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ABSTRACT: We report a synthesis of WSe, nanocrystals in which the
number of layers is controlled by varying the precursor concentration. By
altering the ratios and concentrations of W(CO)s and Ph,Se, in
trioctylphosphine oxide, we show that high [Se] and large Se/W ratios lead
to an increased number of layers per nanocrystal. As the number of layers per
nanocrystal is increased, the nanocrystal ensembles show less phase-conversion
from the metastable 2M phase to the thermodynamically favored 2H phase.
Density functional theory calculations indicate that the interlayer binding
energy increases with the number of layers, indicating that the stronger > W
. . . . ’ . Number of Layers

interlayer interactions in multilayered nanocrystals may increase the energy

barrier to phase-conversion. The results presented herein provide insights for

directing phase-conversion in solution-phase syntheses of transition metal dichalcogenides.

2H/2M Phase-Conversion

B INTRODUCTION temperature of any TMD.'® Due to the relatively recent
discovery of the 2M phase, only a few direct syntheses have

Layered transition metal dichalcogenides (TMDs) have -
’ 8 ( : been established.'®™>"**~>’ Most methods rely on postsyn-

accrued much interest due to the unique electronic properties

imparted by the two-dimensional structure.”” Group-VI thetic processing to access the 2M phase by conversion from
TMDs, including MoS,, MoSe,, WS,, WSe, and MoTe,, are the 2H phase, where metal salts or reductants are adsorbed on
unique in that the thermodynamically favored phase 1s the surface or intercalated into the structure. These additives
semlconductlng =5 with a direct bandgap at the monolayer, then need to be removed with a washing step to yield pure 2M
makmg them attractive candidates for optoelectronic applica- phase.'>'®*™* Alternative routes have been developed with
tions.”'* Furthermore, due to the lack of inversion symmetry the inclusion of alkali metals during the synthesis of the TMD,
at the monolayer, this bandgap is valley-dependent, enabling but still require a postsynthetic deintercalation step to yield
quantum control of the valley pseudospin for use in pure 2M phase."* %%
information processing.''~'* Application of TMDs thus Colloidal synthesis has recently emerged as a promising
benefits from reliable control over the number of layers. method to directly access metastable phases.”*™>%%'7*
Group-VI TMDs have long been understood to exhibit Solution-phase crystallizations can readily access kinetically
polymorphism,"”~"" but only recently have the additional controlled reaction regimes, in which there is a lower energy
phases been fully characterized."®™° In these TMDs, the barrier to the nucleation and growth of the metastable phase
thermodynamically favored phase crystallizes in the hexagonal compared to that of the thermodynamically favored
P6;/mmc space group with two layers per unit cell (thus phase.””7" In these cases, the metastable phase can be
denoted 2H) and is built from metal atoms coordinated by selected for by simply stopping the reaction prior to conversion
chalcogens in a trigonal prismatic geometry (Figure S1a).”' to the thermodynamically favored phase. Although the reaction
This is the aforementioned phase that gives rise to a pathway is often not precisely known, this phenomenon is

semiconducting band structure. Recently, a metastable phase
has been synthesized in which the metal atoms are coordinated
in a distorted octahedral geometry.'* >>**~* Monolayers of
this phase are isostructural to other distorted octahedral (1T’
or Tj) layers,”*~** but multilayers stack in the monoclinic C2/ -
m space group with two layers per unit cell (thus denoted 2M, Rec_e“'ed: June 7, 2024 —
Figure S1b).'*7*° Group-VI TMDs with the distorted Revised:  August 6, 2024 S
octahedral coordination are attractive due to their behavior Accepted:  August 7, 2024 2
as topological insulators at the monolayer limit*>** and as Published:  September 9, 2024
topological superconductors in the bulk."*** Indeed, bulk 2M

WS, has the highest intrinsically superconducting transition

commonly observed during the synthesis of multiphase
systems and is referred to as Ostwald’s rule of stages.”””°
Indeed, nucleation and growth of the metastable phase of
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“Standard” Reaction: [W] = 12 mM, [Se] = 120 mM, [Se] + [W] = 132 mM, Se/W = 10
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Figure 1. Characterization of WSe, nanocrystals synthesized with [W(CO)¢] = 12 mM, [Se] = 120 mM, [Se] + [W] = 132 mM, Se/W = 10. (a)
Powder X-ray diffraction patterns of aliquots collected at (bottom to top) 7, 10, 15, 20, 40, 70, 130, and 190 min following injection of Ph,Se,.
Patterns predicted from single-crystal data for the 2M (bottom)'® and 2H (top)>* phases of WSe, are shown for comparison. (b) Raman spectra of
the same aliquots. Vertical lines indicate the expected peak locations for the 2M (dashed) and 2H (solid) phases. (c) Estimated number of layers
and (d) ratio of the 2H (250 cm™) to 2M (220 cm™') Raman intensities as a function of time after the injection of Ph,Se,.

