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ABSTRACT

Transition-metal dichalcogenide (TMD) nanosheets have become an intensively investigated topic
in the field of 2D nanomaterials, especially due to the direct-semiconductor nature, and the broken
inversion symmetry in odd-layer number, of some of their family members. These properties make
TMDs attractive for different technological applications such as photovoltaics, optoelectronics,
valleytronics, and hydrogen evolution reactions (HER). Among them, MoX> (X =S, Se) are turned
to direct-gap when their thickness is thinned down to monolayer, thus, efforts towards obtaining
large-scale monolayer TMDs are crucial for technological applications. Colloidal synthesis of
TMDs has been developed in recent years as it provides a cost-efficient and scalable way to
produce few-layer TMDs having homogeneous size and thickness, yet obtaining a monolayer has
proven challenging. Here, we present a method for the colloidal synthesis of mono- and few-layer
MoX> (X = S, Se) using elemental chalcogenide and metal chloride as precursors. Using a
synthesis with slow injection of the MoCls precursor under nitrogen atmosphere, and optimizing
the synthesis parameters with a Design Of Experiments (DOE) approach, we obtained a MoX>
sample with the semiconducting (1H) phase, optical band gaps of 1.96 eV for 1H-MoS; and 1.67
eV for 1H-MoSe,, respectively, consistent with a large monolayer yield in the ensemble. Both
display photoluminescence at cryogenic and room temperature, paving the way for optical
spectroscopy studies and photonic applications of colloidal TMD nanosheets.



INTRODUCTION

Transition Metal Dichalcogenides (TMDs) are a class of materials formed of stacks of three-atom-
thick single-layers with structure X-M-X and general formula MX> (M = transition metal, X =
chalcogen), with separate layers held together by Van der Waals interactions. TMDs have
electronic properties that span from insulators to semiconductors and semimetals.! Among them,
molybdenum disulfide (MoSz) can be prepared in three different polytypes, trigonal prismatic (2H,
semiconducting, thermodynamically favoured), rhombohedral (3R, semiconducting, metastable)?
or octahedral (1T, metallic, kinetically favoured).? Bulk 2H-MoS is an indirect gap semiconductor
with a band gap of 1.2 eV* that turns to a direct band gap of ~1.9 eV for a monolayer.> Molybdenum
diselenide (MoSe:) possesses similar properties, such as an indirect to direct band gap transition
going from bulk to monolayer, with the gap increasing from 1.1 eV for bulk* to 1.6 eV for a
monolayer,® a broken inversion symmetry’® and the same 1T, 2H and 3R polytypes.” Such
properties make this class intriguing for applications such as optoelectronics,!” spintronics,

vallytronics,” 12 and catalysis.!>!* In addition, the flexible monolayer'> allows for wearable

devices.!?

The weak nature of the Van der Waals interactions that bind the separate layers makes it possible
to exfoliate TMDs using mechanical cleavage, in a similar fashion to that used by Novoselov et
al. on graphite.'® Over time, different exfoliation methods have been developed, such as liquid-
phase exfoliation (LPE),!” chemical exfoliation,'® or laser thinning.!” These methods can produce
samples with low defect density and, depending on the method, have a good production rate (up
to 1 mg-h™).2° However, they also produce polydisperse samples, containing TMDs with different
thicknesses.?? Therefore, at the same time efforts are made on bottom-up approaches to synthesize
TMDs starting from molecular precursors. Chemical vapor deposition (CVD), hydro/solvothermal
synthesis, colloidal synthesis are some of the methods that are used. Especially CVD provides
materials nearly defect-free and a thickness down to a monolayer. In contrast, despite few
examples,?!"?” colloidal synthesis at present does not provide TMD suspensions that are
substantially free of multilayers.

