methyl groups of the coordinated ligands point towards
each other, due to the steric demand of the electron lone pairs
present on the selenium atoms. This particular arrangement of
the two coordinated ligands contributes to the rigidity of the
molecular framework in solution (see NMR analysis) and the
solid-state (Fig. 2). The Se-W bond length, ranging from 2.4-
2.5 A, differs from analogous sulfur compound [W{(SC,H,),NMe},]
(2.2-2.4 A)*?*3 however they are in accordance with other
reported W-Se bond lengths.>* The W-N bond lengths (2.388(5)
and 2.391(6) A) are within the range of literature-reported values
(1.92-2.49 AY***° and less elongated, when compared to the sulfur
containing structure (2.375(6) and 2.377(6) A) (Table 1). The
triangular planes formed by the tridentate coordination of each
ligand (Fig. S2a and b, ESIt) display a twist of 73.5°, slightly larger
compared to the sulfur containing compound due to the increased
repulsion of sterically demanding electron lone pairs at selenium.
To investigate the thermal decomposition behavior of the molecu-
lar precursor, TG-DSC measurements were conducted (Fig. S6,
ESIY), revealing a multistep decomposition process. The theoretical
mass loss of approximately 50%, indicative of the formation of
desired WSe, material was observed at a temperature of around
410 °C, as evidenced by an endothermic peak in the DSC curve.
However, no plateau formation was observed in the TG curve of the
molecular precursor, indicating its limited stability at higher
temperatures.

The complex [W{(SeC,H,),NMe},] was tested as a precursor
to obtain crystalline WSe, structures through microwave-
assisted solvothermal decomposition. Dissolving the precursor
in dry NMP (N-methyl-2-pyrrolidone) produced a dark brown
solution that was solvothermally treated for 15 min at 300 °C,
yielding a black precipitate which was separated from soluble
byproducts by centrifugation. The precipitated product was
washed with chloroform and ethanol in several subsequent
dispersion-centrifugation cycles, followed by drying at reduced
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Table 1 Comparison of selected cell parameters of literature known
[W{(SC,H4),NMe},] and the new complex, [W{(SeC,H4),NMe},], with their
molecular structures. The different chalcogenide atoms are highlighted in
orange (Se) and blue (S)

Complex
Cell parameter [W{(SeC,H,),NMe},]  [W{(SC,H,),NMe},]**
Empirical formulas WSe,CioHoN, WS,C1oH,,N,
Formula weight 669.98 g mol 482.38 g mol "
Crystal system Triclinic
Space group P1
R (int) 0.0353 0.1026
Unit cell dimensions @ = 7.9788 (3) A a=7.8311(7) A
b=9.7801 (4) A b =9.6503 (8) A
¢ =11.6660 (5) A c=11.2664 (1) A
o = 80.387 (3)° o = 82.455 (7)°
B =82.715 (3)° B = 84.507 (7)°

7 = 65.910 (3)° 7 = 66.593 (6)°
Volume 817.64(6) A’ 762.1(2) A
z 2 2

" e

\ { 7 ;‘ ?Hs
P

D

CH3

W

D

[W{(SeCzHy).NMel,] [W{(SCH,),NMe};]

pressure (50 °C for 30 min). The XRD diffraction data con-
firmed the formation of WSe, (ref. ICDD 00-038-1388; Fig. 3a,
cyan pattern) with low crystallinity. Further, calcination at
500 °C for 30 min under reduced pressure (Fig. 3a, black
pattern) and 700 °C for 7 h under N, (Fig. 3a, blue pattern)
enhanced the crystallinity of WSe, flakes (Fig. 3a). Microscopic
analysis validated the production of interconnected thin flake-
like WSe, structures (Fig. 3b and 4b).