many group-VI TMDs has been observed during colloidal
synthesis. 242963687779

Colloidal synthesis of WSe, nanocrystals serves as a useful
platform for understanding factors that enable direct access to
the metastable phase, in part due to the relatively small
difference between the ground state energies of 2H and 2M
WSe,.*" Many syntheses of other group-VI TMDs require
charge-injection into the nanosheets from highly reducing
precursors” " *®778178% or heterovalent dopants’”**¢ to
stabilize the metastable phase. The 2M phase of WSe,,
however, is readily accessed by the kinetically controlled
reaction regimes achievable with colloidal synthe-
sis.” 729999978 Ror example, Sokolikova et al. demonstrated
the synthesis of 2M WSe, at 300 °C in oleic acid using either
tungsten hexachloride or tungsten hexacarbonyl (W(CO)s)
and trioctylphosphine selenide or elemental Se.”> The resulting
nanoflowers could then be postsynthetically converted to the
2H phase by annealing at 400 °C.*° We have previously
demonstrated a phase-selective synthesis of WSe, by using
ligands to vary the tungsten precursor reactivity.”® Specifically,
hot-injection of Ph,Se, into W(CO) in mixtures of oleic acid
(OA) and trioctylphosphine oxide (TOPO) at 330 °C resulted
in more 2M phase for low TOPO/OA ratios (low reactivity),
and more 2H phase for high TOPO/OA ratios (high
reactivity). Importantly, this study demonstrated that the
synthesesare under kinetic control by identifying the
metastable 2M phase prior to conversion to the thermody-
namically favored 2H phase. Although it has been clearly
demonstrated that colloidal synthesis is a useful strategy in
directly synthesizing the metastable phase, the crystallization
pathway is still not well-understood.

Here, we present a strategy to vary the number of layers (n)
and, consequently, the phase in colloidally synthesized WSe,
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nanocrystals. By adjusting the precursor ratio (Se/W) and
concentrations ([Se] and [W]), we can select for nanocrystals
with n & 1-6. Specifically, when Se/W = 2, primarily
monolayer (n &~ 1) nanocrystals are formed, regardless of the
precursor concentration. When Se/W > 2, multilayer (n > 1)
nanocrystals are formed in which n depends on [Se] and [W],
but is independent of Se/W. Importantly, n strongly influences
the conversion of nanocrystals from the 2M to 2H phase.
Monolayer nanocrystals are readily converted to the 2H phase,
while multilayer nanocrystals show less phase-conversion with
increasing n. We hypothesize that this decreased phase-
conversion in multilayer nanocrystals is due largely to
interlayer interactions, which are nonexistent in monolayer
nanocrystals, allowing for facile phase-conversion. Density
functional theory (DFT) calculations reveal that the interlayer
binding energy increases with n, consistent with the trend of
decreased phase-conversion.

B RESULTS AND ANALYSIS

Figure 1 presents the characterization of our “standard” WSe,
synthesis ([W] = 12 mM, [Se] = 120 mM, [Se] + [W] = 132
mM, Se/W = 10). Here, 21.5 mg (0.06 mmol) W(CO)4 and
3.6 g TOPO were heated to 150 °C under argon and held for
~10 min to allow complete solubilization and ligand
replacement of W(CO)4** Then, 0.31 mmol Ph,Se, in 1 mL
hexadecane was swiftly injected into the W(CO); solution.
Immediately following the injection, the mixture was heated to
330 °C over 10 min, after which the reaction was held for 3 h.
To monitor changes in the nanocrystal morphology and phase,
several aliquots were collected throughout the reaction and
characterized with powder X-ray diffraction (Figure la) and
Raman spectroscopy (Figure 1b). Details regarding the heating
profile and aliquots can be found in Figure S2 and Table S1.
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Figure 2. Raman spectra of aliquots taken during the synthesis of WSe, nanocrystals with [W] = 12 mM and [Se] = (a) 24 mM (2 Se/W), (b) 47
mM (4 Se/W) and (c) 243 mM (20 Se/W). (d) Ratio of the 2H (250 cm™") to 2M (220 cm™") Raman intensities as a function of time for each of
the syntheses. (e) Powder X-ray diffraction patterns of the 70-min aliquots of each synthesis. Patterns predicted from single-crystal data of the 2M
(bottom)'® and 2H (top)>* phases of WSe, are shown for comparison. (f) Estimated number of layers as a function of Se/W for all syntheses with

(W] = 12 mM.