In order to improve synthesis protocols, colloidal synthesis typically relies on the so-called One
Variable At a Time (OVAT) approach, consisting of a loop optimization when all input factors
(Xi) such as temperature, precursor concentration and reaction time, are held constant while one is
varied until the best outcome (Y;) is found. This optimization method, next to being time- and
resource-consuming, is not able to give information on possible interactions between the input
factors, nor does it consistently provide the optimal result. In this manuscript, we therefore
replaced the OVAT approach by Design of Experiments (DOE), a statistical method used in fields
such as engineering,?® biology,”’ and recently chemistry**! to speed up the optimization process
and, different from OVAT, yields an overview on the role of the input factors involved in the
synthesis. The main advantage of DOE is its ability to screen different factors at the same time,
yielding information across the entire experimental domain, while OVAT typically provides a
sparser sampling for the same number of experiments.’! Via Design of Experiments, we obtained



a pathway towards a general method to produce monolayer MoS, and MoSe> TMD nanosheets
with excellent monodispersity, beyond current state-of-the-art solution-based LPE,*? with both
MoS; and MoSe; exhibiting photoluminescence at both cryogenic and room temperatures, on par
with LPE.*

RESULTS AND DISCUSSION

AT
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Scheme 1. (a) Scheme of the synthesis protocol used in this work. (b) Picture of MoS; and MoSe»
samples dispersed in o-dichlorobenzene.

We use slow injection of a metal chloride solution in a hot solution of oleylamine (OLA) and
elemental chalcogen under inert atmosphere (Scheme 1). OLA is a typical ligand used in colloidal
synthesis of nanoparticles** and TMDs>*>-¢ as capping ligand and mild reducing agent.>* A mixture
of OLA and elemental sulfur can react with metal precursors leading to metal disulfide
nanocrystals,’” and a similar effect is reported for OLA and selenium mixtures.*® A high reaction
temperature is required to overcome the energy barrier of ~ 400 meV between the two phases,*
and to achieve the 2H polytype.'* 40-4!

Among the different DOE designs available, we use the Definitive Screening Design (DSD),
developed in 2011 by Jones and Nachtsheim,* for DSD is capable of analysing the influence of
different input factors within a predefined reaction space, using one of the fewest experimental
runs.** Typically, with k the number of factors, one runs only 2k + 1 experiments.** For this type
of design, it is recommended to use a minimum of 6 factors (13 experiments), to avoid performance
degradation.*

In our experiments, we kept the molybdenum precursor concentration, l1-octadecene (ODE)
volume, and total reaction time constant. We chose to vary six input factors: reaction temperature,
sulfur concentration, precursor injection rate, OLA volume, OLA degassing time, and OLA
degassing temperature (Table 1). The first three were chosen as they may directly impact the
nanosheet growth and final crystal phase.'* **-*! In addition, the amount of OLA may be linked to
the colloidal stability in solution®® and an in situ H>S formation,®” while the OLA degassing
temperature and time are expected to influence the concentration of oxygen and water in the



reaction environment. The factor ranges (Table 1) used for DSD design were based on initial
syntheses and available literature data.?

Table 1. Input factors X; (i =[1,6] ) used for the syntheses, and associated S/Mo molecular ratio.
Xi: Reaction temperature, X2: OLA volume, X3: Sulfur concentration, Xs: Injection rate, Xs
degassing temperature, Xs: Degassing time.

Run X1 X2 X3 X4 Xs Xe S/Mo
no. [°C] [mL] [mmol] [mL-h71] [°C] [min] ratio
1 300 15 3.75 6 160 150 20.5
2 300 3 2.25 3 100 30 12.3
3 320 9 2.25 6 160 30 12.3
4 280 9 3.75 3 100 150 20.5
5 320 3 3 3 160 150 16.4
6 280 15 3 6 100 30 16.4
7 320 15 2.25 4.5 100 150 12.3
8 280 3 3.75 4.5 160 30 20.5
9 320 15 3.75 3 130 30 20.5
10 280 3 2.25 6 130 150 12.3
11 320 3 3.75 6 100 90 20.5
12 280 15 2.25 3 160 90 12.3
13 300 9 3 4.5 130 90 16.4
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Figure 1. (a) Sample evolution during synthesis (synthesis run no. 1). Aliquots were taken between
10 and 60 min. A, B, and C/D mark the different features that can be observed when synthesizing
2H-MoS,. Inset: zoom into the band gap region. (b) Representative absorption spectra of the three
categories to which the DOE synthesis runs can be allocated. (C1: run no. 12, C2: run no. 10, C3:
run no. 5). C1 corresponds to 2H-MoS», C2 to a mixture of 2H and 1T, and C3 to 1T MoSo.