The X-ray diffractogram of the product obtained from
microwave-assisted solvothermal decomposition of [W{(SeC,H,),-
NMe},] showed the incipient crystallization of WSe, (ICDD collec-
tion code: 00-038-1388, Fig. 3a, cyan pattern). To improve
the crystallinity of as-obtained WSe, flakes, calcination was per-
formed in vacuum (at 500 °C) and under N, atmosphere
(at 700 °C). The broad diffraction peaks and average full width at
half maximum (FWHM) indicate small crystallite sizes, estimated
to be about 10 nm using the Scherrer formula.*® A small amount of
tungsten oxide phase possibly formed by the thermal oxidation of
the selenide phase during calcination was detected with minor
intensity in the XRD pattern after calcination at 700 °C (blue
pattern, Fig. 3a). The partial oxidation of as-synthesized WSe, flakes
could not be avoided under the given experimental conditions and
sample transfer set-up. This limited stability at higher temperatures
of decomposition product from molecular precursor have been
observed in the previous reports on isotypic complexes of zirco-
nium and hafnium.”” Further structural analysis and an in-depth
microscopic analysis of pristine WSe, flakes (SEM and HRTEM)
confirmed the formation of nanocrystalline flakes of regular mor-
phology. The 2D flake-like structure observed in this study has been
reported for WSe, prepared by solvothermal syntheses.*'**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD patterns of microwave assisted solvothermal decomposition of [W{(SeC,H4),NMe},] precursor in NMP (cyan) and calcined WSe; flakes in

vacuum at 500 °C (for 30 min (black)) and under nitrogen atmosphere at 700 °C (for 7 h (blue)), reference WSe, (ICDD 00-038-1388) is shown in orange,
*showing a peak which could assume the formation of WO, (ICDD 00-082-0728, WO,; Fig. S5, ESIf). (b) SEM micrograph of resulting in WSe;

microstructures.
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Fig. 4
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(a) SEM image of WSe, with flower-like arrangement of 2D flakes, (b) SEM image of dispersed WSe, flakes, (c)-(f) elemental mapping showing

homogeneous distribution of tungsten and selenium located on as-prepared WSe, structures.

As shown in Fig. 5, the isolated WSe, flakes comprises a few-
layered material, packed in a disordered manner with minimal
stacking.*"*> Using EDS analysis, confirmation of the correct
stoichiometry of tungsten and selenium was established by
capturing low-energy electrons emitted from the sample’s sur-
face following the interaction with the primary electron beam,
utilizing secondary electron (SE) detectors. The measurement
reveals the expected metal-ligand ratio of 1:2, confirming the
formation of stoichiometric WSe, (Fig. 4c and d, Fig. S3, ESIf)
across a wide area of the sample. Point EDS-spectra further
supported the specific compositional ratio between tungsten
and selenium to be 1:2 (WSe,, Fig. 4c and d, (Fig. 4e and f
showing the main O and C contamination resulting from the
substrate) Fig. S3 and S4, ESIT).

© 2024 The Author(s). Published by the Royal Society of Chemistry

HRTEM analysis of WSe, nanostructures provided detailed
insight into morphology and crystallinity of individual flakes.
The results evidently confirm the layered structure of WSe, and
its hexagonal lattice (Fig. 5). Multilayers reveal an interlayer
distance of 0.67 nm, corresponding to the (002) lattice plane
(d = 0.648 nm). Additionally, layers oriented perpendicular to
the optical axis (highlighted area in Fig. 5a) exhibit a hexagonal
lattice arrangement, validated by fast Fourier transformation
(FFT) (Fig. 5a inset). The pattern compares well with the (001)
and (110) lattice plane distances of WSe, (II: 0.28 nm and III:
0.16 nm). Moreover, selected area electron diffraction (SAED) of
isolated flakes confirm the single crystalline nature of WSe,
platelets (Fig. 5b), with the diffraction pattern correlating with
the WSe, structure.

Mater. Adv., 2024, 5, 3490-3498 | 3493
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Fig. 5 (a) HRTEM image of pristine WSe, flower like structures with
interplanar distance of 0.67 nm (a) corresponding to the (002) plane. Fast
Fourier transformation (FFT) of selected area yields highly ordered hex-
agonal pattern (inset) corresponding to the (100) (I) and (110) plane (Il1),
respectively. (b) Hexagonal SAED pattern confirms the high crystallinity of
WSe, flakes.