Powder X-ray diffraction was used primarily to monitor the
nanocrystal morphology and crystallinity. Figure la presents
the powder X-ray diffraction patterns for each aliquot collected
with increasing reaction time. Patterns predicted from single-
crystal data of the 2M (bottom)'” and 2H (top)*” phases of
WSe, are provided for comparison. Both phases have a
reflection near 20 = 13.7° that can be used to estimate the
number of layers within the nanocrystals (the (200) reflection
at 20 = 13.74° for 2M and the (002) reflection at 20 = 13.65°
for 2H; herein we will refer to this as the interlayer reflection).
At early time and low temperature (7 min after injection, 250
°C), there is no interlayer reflection in the powder pattern,
indicating little to no stacking of monolayers. The lack of an
interlayer reflection at early times could be a consequence of
poor ordering in multilayered nanocrystals, but transmission
electron microscopy (TEM) analysis of WSe, nanocrystals
from similar syntheses has revealed mostly monolayer
nanocrystals.”> The broadness of this first powder pattern
indicates short-range order in all directions. Once the reaction
reaches 330 °C (10 min after injection), an interlayer reflection
is present and other reflections become sharper, indicating an
increase in crystallinity.
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At 15 min, two distinct reflections begin to emerge in the
region of 20 &~ 30—35°. These can be assigned to the (100)
reflection of the 2H phase (20 =~ 32°) and the (3—11)
reflection of the 2M phase (20 ~ 34°). The (100) reflection
becomes more prominent as the reaction progresses, indicating
an increase in contribution from the 2H phase. Using these
reflections, we can monitor the phase-conversion by defining
an intensity ratio, I ,/I, o« 2H/2M. This ratio increases as the
reaction progresses (Table S1), indicating conversion to the
2H phase. During this time, there is little change in the full
width at half-maximum (FWHM) of the interlayer reflection,
indicating negligible change in the number of layers after the
first 10 min of the reaction (Figure 1c, Table S1). We note that
the number of layers determined using the Scherrer equation
should be considered an estimate rather than an absolute
quantitative value,”” and thus we will focus more on trends in
this number rather than the specific values.

Phase identification of nanocrystalline TMDs can be
challenging by powder X-ray diffraction alone due to the
similarity of the 2M and 2H powder patterns and the
broadness of the reflections. We thus use Raman spectroscopy
as the primary tool to monitor phase-conversion. Figure 1b

https://doi.org/10.1021/acs.chemmater.4c01602
Chem. Mater. 2024, 36, 8834—8845
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Figure 3. Raman spectra of aliquots taken during the synthesis of WSe, nanocrystals with [Se] &~ 120 mM and [W] = (a) 59 mM (2 Se/W), (b) 31
mM (4 Se/W) and (c) 5 mM (23 Se/W). (d) Ratio of the 2H (250 cm™) to 2M (220 cm™") Raman intensities as a function oftime for each of the
syntheses. (e) Powder X-ray diffraction patterns of the 70-min aliquots of each synthesis. Patterns predicted from single-crystal data of the 2M
(bottom) and 2H (top) phases of WSe, are shown for comparison. (f) Estimated number of layers as a function of Se/W for all syntheses with [Se]

~ 120 mM.

presents the Raman spectra of the same aliquots as in Figure
la. At S and 10 min following the injection, no Raman modes
are observed, consistent with the low crystallinity observed by
X-ray diffraction. Beginning at 15 min after the injection, 3
peaks emerge near 220, 240, and 260 cm™} matching the
known Raman modes of the 2M phase of WSe,.'”***® As the
reaction progresses, a peak emerges at 250 cm™} matching the
unresolved combination of the A;, and E,; modes of the 2H
phase.**™"° To track the phase-conversion, we use a ratio of
the Raman intensities near 250 and 220 cm™" (I59/ L5 o 2H/
2M). This ratio is plotted as a function of reaction time in
Figure 1d. The solid line is a guide to the eye. We note that
Raman spectroscopy is more sensitive to the 2H phase due to
greater light—matter interactions of the semiconducting phase.
We thus use this method to follow phase-conversion, but not
to report on the quantitative phase-composition.

The reproducibility of this synthetic method was verified by
performing two additional reactions with the same conditions
(Figure S3, Table S2). The standard deviations of the FWHM
of the (002) reflection as well as the ratio of Raman intensities
(Liso/Lpy) are <15% of the reported values (Table S2),
suggesting that the presented method can be used to
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synthesize WSe, nanocrystals with reproducible morphology
and phase. We can thus use this method to systematically
evaluate the phase-conversion during the colloidal synthesis of
WSe, nanocrystals.

The inclusion of excess chalcogen has served as a useful tool
in controlling the phase’’ and morphology””* of group-VI
TMDs synthesized via molecular beam epitaxy and chemical
vapor deposition (CVD), respectively. Analogous effects,
however, have remained relatively unexplored in colloidally
synthesized nanocrystals. In one study, the concentration of
Mo precursor was shown to impact the size and phase of
colloidally synthesized MoS, nanocrystals,”* but the role of
chalcogen concentration or chalcogen/metal ratio was not
independently evaluated. In another example, increasing Se/W
from 1 to 2 resulted in increased amounts of the 2M phase,*®
but the reason for the trend was not elucidated. Here, we
synthesize a series of WSe, nanocrystals in which Se/W is
varied first by changing [Se]. Specifically, [W] was held
constant at 12 mM (matching the standard reaction), while
[Se] was varied to be 24 mM (2 Se/W), 47 mM (4 Se/W) or
243 mM (20 Se/W). All other conditions were analogous to
the standard reaction. The specific conditions for this series are

https://doi.org/10.1021/acs.chemmater.4c01602
Chem. Mater. 2024, 36, 8834—8845
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Figure 4. Raman spectra of aliquots taken during the synthesis of WSe, nanocrystals in which both [Se] and [W] were varied such that Se/W = 10

and [Se] +

[W] = (a) 40, (b) 63 and (c)264 mM. (d) Ratio of the 2H (250 cm™) to 2M (220 cm™') Raman intensities as a function of time for