All samples are first characterized using UV-Vis spectroscopy. Analysis of the aliquots of a typical
reaction (synthesis run no. 1) shows the appearance of three absorption (A, B and C/D) peaks after



10-15 min of reaction (Figure 1a), characteristic for the formation of semiconductor 2H-MoS;
(for the evolution of sample C2 and C3 over time, see Supporting Information, Figure S1). The
A and B exciton arise from the K point of the Brillouin zone while the C/D arise from transitions
from a zone with parallel valence and conduction bands.*® Longer reaction times lead to a
progressive red shift (i.e. shift towards longer wavelength) of these features (Figure 1a). This shift
is thickness and area-dependent.?”-* Initial inspection of the spectra of the final sample of all runs,
taken after 60 min of reaction, shows that they can generally be categorized in three different sets,
by the exciton peak sharpness: category C1 includes all samples when all the excitonic (A, B)
transitions are well defined; category C2 contains the samples where only the C/D absorption peak
is well defined, while C3 category includes all samples when no absorption features are
recognizable (Figure 1b, and see Supporting Information, Figure S2 for XPS characterization
of sample C1 and C3). The absence is typical of 1T-MoS,.** Hence, we can conclude that the
synthesis parameters influence not only the nanosheet dimensions but also the crystal structure,
where the 2H phase is obtained running the reaction at 300°C using a large excess of sulfur and
OLA. Ideally, synthesized MoS> nanosheets are only a monolayer thick, of uniform dimensions,
and with acceptable lateral sizes and dispersibility in the final solvent. These requirements are
represented by a minimized wavelength for the A exciton absorption (due to the correlation
between band gap energy and number of layers),*° spectrally narrow absorption peaks
(absorption peaks of different thicknesses overlap, yielding a broad peak as a result), and a low
scattering background (large and/or aggregated nanosheets increase the scattering in the absorption
spectrum),’! respectively. We therefore decided to optimize these three responses Yi (i =1, 2, 3)
of the final material. The scattering background is represented by the ratio of the absorbance at
750 nm and the absorbance at the position of the A exciton. The spectral position of the A exciton
is calculated by second derivative analysis, after subtracting the scattering background from the
spectra. For the absorption peak linewidth we use the ratio of the maximum peak absorbance at
the spectral position of the B exciton transition and the absorbance at the following local minimum,
which lies at slightly higher energy, as a proxy. We rely on the B exciton transition, as it is more
pronounced that the A exciton transition (Figure 1a). For the DSD, we executed a total of 13
experiments, and for each run we collected seven aliquots to monitor the evolution of the samples
over time (for the absorption spectrum of all the aliquots used in the DSD design see Supporting
Information, Figure S3).

Table 2. Responses Y retrieved from the DOE experiments. Y1: A exciton position, Y2: Rayleigh
scattering, Y3: Absorption sharpness.

Run
Y Y Y- T
1. 1 [nm] 2 3 ype
1 657 0.262 1.09 C1
2 665 0.608 0.91 C3
3 664 0.352 1.05 C1
4 654 0.350 1.01 C1



5 665 0.713 0.93 C3
6 652 0.418 1.00 C2
7 659 0.361 1.03 C1
8 650 0.579 0.95 C3
9 643 0.498 0.87 C2
10 642 0.568 0.93 C2
11 659 0.500 1.00 C2
12 653 0.228 1.11 C1
13 661 0.330 1.06 C1

A full overview of all responses Y; is shown in Table 2. These responses are fitted to a quadratic
surface, i.e. the fit considers both linear and quadratic dependencies on input factors, X;, Xi*, and
Xi-Xj. Importantly, the model yields a p-value for each input factor, i.e. an indication of the
probability that the observed data comes from the null hypothesis, in this case that there is no
correlation between the observed values and the factors. A threshold of 0.05 is typically chosen; if
the p-value is below this threshold then the null hypothesis has to be rejected, i.e. there is no
influence of the respective factor on the responses. For each Yj, the model then finally yields an
expression that predicts Y; from the input factors (X, Xi?, Xi-X;) that are statistically relevant.