The catalytic potential of WSe, flakes in the oxygen evolution
reaction (OER) was evaluated utilizing a nickel foam (1 cm x
1 ¢cm) coated with a mixture of pristine WSe, flakes, Super P*'Li
(a high purity and structured carbon black powder) and Nafion
(acting as a binder) as anode in the water-splitting reaction.
Typically, OER experiences a high overpotential and sluggish
kinetics due to oxygen-containing intermediate species that
bind onto the active catalytic surface."* Using linear sweep

a) 100
—WSe,
go] ——Ni-Foam-SN
& —— Ni-Foam
£
o
E 60
2>
@
&
8 40
€
£
3
3 204
0
T T T
1.0 12 14 16
E [V] vs RHE
C
0.006{ ——40mVs"
0.004 -
<
£ 0.002
2
B
S 0.000 4
kel
€
2 -0.002 4
p=3
o
-0.004 |
-0.006 -|

T T T T T
0.00 0.05 0.10 0.15 0.20
Potential [V] vs RHE

Fig. 6

View Article Online

Paper

voltammetry (LSV) at a scan rate of 2 mV s~ (Fig. 6a), a bare
nickel foam with a platinum counter electrode against calomel
and anode without WSe, catalyst (only Super P*Li and Nafion
on nickel foam) served as the references. The overpotential,
calculated at a current density of 10 mA cm™>, revealed the
performance of WSe, composite catalyst against the two refer-
ences demonstrating higher current density and superior elec-
trochemical performance (Fig. 6a). The WSe, catalyst showed
an overpotential of 210 mV, which was 79 mV lower than that of
bare nickel foam (Ni-foam, 289 mV),*>*® nickel foam contain-
ing Super P®Li and Nafion (Ni-foam-SN) and in comparison to
values reported in the literature (Fig. 6a)."*'® These results
greatly demonstrate the faster OER kinetics of prepared WSe,
nanocrystals.

The durability of the WSe, catalyst under alkaline conditions
was investigated using chronopotentiometry measurements for
>22 hours. The overpotential of 210 mV remained stable
during this period (Fig. 6b) showing a good stability over time.
Electrochemical active surface area (ECSA [cm?]), characterizing
the electroactive surface area of the catalyst, was determined by
cyclic voltammetry measurements in a voltage range of 0 to
0.2 V vs. RHE at varying scan rates (10-40 mV s~ '). Fig. 6c
illustrates the obtained CV curves, from which the current
density was extracted at a potential of 0.1 V vs. RHE. The ECSA
is calculated from the specific capacitance (Cs = 0.04 mF cm™?)
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(a) Linear sweep voltammetry of WSe; flower-like structures with Super P®Li and Nafion on nickel foam (WSe,, red curve) in comparison to only

Super P®Li and Nafion on nickel foam (Ni-foam-SN, blue curve) and bare nickel foam (Ni-foam, green curve) used as references (b) chronopotentio-
metry of WSe, at a current density of 10 mA cm™2, (c) cyclic voltammetry curves at different scan rates from 10-40 mV s~* and (d) current density vs. scan

rate for calculation of the double-layer capacitance (Cq, = 2.69 mF).
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of used alkaline system and the double-layer capacitance (Cqj,
which is calculated from measured CV curves, Fig. 6d). The
ECSA of the WSe, electrocatalyst was found to be 67.3 cm?
showing a higher active surface area compared to reported
values (34.86 cm?, 41.65 cm”) for WSe,,*"*” which facilitates the
binding of electroactive oxygen-based intermediate species on
the catalyst surface.***®

Conclusions

Easy availability of high-purity nanophase materials exhibiting
specific properties, tailored shape and microstructure is essen-
tial for transforming their scientific potential into innovative
advanced functional materials and efficient devices. Extensive
research in the synthesis and processing of inorganic nanoma-
terials have resulted in a wealth of data, however, synthetic
protocols to validate reproducible scaled-up production of
ordered nanostructures, are still elusive. Application of tailored
molecular precursors offer potential for addressing the prevail-
ing challenges of energy turnaround of materials processing
methods, achieving high atom-economy for resource-efficient
use of raw materials and reduction of consequent purification
and post-synthesis treatment steps.**>* The approach reported
here for the fabrication of high purity WSe, nanostructures by
low-temperature transformation of a single molecular precursor
emphasizes the power of synthesis in controlled growth of
nanostructured materials. Leveraging the solubility in common
organic solvents and stability of this precursor, microwave-
assisted solvothermal decomposition enabled a rapid and repro-
ducible material processing of crystalline WSe, flakes, as verified
by chemical and structural analysis. Through the systematic
expansion of the molecular library of metal-chalcogenide com-
plexes reliable and efficient chemical pathway for molecule-
based materials is feasible, which however demands synthesis
and characterization of new precursors for accessing kinetically
stabilized compositions.”*>® Nanoflakes of single crystalline
WSe, exhibited notably enhanced electrochemical performance
in terms of overpotential, active surface area, and stability, when
compared to prior studies.