each of the syntheses. (e) Powder X-ray diffraction patterns of the 70-min aliquots of each synthesis. Patterns predicted from single-crystal data of
the 2M (bottom) and 2H (top) phases of WSe, are shown for comparison. (f) Estimated number of layers as a function of Se/W for all syntheses

with Se/W =~ 10

provided in Table S2. As described above, phase-conversion
was monitored by collecting Raman spectra on aliquots with
increasing reaction time (Figure 2a—c). With 2 Se/W ([Se] =
24 mM, Figure 2a), once the WSe, is crystalline enough to
observe distinct Raman modes (aliquot 3), the spectrum
consists primarily of a peak at 250 cm™". This peak is indicative
of the 2H phase, which dominates the Raman spectra
throughout the remainder of the reaction. As Se/W is
increased to 4 ([Se] = 47 mM, Figure 2b), small contributions
to the Raman spectra from peaks at 220 and 260 cm™' are
observed, indicative of some 2M phase. These 2M peaks, along
with one at 240 cm™, are obvious at Se/W = 10 ([Se] = 120
mM, Figure 1b) and are the most prominent at Se/W = 20
([Se] = 243 mM, Figure 2c). The effect on phase-conversion
of varying Se/W by changing [Se] is summarized in Figure 2d,
which shows the ratio of the Raman intensities as a function of
time. The solid lines are guides to the eye. These data reveal
that, as Se/W (or [Se]) increases, the extent of phase-
conversion decreases. This trend is summarized in Figure S4a—
d, which plots the ratios of the Raman intensities as a function
of [W], [Se], [Se] + [W] and Se/W.
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The powder X-ray diffraction patterns of aliquots taken
earlier in the reaction (Figure 2e) reveal the same trend in
phase as the Raman spectra. For the nanocrystals synthesized
with 2 Se/W ([Se] = 24 mM), the (013) reflection (20 =
37.86°) is more intense than in the other powder patterns,
suggesting this nanocrystal ensemble has the most 2H phase of
the series. Conversely, for nanocrystals synthesized with 20 Se/
W ([Se] = 243 mM), the (—113) reflection (20 = 34.55°) is
more intense than in the other powder patterns, suggesting this
nanocrystal ensemble has the most 2M phase of the series.
This trend is summarized in Figure SS5a—d, which plots the
ratio of X-ray diffraction intensities (I3,/I;, &« 2H/2M) as a
function of [W], [Se], [Se] + [W] and Se/W.

Interestingly, the powder patterns also reveal a change in the
interlayer reflection (26 = 13.7°) as Se/W is increased. This
reflection is not observable for 2 Se/W ([Se] = 24 mM,), but
appears and narrows as Se/W increases (Table S2). This
observation indicates that nanocrystals synthesized at higher
Se/W (or [Se]) are more stacked (i.e, have more layers).
Figures 2f and S6a—d show the approximate number of layers
in the nanocrystals, estimated via Scherrer analysis, as a
function of [W], [Se], [Se] + [W] and Se/W. The trend

https://doi.org/10.1021/acs.chemmater.4c01602
Chem. Mater. 2024, 36, 8834—8845


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01602/suppl_file/cm4c01602_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01602/suppl_file/cm4c01602_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01602/suppl_file/cm4c01602_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01602/suppl_file/cm4c01602_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01602/suppl_file/cm4c01602_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01602/suppl_file/cm4c01602_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01602?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01602?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01602?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01602?fig=fig4&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c01602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

observed by X-ray diffraction is corroborated by TEM, which
reveals that increased Se/W (or [Se]) leads to increased
stacking but does not significantly affect the lateral size of the
nanocrystals (Figure S7). We note that, although the lack of an
interlayer reflection in the powder pattern suggests that
nanocrystals synthesized with 2 Se/W ([Se] = 24 mM) are
single-layer, some multilayered nanocrystals are still observed
in the TEM images. Although Scherrer analysis may provide an
underestimate of sizes compared to TEM, the latter provides
only a localized representation of the nanocrystal ensemble.
We thus chose to use the number of layers estimated by
powder X-ray diffraction to represent the trends in these
experiments.

The data presented in Figure 2 suggest that increased Se
yields less phase-conversion and more layers per nanocrystal.
These experiments alone, however, do not distinguish between
the influence of Se/W or absolute [Se]. To separate these
effects, we next changed Se/W by changing [W] while keeping
[Se] constant (Figure 3). For this series, [Se] was held at ~120
mM (close to the standard reaction), while [W] was varied to
be 59 mM (2 Se/W), 31 mM (4 Se/W) or S mM (23 Se/W).
All other conditions were analogous to the standard reaction.
The conditions for this series are provided in Table S2. With 2
Se/W ([W] = 59 mM, Figure 3a), once the WSe, is crystalline
enough to observe distinct Raman modes (aliquot 2), the
spectrum consists primarily of a peak at 250 cm™". This peak is
indicative of the 2H phase, which dominates the Raman
spectra throughout the remainder of the reaction. When Se/W
is increased to 4 ([W] = 31 mM, Figure 3b), 10 ([W] = 12
mM, Figure 1b), or 23 ([W] = S mM, Figure 3c), distinct
contributions from peaks at 220, 240 and 260 cm™! are
observed, indicative of some 2M phase. Interestingly, the
Raman spectra reveal very little influence on phase-conversion,
except at Se/W = 2 (Figures 3d, S4e—h). This trend is also
observed in the powder X-ray diffraction patterns (Figures 3e,
SSe—h). The large increase in phase-conversion at Se/W = 2
may suggest that nanocrystals that are primarily monolayer
undergo significantly greater phase-conversion than multi-
layered nanocrystals (vide infra). Importantly, the lack of
difference in phase-conversion for Se/W = 4, 10, and 23
suggests that Se/W is not the determining factor for phase-
conversion and that absolute concentration ([Se] and/or [Se]
+ [W]) may be more important.