Table 3. Coefficients and associated p-values of the main interaction factors, two-factors
interactions and quadratic effects for A exciton position.

Factor p-value

X1° Xz Reaction T - OLA

0.00006
volume
X1°X: i .
1°X3 Reaction T Sulfur 0.00010
concentration

X1 Reaction T 0.00022
Xi? Reaction T - Reaction T  0.00052
X Sulfur concentration 0.00666
X2 OLA volume 0.01363

As an example, from the analysis of the A exciton position A4, six factors have been identified as
statistically relevant: reaction temperature (X1), OLA volume (X2) and sulfur concentration (X3),
as well as the combinations, Xi?, X 1-X 2 and X 1-X 3. The associated p-value of each factor is
reported in Table 3. The modelling yields the following expression:
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The expression can give some insights into the response of the A exciton position upon variation
of the different input factors. An increase in reaction temperature leads to a red shift of the A
exciton position, while an increase of the chalcogen and ligand concentrations results in a blue
shift (i.e. a shift towards shorter wavelength). Hence, a reduced reaction temperature, in
combination with high concentrations of OLA and chalcogen precursors are ideal conditions to
obtain thin samples, with a blue shifted A exciton peak. At the same time, the precursor injection
rate, OLA degassing time, and OLA degassing temperature have no significant impact on the peak
position. The prediction expressions for the other two responses, the Rayleigh scattering
background and peak sharpness, are reported in the Supporting Information.

The prediction of the model was then finally tested running a synthesis with parameters that are
optimized toward a maximal blue shift of the A exciton position, a reduced Rayleigh scattering
background, and sharp absorption features. The model proposed the following reaction conditions:
a reaction temperature of 280 °C, OLA volume of 9 mL, sulfur concentration of 2.26 mmol, an
OLA degassing time and temperature of 150 min at 160 °C, and a precursor injection rate of 6
mL-h'l. From this synthesis we acquired aliquots at the end of the reaction (60 min) and at the end
of the injection of the Mo precursor (30 min). The experimental responses are compared to the
predicted ones in Table 4.

Table 4. Comparison between predicted responses from DOE and experimental responses.

) Rayleigh
A exciton h
. scattering Peak sharpness
position [nm]
parameter

Predicted results 647 £ 1 0.49 +0.02 0.98 +£0.03
Experimental results 653 0.40 1.03

(30 min reaction)
Experimental results 654 0.50 0.95

(60 min reaction)

First, we observe that the experimental value of the A exciton position is close to the predicted
value. Note that this prediction was based on all values for the A exciton position, including those
below 650 nm (see Table 2). In hindsight (cfr. below), these values (run no. 9 and run no. 10)
show an A exciton position below the one expected even for a monolayer sample; however, during
the DOE run we did not discriminate between values, yielding a slightly underestimated prediction
compared to what can be obtained experimentally even for a monolayer. The Rayleigh scattering
parameter prediction and peak sharpness are accurate for the 60 min aliquot. In conclusion, our
model is able to predict the experimental conditions for which the thinnest possible MoS;
nanosheet sample can be synthesized. Regarding the evolution of the sample during reaction, the
A exciton peak position merely red shifts by 1 nm between 30 min and 60 min, indicating no



further growth in thickness after the end of the precursor injection. The Rayleigh scattering does
further increase, suggesting a continued lateral growth of the nanosheets. This is accompanied by
a decrease in peak sharpness.