Experimental

All manipulations of air- and moisture-sensitive materials were
carried out under a nitrogen atmosphere using Stock-type all-
glass assemblies. All solvents and reactants were used without
further purification except when specified. Tungsten hexachlor-
ide (99.9%) was purchased from ABCR Chemicals, potassium
selenocyanate (98.5%) was purchased from Alfa Aesar and
LiEt;BH (1 M in THF) was purchased from Merck, N-methyl-
2-pyrrolidone (NMP) was purchased from TCI. Super P®Li was
purchased from TIMCAL and Nafion D-521 Dispersion (5 w/w%
H,0/iso-propanol) was used as a binder and purchased from
Alfa Aesar. Toluene, n-heptane, n-pentane, and tetrahydrofuran
(THF), which were used for the syntheses of metal complexes,
were dried by standard methods with appropriate desiccating

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reagents and distilled prior to their use.’® Microwave-assisted
thermal decomposition experiments have been performed with
a Discover 2.0 microwave system from CEM using a fixed power
program. Typically, 30 mg of molecular precursor were dis-
solved in 3.5 mL NMP and flushed with argon. The reaction
mixture was rapidly heated to 300 °C and maintained for
15 min. The black precipitate was removed from the super-
natant by centrifugation. The precipitate was washed three
times by dispersing it in chloroform, sonicating the dispersion,
and removing the supernatant by either decantation or centri-
fugation. Pristine WSe, flakes were dried under reduced pres-
sure (102 Torr) at 50 °C for 0.5 h using a vacuum oven.

Data collection for single crystal X-ray structural elucidation
was performed on STOE IPDS II/2T diffractometer using
graphite-monochromatized Mo K, radiation (0.71073 A). The
data were corrected for Lorentz and polarization effects.
A numerical absorption correction based on crystal-shape
optimization was applied for all data. The programs used in
this work are STOE’s X- Area, including X-RED and X-Shape
for data reduction and absorption correction, SIR-92 and
SHELXL-2014 for structure solution, and SHELXL for structure
refinement.””*> CCDC 2307367 contain the supplementary
crystallographic data for [W{(SeC,H,),NMe},].t NMR spectra
were recorded either on a Bruker Avance II 300 spectrometer;
chemical shifts are quoted in part per million relative to
external TMS (*H and '°C). Powder X-ray diffraction (XRD)
patterns were measured on a Stoe Stadi-P diffractometer
equipped with a Mythen 1 K detector using Mo K, radiation
(% = 0.71073 A). Samples were measured in sealed glass capil-
laries with a diameter of 0.3 mm. The size and morphology of
deposited films were analyzed using a Zeiss Sigma 300 VP RISE,
a field emission scanning electron microscope (SEM) with
integrated energy-dispersive X-ray spectroscopy (EDS) measure-
ment instruments from Oxford Instruments Xplore 30, and a
JEM-2200FS transition electron microscope (TEM), operated at
200 kv with an UHR pole piece and in-column filter. The
acquisition of scanning electron microscopy (SEM) images is
enhanced by the utilization of both Inlens and secondary
electron (SE) detectors, offering distinct advantages in imaging
and analytical capabilities. Inlens detectors excel in acquiring
high-quality, detailed images with improved contrast and reso-
lution, especially when imaging topographical features and
surface morphology.

Synthesis of 5,12-dimethyl-1,2,8,9-tetraselena-5,12-
diazacyclotetradecane, [{(SeC,H,),NMe},]

Caution! N,N-Bis(chloroethyl)methylamine hydrochloride is
toxic and carcinogenic. Resorption of CN-formed during the
reaction can be deadly. Exposure, including skin contact, must
be avoided. This substance and any contaminated surfaces and
glassware must be handled with the necessary precautions and
safety standards.