Figures 3f and S6e—h show the estimated number of layers
as a function of [W], [Se], [Se] + [W] and Se/W. Although
the number of layers drastically increases from Se/W = 2 to
Se/W = 4, subsequent increases in Se/W lead to a decrease in
the number of layers. These results suggest that (1) reactions
with Se/W = 2 may behave differently than those with Se/W >
2 (vide infra) and (2) Se/W is not the determining factor in
the number of layers, as the trend observed for increasing Se/
W by decreasing [W] is opposite that of increasing Se/W by
increasing [Se]. Taking these two series together, the data
suggest that the number of layers depends on concentration
rather than Se/W. Specifically, we see that decreasing [W], and
therefore decreasing the overall concentration ([Se] + [W]),
leads to a decrease in the number of layers (excluding Se/W =
2). Similarly, increasing [Se] (and therefore increasing [Se] +
[W]), leads to an increase in the number of layers.

To confirm the influence of total concentration, a series of
WSe, nanocrystals were synthesized in which [Se] and [W]
were simultaneously adjusted to vary the total concentration
([Se] + [W]) to be 40, 63, or 264 mM while maintaining Se/
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W = 10 to match the standard reaction. The conditions for this
series are provided in Table S2. Raman spectroscopy reveals a
modest decrease in phase -conversion with increasing
concentration (Figures 4a—d, S4i—1) that is corroborated by
power X-ray diffraction (Figures 4e, SSi—1). Taken together,
these series suggest that the precursor concentration, which is
dominated by [Se], is an important factor in the phase-
conversion (Figures S4, SS). To corroborate this conclusion,
additional reactions were performed in which [Se] and [W]
were simultaneously varied to keep [Se] + [W] nearly constant
while greatly varying Se/W (Figure S8, Table S2). In these
reactions, a small increase in the precursor concentration
results in a very small decrease in the phase-conversion (except
at Se/W = 2), even with a large increase in Se/W (Figures S8d,
S4m—p, SSm—p, Table S2).

Analysis of the powder X-ray diffraction patterns for
nanocrystals synthesized with varying total concentration
(Figure 4e) reveals that the precursor concentration also
plays an important role in the number of layers per
nanocrystal. Specifically, as the overall concentration is
increased, so are the number of layers (Figure 4f), consistent
with the results presented in the first two series (Figure S6).
Additional reactions in which [Se] + [W] is kept relatively
constant (Figure S8, Table S2) show a very small decrease in
the number of layers with a small increase in the total
concentration (except at Se/W = 2), even with a large increase
in Se/W (Figures S8f, S6m—p).

B DISCUSSION

Influence of Concentration on Layer Stacking. Powder
X-ray diffraction of aliquots from the standard reaction (Figure
la) indicates that WSe, nanocrystals synthesized herein
nucleate primarily as monolayers, as evidenced by the lack of
an interlayer reflection 7 min after Ph,Se, injection. Once the
reaction reaches 330 °C (10 min after Ph,Se, injection), the
nanocrystals have reached a final size (~S layers in the
standard reaction).

The number of layers per nanocrystal is influenced by both
precursor ratio (Se/W) and concentration. This effect can be
divided into two regimes: Se/W = 2 and Se/W > 2. For the
syntheses presented herein, all reactions with Se/W = 2
resulted in primarily monolayer nanocrystals (Figure S9). For
Se/W > 2, the number of layers per nanocrystal has no obvious
dependence on Se/W and increases moderately as the
precursor concentration increases (Figure S9). The presence
of two different growth regimes depending on chalcogen/metal
ratio has also been reported in CVD-synthesized MoS,, where
lower S/Mo ratios led to primarily heterogeneous growth and
monolayer crystals, while higher S/Mo introduced significant
homogeneous nucleation and interlayer grow’ch.92 Similarly, in
CVD-synthesized WS,/WSe, lateral heterostructures, low Se/
W led to only monolayer WSe, growth, while high Se/W was
used to grow WSe, bilayers.”” This selectivity was attributed to
differences in the adsorption and diffusion behaviors of reactive
clusters present at different Se/W ratios, where a significant
amount of WSe; clusters was needed to form bilayer WSe,,
while WSe and WSe, clusters would form only monolayer
WSe,. Additionally, inclusion of excess chalcogen in hydro-
thermally synthesized MoSe, has been reported to lead to
interstitial Se that bridges layers through Se—Se bonding.”*”*
The ability of Se atoms to add to the basal plane may further
facilitate interlayer growth at higher Se/W and [Se]. Finally,
the near-absence of interlayer growth for Se/W = 2 may also
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be due to the presence of Se vacancies at low Se/W.
Computational analysis indicates that Se vacancies weaken the
interlayer interactions (Figure S10, Table S3), potentially
leading to decreased layer assembly.