This outcome was used as a basis to make a final improvement of Y;, see methods for the final
reaction conditions. We obtained a sample with A exciton absorption at 653 nm (Figure 2a), a
Rayleigh scattering parameter of 0.35, and a peak sharpness of 1.06, indeed slightly improving on
the previous sample (Table 4). The latter corresponds to a full width at half maximum (FWHM)
of 36 nm. As LPE literature typically reports A exciton positions around 660 nm, pertaining to
mixtures of different thicknesses,”>>* we are clearly superseding the state-of-the-art in solution-
based TMDs. We then proceeded to a further experimental study of the samples. High resolution
transmission electron microscopy (HR-TEM) images of the sample were acquired to evaluate the
crystal phase (Figure 2b). HRTEM and its fast Fourier Transform (FFT, Figure 2c) clearly
confirms the 2H-MoS, semiconducting polytype phase, similar to what reported for samples
obtained via LPE.>*
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Figure 2. (a) UV-Vis absorption spectrum of MoS, nanosheets prepared via the optimized
synthesis, including A and B exciton positions. (b) High Resolution TEM image of MoSo». (¢) FFT
of the HRTEM image, indexed as [001]-oriented semiconducting MoS> (MoS,-4H, ICSD 24000).

To assess the MoS; thickness, we used Raman spectroscopy (Figure 3). 2H-MoS> Raman spectra
possess two first-order intralayer phonon modes, A 4 corresponding to the out-of-plane vibrational

mode, and Ezlg corresponding to the in-plane vibrational mode. They lie at 405.2 cm™ and 384.5



cm’! respectively (Figure 3a). The FWHM of the modes amounts to 5.5 cm™ and 6.6 cm™ for E3,
and A, 4 respectively. In a highly crystalline sample these values are around 2.1 - 2.7 cm™! and 3
cm’ for Ej; and A;, respectively.”>® A further broadening is usually observed in defective

MoS,.%” Support for these defects can be observed via vibrational modes at 227 cm™ and 996
cm’! related to sample disorder’’ or the presence of MoOs, respectively.’® In our case, the
suppressed mode at 996 cm™! suggest the presence of vacancies rather than MoOs (Figure 3a).>’
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Figure 3. (a) Raman spectrum (excitation wavelength of 532 nm) of optimized MoS» sample,
indicating Ezlg and A4 modes of colloidal 2H-MoS: at 405 cm! and 384 cm™'. The mode at 227
1

cm™ is associated to sample disorder, while a minor contribution from a MoOx mode can be

observed at 996 cm™.(b) Correlation between E1, and A, mode spacing, and number of layers,
29 g g y

using literature data.>>3%-62

Importantly, the Ezlg and A;4, Raman modes are sensitive to the MoS; thickness. Literature data
shows that, going from bulk to a monolayer, Ezlg blue shifts (stiffens) while A, 4 red shifts (softens),
yielding a frequency spacing of 25 cm™ for bulk that decreases to 21.3=1.2 cm™! for a bilayer and
18.9£1.2 cm™ for a monolayer (Figure 3b).>> >*%2 The ranges for the mode spacing reported in
literature prevents a quantitative assessment of number of layers present in our sample, however,
from an average mode spacing (obtained from three different sample spots) of 20.8 £ 0.2 cm™! of
our optimized sample, we can estimate that we indeed synthesized a sample that consists at the
most of a mixture of mono- and bilayer nanosheets. This is consistent with the A exciton position
lying at 653 nm, which is close to the value of 650 nm reported in literature for a MoS:
monolayer.5