In a three-necked round bottom flask, under nitrogen atmo-
sphere, KSeCN (3.11 g, 21.6 mmol) was dissolved in MeOH
(30 mL). N,N-bis(chloroethyl)methylamine (1.99 g, 10.2 mmol)
dissolved in MeOH (20 mL) was added slowly through a
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dropping funnel under continuous stirring. The red suspension
was stirred at 80 °C for 5 hours. After that point, the reaction
mixture was not sensitive against oxygen or ambient moisture.
The grey suspension was cooled down to room temperature and
KOH (5.81 g, 103.6 mmol) was added portion-wise under water
bath cooling. The reaction mixture was found to turn yellowish
and was stirred at room temperature for 16 h. Chloroform
(60 mL) and water (60 mL) were added to the suspension,
forming a yellow layer. The layers were separated, and the
aqueous layer was extracted with chloroform. The combined
organic phases were washed with water and dried over MgSO,.
The excess of organic solvent was removed under reduced
pressure. In a 100 mL round bottom flask, the yellow crude
product was dissolved in minimum amount of CHCI; and the
remaining volume was made up by adding methanol. The flask
was stored overnight at —30 °C. After decantation, selenium
containing ligand (1.51 g, 3.11 mmol, 61%) was obtained as a
light-yellow crystalline product.

'H NMR (300 MHz, CDCl;) 6 [ppm]: 3.11 (t, 8H, J = 8.2 Hz,
-N-CH,-CH,-Se-), 2.78 (t, 8H, J = 8.2 Hz, -N-CH,-CH,-Se-),
2.31 (s, 6H, -N(CH,)).

BC NMR (75 MHz, CDCl;) § [ppm]: 58.2 (-N-CH,-CH,-Se-),
43.7 (-N(CHj,)), 27.9 (-N-CH,-CH,-Se-).

Synthesis of bis(2,2’-(methylazanediyl)bis(ethane-1-selenolate))
tungsten(1v), [W{(SeC,H,),NMe},]

The selenium containing ligand (441 mg, 0.908 mmol) was
dissolved in dry THF (15-20 mL) under N, atmosphere. To the
resulting yellow solution, LiHBEt; (3.61 mL, 1 M in THF) was
added dropwise until full discoloration occurred and gas
evolution seized. Following that WCls (240 mg, 0.605 mmol)
was added, when the colorless solution turned immediately
into a deep red-brownish suspension. The wine-red reaction
mixture was stirred at room temperature for 60 minutes and
the solvent was removed under reduced pressure. The solid
residue was extracted with CHCI; (2 x 10 mL) and decantated
into a separate flask. The volume of the solvent was reduced by
50% and n-pentane (50 mL) was added to the dark precursor
solution. A dark brown precipitate was formed. The flask was
stored in the freezer overnight to complete the precipitation of
the product. After decantation, the residue was washed twice
with n-pentane. After drying under reduced pressure, the final
compound (269 mg, 401 mmol, 66%) was obtained as a black
powder. Calc. for [W{(SeC,H,),NMe},] (MW 670): C, 17.9, H,
3.3, N, 4.1. Found: C, 19.2, H, 3.5, N, 3.6.

'H NMR (300 MHz, CDCl;) § [ppm]: 4.48 and 2.23 (m, 2H
and 2H, -N-CH,-CH,-Se-), 4.13 and 3.55 (m, 2H and 2H, -N-
CH,-CH,-Se-), 3.49 (s, 6H, -N(CHj3)), 3.16 and 2.69 (m, 2H and
2H, -N-CH,-CH,-Se-), 2.49 (m, 4H, -N-CH,-CH,-Se-).

3C NMR (75 MHz, CDCl3) 6 [ppm]: 100.6 (-N-CH,~CH,~Se-),
74.0 (-N-CH,-CH,~Se-), 66.6 (-N-CH,~CH,-Se-), 59.1 (CHj), 39.0
(-N-CH,—-CH,~Se-).

Electrochemical testing

Pristine WSe, flakes were used in the electrochemical measure-
ments reported here. All electrochemical studies were performed
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using a three-electrode setup containing a platinum coil as a
counter electrode and a calomel electrode (Hg/Hg,Cl,, 3 M KCl)
in 1 M KOH electrolyte as the reference. The electrode prepara-
tion was performed by homogeneous dispersion of 4.0 mg of as-
prepared WSe, flakes, 0.5 mg Super P®Li (high purity and
structured carbon black powder with a moderate surface area)
as conductive carbon and 100 pul 5 wt% Nafion solution (5 w/w%
H,0 and 'PrOH 1: 1) drop-coated onto the nickel foam function-
ing as current collector, resulting in an active mass loading of
4 mg cm ™ in the prepared electrode. Prior to electrochemical
investigation, cyclic voltammetry was measured for 5 cycles in a
voltage range of 0-0.7 V with a scan rate of 0.05 Vs~ .
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