Influence of Concentration on Phase-Conversion.
The presence of the metastable 2M phase at early times,
followed by conversion to the thermodynamically favored 2H
phase, suggests that the reactions herein are under kinetic
control. Nucleation in the metastable phase followed by
conversion to the thermodynamically favored phase is
consistent with Ostwald’s rule,”> which has been validated in
colloidal syntheses of CdSe nanocrystals.””®” Such kinetically
controlled growth has been observed for many syntheses of
WSe, nanocrystals”>~>”>”® and is likely enabled due to the
relatively low temperatures used in nanocrystal syntheses
compared to other synthetic methods. Nucleation in the 2M
phase, combined with the rapid reactivity of the precursors in
TOPO,” likely enables phase-conversion of already nucleated
nanocrystals rather than separate nucleation of the 2H phase.

Similar to the layer stacking, the phase-conversion is
influenced by both precursor ratio (Se/W) and concentration
and can again be divided into the regimes of Se/W =2 and Se/
W > 2. For reactions with Se/W > 2, the phase-conversion has
no obvious dependence on Se/W and is inversely proportional
to the precursor concentration (Figures S11, S12), with higher
concentrations leading to less phase-conversion. This trend
does not hold for reactions with Se/W = 2, which all have
similar phase-conversion that is greater than all reactions with
Se/W > 2 (Figures S11, S12). It is worth noting that these
reactions also result in primarily monolayer nanocrystals,
suggesting that the number of layers may play a role in phase-
conversion (vide infra). Additionally, Se vacancies at low Se/W
may further promote phase-conversion, as defects are expected
to facilitate structural relaxation.””

Phase-Conversion Pathway and Dependence on the
Number of Layers. For the synthesis presented herein, the
two available phase-conversion mechanisms’ are solution-
mediated (Figure S, top)”” or solid-state (Figure S,
bottom).'” In the former, 2M nanocrystals would dissolve
and recrystallize in the 2H phase. In the latter, the 2H phase
would nucleate within the 2M nanocrystals to begin the phase-
transition process. Given that higher precursor concentrations
are expected to hinder dissolution of nucleated nanocrystals, a
dependence of phase-conversion on precursor concentration is

solution-mediated
o [ ]

o oo ®e .

® o ©

G

cIN oo

ol /e

° 2H

solid-state

Figure 5. Schematic representation of possible phase-conversion
pathways.
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expected for a dissolution and recrystallization mechanism.
Additionally, increased phase-conversion with smaller size
(fewer layers) is expected for a solution-mediated phase-
conversion.”’ Upon closer inspection, however, two observa-
tions suggest that a solid-state phase-transformation may also
contribute. First, as discussed above, nanocrystals with high
precursor concentration but only 2 Se/W show the greatest
amount of phase-conversion, suggesting that concentration is
not the dominating influence on phase-conversion. Second,
when nanocrystals were nucleated at higher concentrations and
subsequently diluted for growth, no evidence of dissolution
was observed (Figures S13, S14). As both the number of layers
and the phase-conversion are concentration-dependent,
dilution during growth would be expected to cause a
broadening of the interlayer reflections and an increase in
phase-conversion if the nanocrystals were dissolving and
recrystallizing. In contrast, there is no significant change in
the number of layers per nanocrystal upon dilution (Figures
S13b, S14b; Table S4), and the final phase matches that of the
undiluted reaction (Figures S13c, Sl4c; Table S4). These
results suggest that the concentrations at nucleation (rather
than during growth) are determining the final nanocrystal
phase and morphology, indicating limited dissolution and
recrystallization.

Based on the observations above, we hypothesize that
precursor concentration and ratio play primarily an indirect
role in the phase-conversion by influencing the number of
layers, which, in turn, heavily influences the phase-conversion.
Previous DFT calculations on 2H MoS, have found an
increase in the interlayer binding energy (IBE) with increasing
number of layers'®" and our calculations reveal the same trend
for 2M WSe, (Figure 6a). The IBE increases sharply up to 4
layers, after which it plateaus. This increase in IBE is expected
to hinder atom diffusion, decreasing the phase-conversion for
nanocrystals with more layers. To summarize this influence,
the phase-conversion (as determined by Raman spectroscopy,
Liso/Iyy0 & 2H/2M) is plotted as a function of the estimated
number of layers per nanocrystal in Figure 6b. For primarily
monolayer nanocrystals, the lack of IBE is expected to allow for
facile atom diffusion and phase-conversion, consistent with the
high 2H/2M ratio for these ensembles. In nanocrystals with >4
layers, there is negligible decrease in the phase-conversion with
increasing number of layers. These ensembles also show a very
mild dependence on Se/W, with greater Se excess leading to
less phase-conversion. This trend could be due to interstitial
bridging Se,**”*> which would be expected to hinder atom
diffusion.