To demonstrate the general applicability of our synthesis approach, the optimized protocol from
the MoS» synthesis was further adapted to the synthesis of 2H-MoSe». In order to reduce the
number of input factors involved, the degassing step involving OLA and chalcogen was removed,
instead using distilled OLA stored over molecular sieves in a glovebox. Other factors of the
protocol were kept the same, with only some adjustments of the precursor quantities (see
Methods). The resulting nanosheets again possess two excitonic absorption peaks, here red shifted
compared to MoS: due to the smaller MoSe> bandgap.
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As shown by the TEM image (Figure 4a, inset), our MoSe> adopts a nanoflower morphology. HR-
TEM images and their FFTs are compatible with trigonal prismatic MoSe> (Figure 4b), confirming
the semiconducting phase.’*% The absorption spectrum (Figure 4¢) shows the A and B exciton at
784 nm and 699 nm, with a FWHM of 66 nm and 50 nm respectively. As for the MoS,, the MoSe»
excitonic peaks are thickness-sensitive; literature reports a progressive blue shift of the A exciton
absorption features, going from 815 nm in a 6 layer sample to 795 nm for a monolayer.* Our
MoSe> sample shows an A exciton position slightly blue shifted compared to what is reported in
literature for monolayer samples, indicating a monolayer thickness.
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Figure 4. (a) HR-TEM image of the MoSe> sample, with the inset showing the nanoflower overall
shape in a bright-field TEM image (scalebar: 100 nm). (b) FFT of the HRTEM image, indexed as
a [001]-oriented hexagonal MoSe> (MoSez-4H, ICSD 49800). (c) UV-Vis absorption spectrum of
colloidal 2H-MoSe, indicating the A and B exciton positions at 784 nm and 699 nm, respectively.
(d) Raman spectrum of MoSe:, showing two Raman modes A, and E',.

Similar to MoS>, Raman spectroscopy can also be used to determine the number of layers in a
MoSe; sample. While for MoS, the modes spacing is the benchmark to determine the thickness,
for MoSe», both the modes position and the amplitude ratio of the Raman modes is thickness-
dependent, with the amplitude ratio I 4 10 /1 £}, equal to 23.1 for a monolayer, reducing to 4.9 for

a 10 layer sample, while the A, 4 ( Ezlg) mode shifts from 243 cm™ to 241 cm™! (from 284 cm! to

287 cm™!) going from bulk to a monolayer.?% % Here, the Ezlg and A, 4, Raman modes (Figure 4d)

are centered at 286 cm™! and 239 cm™!, respectively, with a amplitude ratio of 17.8 and an average
mode spacing (obtained from three different spots) of 47.5 = 0.8 cm™'. Both the modes amplitude
ratio, and modes position suggests that we are close to a monolayer thickness.*’
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Figure 5. (a) Evolution of PL spectra of hBN encapsulated MoS; from 4 K to room temperature.
(b) O’Donnell-Chen plot of hBN encapsulated MoS;. (c) Evolution of emission linewidth with the
temperature. (d) Evolution of PL spectra of hBN encapsulated MoSe> going from 4 K to room
temperature. (¢) O’Donnell-Chen plot of hBN encapsulated MoSe». (f) Evolution of emission
linewidth with the temperature.

Finally, we investigated the photoluminescence properties of both samples. Fluorescent TMDs are
usually obtained via mechanically exfoliated bulk crystals®’ or CVD,% however literature reports
examples of fluorescent TMDs obtained via colloidal synthesis or LPE methods. Samples obtained
via LPE method are usually able to show after extensive separation processes (to increase the
monolayer fraction)® and different treatments such as annealing (used to restore the 2H phase)*
or chemical treatments to suppress defects.’ Literature reports about fluorescent colloidal TMDs
includes pristine’! and chemically treated colloidal WS> nanosheets,’? as well as quantum dots
(QDs). 376

Samples with the highest optical quality require encapsulating mechanically cleaved single-layer
TMD flakes between few-nm thick hexagonal boron nitride (hBN) crystals, an insulator.”’
Encapsulation with hBN is a common procedure used to protect layered materials from electric
and dielectric fluctuations of the local environment’® and avoid sample degradation.”®-*° This leads
to reduced exciton linewidth, lower electrostatic doping, and enhanced homogeneity.”®’” To
compare the optical properties of our colloidal TMDs to their state-of-the-art solid-state
counterparts, our colloidal samples were also encapsulated in hBN, and photoluminescence (PL)
spectra were collected at various temperatures ranging between 4 K and 295 K (Figure 5).