Contributions from solution-mediated phase-conversion
could complement solid-state phase-conversion, for example,
by enabling surface nucleation of the 2H phase, which then
propagates through the nanocrystal. We hypothesize that
phase-conversion initiated by internal defects is minimal, as
such a mechanism would be expected to have increased phase-
conversion for larger (more layers) nanocrystals.'”’ We note
that for ym-scale, mechanically exfoliated 2M WS,, monolayers
were reported to be more stable against phase-conversion than
multilayers.'” This trend, however, was primarily attributed to
higher thermal conductivity and greater heat dissipation, which
are not expected to be dominant factors in colloidal
nanocrystals.
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Figure 6. (a) Interlayer binding energies and (b) ratio of Raman
intensities corresponding to the 2H and 2M phases (taken near 250
and 220 cm™!, respectively) plotted as a function of the estimaed
number of layers per nanocrystal. The dashed and solid lines are
guides to the eye.

B SUMMARY AND CONCLUSIONS

We have investigated the role of precursor concentration and
ratio in dictating the layer-stacking and phase-conversion in
colloidally synthesized WSe, nanocrystals. Importantly, the
effect of concentration and ratio were deconvoluted by
performing several series of reactions in which Se/W was
varied by changing [Se] or [W], or was kept constant while
changing both [Se] and [W]. Under these conditions, Se/W =
2 vyields primarily monolayer nanocrystals, while Se/W > 2
yields multilayer nanocrystals in which the number of layers is
independent of Se/W and increases modestly with increasing
precursor concentration. These synthetic investigations
revealed an inverse correlation between the phaseconversion
and the number of layers. We hypothesize that this trend is due
to increased interlayer interactions in multilayer nanocrystals
that inhibit phase-conversion. In contrast, monolayer nano-
crystals undergo nearly complete phase-conversion, even at
high precursor concentrations, suggesting that dissolution is
not a limiting factor. Overall, these studies provide insight into
the factors that can be used tailor layer-stacking and/or phase
in colloidally synthesized TMD nanocrystals.

B EXPERIMENTAL METHODS

Chemicals. A list of chemicals, purities and manufacturers is
provided in Table S5. All chemicals were used without further
purification. TOPO, hexadecane, W(CO)4 and Ph,Se, were stored in
a nitrogen-filled glovebox. Toluene and methanol (MeOH) were
stored under ambient conditions.

Synthesis. Synthesis of WSe, Nanocrystals under the Standard
Conditions. Glassware and stir bars were dried in an oven at 120 °C.
In a nitrogen-filled glovebox, a 4-neck, 25-mL, round-bottom flask was
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loaded with a glass-coated stir bar, 21.5 mg (0.0611 mmol) W(CO),
and 3.6 ¢ TOPO (4.1 mL, 9.3 mmol). The flask was fitted with two
ceramic sheaths (through rubber septa), a condenser with a flow/
hose-adapter and a septum. Separately, a 3-neck, 25-mL, round-
bottom flask was loaded with a glass-coated stir bar, 190.5 mg (0.6104
mmol) Ph,Se, and 1.546 g (2 mL, 6.828 mmol) hexadecane. The
flask was fitted with two septa and a flow adapter. Both flasks were
removed from the glovebox and placed on the Schlenk line. The space
between the flow adapters and the Schlenk line was evacuated (5—10
min) and refilled with argon three times. The flasks were then opened
to the line and evacuated (~20 min) and refilled with argon three
times. After the final refilling of argon, the flask containing W(CO),
was heated to 150 °C using a proportional—integral—derivative (PID)
controller and held for 10 min. At ~70 °C, the solution turned yellow
and gas-evolution was observed. Meanwhile, the flask containing
Ph,Se, was heated to 70 °C to ensure complete dissolution of the
Ph,Se, and avoid large temperature drops after the injection. After
both solutions are appropriately heated, 1.0 mL Ph,Se, solution (0.31
mmol Ph,Se,) was injected into the W(CO) solution. Immediately
after the injection, the solution was heated to 330 °C using a PID
controller with a preprogrammed heating profile (Figure S2). During
this heating, rapid gas-evolution was observed and the solution
became brown/black. Aliquots were taken from the reaction by
removing ~0.1 mL using a purged 1-mL syringe and needle. Aliquots
were immediately injected into a vial containing 1 mL toluene to
prevent solidification of the TOPO. The reaction was held for a total
of 190 min (starting from the Ph,Se, injection), after which it was
cooled by removal of the heating mantle. When the reaction mixture
reached ~80 °C, septa were removed from the flask and ~5 mL
toluene was added to avoid solidification. Aliquots and final reaction
solutions were transferred to centrifuge tubes (each aliquot was split
into 2 tubes) and MeOH was added in a 2:1 volume ratio. The
slurries were centrifuged for S min at 8000 rpm. The nanocrystals
were washed two additional times by redispersing in toluene, adding
MeOH (2:1 MeOH:toluene by volume), and centrifuging for S min at
8000 rpm. Following the final wash, 0.5 mL toluene was added to one
tube to prepare a stock solution to use for characterization by TEM
and Raman. The sample in the other tube was dried and used for
powder X-ray diffraction measurements.

Synthesis of WSe, Nanocrystals with Varying Precursor
Concentrations and Ratios. Nanocrystals were synthesized in the
manner described above using the same amount of TOPO. The
amounts of W(CO)4 and/or Ph,Se, were varied to obtain the
conditions specified in Table S2.

Dilution of Nanocrystals following Nucleation at Higher
Concentration. In the first reaction (Figure S13), WSe, nanocrystals
were synthesized as described above using 40.1 mg (0.114 mmol)
W(CO),, 401.0 mg (1.285 mmol) Ph,Se,, and 3.6280 g (4.123 mL,
9.383 mmol) TOPO. At 15 min following injection, 0.7 mL was
removed from the reaction and injected into a separate 25-mL, 4-neck
round-bottom flask containing 3.1666 g (3.598 mL, 8.190 mmol)
TOPO heated to 330 °C. The reaction was held at this temperature
and 0.3 mL aliquots were taken over the course of 4 h to monitor
morphology- and phase-changes. In the second reaction (Figure S14),
WSe, nanocrystals were synthesized as described above using 19.9 mg
(0.0566 mmol) W(CO)s, 190.9 mg (0.610 mmol) Ph,Se,, and 3.6105
g (3.1772 mL, 9.338 mmol) TOPO. At 1S min following injection,
0.7 mL was removed from the reaction and injected into a separate
25-mL, 4-neck round-bottom flask containing 3.1666 g (3.598 mL,
8.190 mmol) TOPO heated to 330 °C. The reaction was held at this
temperature and 0.3 mL aliquots were taken over the course of 24 h
to monitor morphology and phase-changes.

Characterization. Raman Spectroscopy. Samples were prepared
and analyzed under ambient conditions. The stock solution of
nanocrystals suspended in toluene was drop-cast onto a polished
silicon substrate (Silicon Valley Microelectronics). Raman spectra
were collected using a Renishaw inVia confocal Raman microscope
with 532-nm laser-excitation (10 mW) and a SOX objective lens. To
process the data, a linear background was fit between 180 and 301
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cm™ and subtracted from the spectra. I,5o/I,,, was taken as the ratio
of the maximum intensities near 250 and 220 cm™.

Powder X-ray Diffraction. Samples were prepared and analyzed
under ambient conditions. After washing the nanocrystals, excess
solvent was removed under vacuum, leaving a pellet of nanocrystals
(~20 mg). Dried samples were transferred to a loop using paraffin oil.
Powder X-ray diffraction patterns were collected using a D8 Smart
diffractometer with a Pt 135 detector equipped with a Rigaku
MicroMax-007HF High-Intensity Microfocus rotating anode with Cu
Ka radiation (4 = 1.54184 A) at 40 kV, 30 mA and Varimax-HF
double bounce optics. Diffraction images were merged/integrated in
Diffrac.EVA V.4.3.0.1(Bruker) with background removal using a
curvature of 0.06 and a threshold of 1.000. L;,/I;, was taken as the
ratio of intensities at 20 = 31.98 and 34.32°. When an interlayer
reflection was present, the number of layers was estimated using the
Scherrer equation with k = 0.9 assuming a lattice constant of a = 13.8
A for 2M WSe,. Using the interlayer lattice constant for 2H WSe, (c =
12.96 A) would result in a slightly greater number of layers (nyy =
1.06m,,), but this difference is not significant for the analysis
presented herein. The FWHM of the interlayer reflection was
determined by taking the difference in 26 between the two points at
which the intensity was half the maximum intensity of the peak.

Transmission Electron Microscopy. TEM grids were prepared by
drop-casting a single drop of stock-solution onto a 100-mesh copper
grid coated with Formvar and carbon (Electron Microscopy
Sciences). Images were collected on a ThermoFischer Talos F200X
G2 operating at 200 keV. Lateral sizes were measured in Image]J. For
nanocrystals with the stacking direction parallel to the grid (“top”
view), the lateral size was measured as the longest distance across the
nanocrystal. For nanocrystals with the stacking direction parallel to
the grid (“side” view), the lateral size was measured as the length of
the longest layer. The number of layers was determined via manual
counting of the layers in each nanocrystal oriented with the stacking
direction parallel to the TEM grid (“side” view).

Computations. DFT calculations were performed using the
Vienna Ab initio Simulation Package (VASP)'® to determine the
IBEs of 2M WSe,. The IBEs with or without vacancies were calculated
as described previously for MoS,."°" In all DFT calculations, the
Perdew—Burke—Ernzerhof (PBE)'** exchange-correlation functional
was employed.'”'*® The core electrons were described using the
projector augmented wave (PAW) method."” A plane-wave basis set
with an energy cutoff of S00 eV was used in all calculations. The
convergence criteria for the energies and forces were set to 1 X 107*
eV and 0.001 eV A™', respectively. Along the stacking direction, a
vacuum space of more than 20 A was applied in all few-layered
systems to avoid spurious interactions between the periodic images.
To better describe van der Waals interactions, the empirical
correction developed by Grimme was adopted in combination with
the Becke-Johnson damping function (D3(BJ)).'%%71% After
structural relaxation, I'-centered k-point meshes with a resolution of
0.25 A™" were chosen to calculate the total energies necessary to
determine the IBEs.
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