In Figure 5, we report the evolution of the PL spectra with temperature for both samples, as well
as the associated shift in band gap and variation of the linewidth. Both samples show a progressive
blue shift (i.e. shift toward higher energy) and line width narrowing going from 295 K to 4 K. The
4 K emission energy is consistent for large monolayers, with values of 1.96 eV for MoS; and 1.68

12



eV for MoSez, reported for neutral excitons’’’® 8! The temperature dependence of the band gap is
fitted with the O’Donnell-Chen®? model:

E,(T) = Eo — S(hw)[coth (‘f“")) ~1] Q)

2kT

For MoS> (MoSe;) we obtained an Eoof 1.96 eV (1.67 eV), an electron-phonon coupling constant
S 0of 2.37 (2.46) and an average phonon energy (Aw) of 25 meV (17 meV). These values are in
good agreement with mechanical exfoliated and CVD literature.®3-% The excitonic linewidth of
MoXo> includes the intrinsic line width Ao, and a contribution from acoustic Ay and LO Aro
phonon coupling that increases with temperature, yielding the following temperature dependence:

1
A(T) = Do+ DacT + Dro —rrgrmpr— ©))

The parameter E1o is the LO phonon energy (here taken as the energy of the Raman mode E%g);

this is 47.7 meV and 29.6 meV for MoS, and MoSe», respectively. For both fits A4 is fixed to
zero. As a result, we found that for MoS2 Ag= 76 =+ 2 meV, and Ao = 210 + 24 meV, while for
MoSe> Ag=38.6 +£ 0.2 meV, and Ao = 39.7 + 0.9 meV. Literature reports values of Ao between
52 - 66 meV for MoS; (4 meV in hBN-encapsulated MoS;) and 1.5-4.3 meV for MoSe>,
respectively, and values of Aro between 42.6 — 86 meV for MoS; and 11.2 — 15.6 meV for MoSex,
respectively.’” 87! This suggest that our colloidal TMD nanosheets can still be further improved
however, our MoSe; monolayer already exhibits a substantially narrower emission linewidth than
the MoS, monolayer, suggesting that the latter might be more suitable for further application in

optoelectronic or photonic devices.”?*

CONCLUSION

Using a Design of Experiments approach, we were able to optimize the MoS» synthesis protocol
using a minimal number of synthesis runs, and screen the main factors involved in the synthesis.
The optimization has led to the synthesis of MoS, with A exciton absorption wavelength and a
Raman mode splitting that confirms a significant monolayer yield in the samples. The protocol has
been extended to the synthesis of MoSe2, showing the generality of the method. The obtained
MoSe> sample again shows an A exciton absorption wavelength, and Raman modes that agree
with a significant monolayer yield. The samples show photoluminescence, with MoSe> clearly
showing narrower emission features, thus providing a pathway toward further improvement based
on the DOE approach. We expect that on longer term, this can lead to colloidal TMDs being a
viable, scalable, and cost effective alternative to other TMD synthesis approaches.
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EXPERIMENTAL SECTION

Materials. Molybdenum pentachloride (MoCls, 99.99%, Sigma-Aldrich), elemental sulfur (>
99.95%, Sigma-Aldrich) and selenium (> 99.99%, Strem Chemicals), 1,2-dichlorobenzene (o-
DCB, 99%, Acros Organics) and chloroform are used without any purification. 1-octadecene
(ODE, Sigma-Aldrich, ) and oleylamine (OLA, 80-90% Acros Organics) are dried using calcium
hydride, distilled and stored under nitrogen until further use.

General DOE 2H-MoS: Synthesis. The synthesis is performed under nitrogen using standard
Schlenk line techniques. All amounts and temperatures used are mentioned in Table 1. As an
example, in a 25 mL three-neck flask, a solution of OLA and sulfur is degassed under vacuum.
After degassing, the temperature is raised and a solution of MoCls in ODE (0.05 g in 3 mL of
ODE, sonicated until complete dissolution) is injected using a syringe pump. After 1 h, the MoS»
solution is cooled and the product is purified three times using a mixture of hexane/isopropanol,
toluene/isopropanol and dichlorobenzene/isopropanol respectively, followed by centrifugation at
5000 rpm to collect the sample. The nanosheets are finally dispersed in o-DCB.

Optimized 2H-MoS: Nanosheet Synthesis. The synthesis is performed under nitrogen using
standard Schlenk line technique. In a 25 ml three-neck flask a solution of OLA (15 mL) and sulfur
(41 mg) is degassed under vacuum (120°C, 150 min). After degassing, the temperature is raised
up to 300°C and a solution of MoCls in ODE (0.017 g in 1 mL, sonicated until complete
dissolution) is injected at 9 mL-h™! using a syringe pump. After injection, 10 mL of fresh OLA
from the glovebox is injected in the MoS; solution and a water bath is used to cool it. The product
is purified as described above, and finally dispersed in 0-DCB.

Optimized 2H-MoSe2 Nanosheet Synthesis. The synthesis is performed under nitrogen using
standard Schlenk line techniques. In a 25 ml three-neck flask, a solution of OLA (15 mL) and
selenium (10 mg) is heated up to 290 °C and a solution of MoCls in ODE (0.017 g in 1 mL,
sonicated until complete dissolution) is injected at 12 mL-h"! using a syringe pump. After the
injection, the solution is cooled using a water bath. The product is purified three times using a
mixture of toluene/isopropanol/acetone, hexane/isopropanol and chloroform/isopropanol
respectively, followed by centrifugation at 5000 rpm to collect the sample. The nanosheets are
finally dispersed in chloroform.

Characterization methods. High Resolution Transmission Electron Microscopy (HR-TEM)
images were acquired on an image-Cs-corrected JEM-2200FS TEM (JEOL), operated at 200 kV.
The samples were prepared by drop-casting of the suspension onto ultrathin C/holey C/Cu TEM
grids. Bright-field TEM images were acquired on a JEOL JEM-1011 microscope operating at an
accelerating voltage of 100 kV. The samples were prepared by drop-casting of the suspension onto
ultrathin C/holey C/Cu TEM grids. Raman spectra were collected with a Bruker Optics ‘Senterra’
dispersive Raman spectrometer. The spectrometer is coupled to an Olympus BX51 microscope
and to a thermoelectrically cooled charge coupled device (CCD) detector, operating at —65°C. The
point measurements were conducted on dried droplets on glass slides and by using the 532 nm
laser of the Raman system. The experimental conditions selected were: 5 or 10 accumulations of
10 seconds, 3—5cm ™! spectral resolution, 40—-1540 cm™! spectral range, 50 um pinhole-type
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aperture, x50 (NA: 0.75) magnification objective (corresponding to a less than 4 um spot size) and
a 0.20 % laser power (corresponding approx. to 0.12mW). Ultraviolet-Visible (UV-Vis)
absorption spectra of MoS; nanosheets in 0-DCB (chloroform for MoSe;) were recorded using a
PerkinElmer Lambda 950 spectrometer using a 1 cm path length quartz cuvette.
Photoluminescence spectra were measured using a custom-made confocal microscope in
backscattering geometry. The excitation laser beam is focused on the sample by an objective with
numerical aperture NA = 0.75 to a diffraction-limited spot. For cryogenic measurements a He-
flow cryostat (Cryovac) was used, and the emitted light was directed to a spectrometer (Horiba,
300 grooves/mm) coupled to a nitrogen-cooled CCD. XPS analyses were carried out using a Kratos
Axis UltraDLD spectrometer. Data were acquired using a monochromatic Al Ka source, operated
at 20 mA and 15 kV. High resolution spectra were acquired at pass energy of 20 eV, energy step
of 0.1 eV and take-off angle of 0 degrees with respect to sample normal direction.
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