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ABSTRACT: Engineering physicochemical properties of two-dimensional transition metal
dichalcogenide (2D-TMD) materials by surface manipulation is essential for their practical and large-
scale application especially for colloidal 2D-TMDs that are plagued by the unintentional formation
of structural defects during the synthetic procedure. However, the available methods to manage
surface states of 2D-TMDs in solution-phase are still limited hampering the production of high quality
colloidal 2D-TMD inks to be straightforwardly assembled into actual devices. Here, we demonstrate
an efficient solution-phase strategy to passivate surface defect states of colloidally synthetized WS>
nanoflakes with halide ligands, resulting in the activation of the photoluminescence emission.
Photophysical investigation and density functional theory calculations suggest that halide atoms
enable the suppression of non-radiative recombination through the elimination deep gap trap states,
and introduce localized states in the energy band structure from which excitons efficiently recombine.
Halide passivated WS; nanoflakes importantly preserve colloidal stability and photoluminescence
emission after several weeks of storing in ambient atmosphere, corroborating the potential of our

developed 2D-TMD inks.

Two-dimensional transition metal dichalcogenides are at the forefront of materials science innovation
holding great promise for next-generation semiconductor devices.!™* Composition, thickness,
structure and surface chemistry of 2D-TMDs affect their optoelectronic properties, providing
opportunities to design semiconductor materials engineered towards specific applications.>= To this
end, a great deal of efforts have been devoted to develop synthetic methods or post-synthetic
procedures targeting the production of high quality 2D-TMD crystals with tailored photophysical
properties. Herein, advances in solution-based synthetic approaches have opened the way towards
large-scale and low-cost production of inks consisting of 2D-TMDs that can be potentially printed or
embedded into functional films or composites in a facile and straightforward way.'? Liquid phase
exfoliation can easily produce a wide range of 2D-TMD inks at low cost but the limited control over

the exfoliation process results in a broad distribution of crystal thickness and lateral dimension, hence



the need for tedious post production process (i.e. gradient centrifugation) to improve the
monodispersity of the sample.!>!* The surfactant assisted colloidal approaches for 2D-TMD
synthesis, although still in its early stages, provide key advantages over other existing methods
combining both mild synthetic condition and precise control over 2D-TMD composition, geometry
and crystal structure.'>!¢ Colloidal approach has been proven successful to synthesize to date a wide
range of solution-processable 2D-TMDs with mono to few layer thicknesses,!” controlled lateral
size!® and crystal phase.!*2° The photophysical properties of colloidal 2D-TMDs, however, are nearly
unexplored and the impact of structural defect and/or defect engineering on their optical and
electronic properties is still poorly understood, hampering a widespread application of this promising
synthetic approach.?!

Approaching mono-to-few-layer structure of TMDs involves indirect-to-direct bandgap transition?%
26 and a decrease in dielectric screening?’ resulting in an optical response dominated by excitons with
strong Coulomb interaction and, at least in principle, high photoluminescence quantum yield (PLQY).
However, as synthesized colloidal 2D-TMDs, similarly to 2D-TMDs obtained with other methods,
are characterized by ultrafast non-radiative recombination and extremely poor PLQY at room
temperature.?*?® Photoluminescence (PL) suppression in nanostructures with large surface-to-volume
ratio, as in the case of 2D-TMDs, is often ascribed to large non-radiative recombination rates at
surface states, an issue compounded by very effective Auger process that help both defect trapping
and non-radiative recombination.?®?’ In colloidal 2D-TMDs, due to the volatile nature of chalcogen
precursor used for the synthesis, surface defects mainly consist of chalcogen vacancies.'®* Such
defects have been held responsible for the appearance of deep in-gap energy levels causing non-
radiative electron-hole recombination, with detrimental effects on PL emission.?'3? As a result, a high
density of chalcogen vacancies hinders the extensive use of 2D-TMDs in optoelectronic platforms,
for which the development of an effective strategy to engineer defects and to restore the ideal band

structure suppressing in-gap trap states is essential.



Surface chemistry manipulation is a powerful tool to manage the extended surface of 2D-TMDs, to
heal defects and therefore to control the structure of energy levels, enabling future opportunities for
optoelectronic device applications.® Furthermore, substituents play an important role in 2D-TMD
recombination processes creating localization centers that are responsible of a large number of
localization-induced optical phenomena that could be exploited to further engineer the optical
response of colloidal 2D-TMDs.* In previous reports, passivation of chalcogen vacancies of CVD
grown or mechanically exfoliated 2D-TMDs have been achieved by performing post-deposition
treatments with superacid molecules or hydrohalic acid, which are able to fill chalcogen vacancies,
providing additional chalcogen atoms or substitutional heteroatoms, respectively, resulting in the
enhancement of photoluminescence emission.>** However, such post deposition approaches
preclude any solution processability of passivated colloidal 2D-TMDs as well as any possibility of
scalability. On the other hand, solution-phase passivation protocols developed for metal
chalcogenides colloidal quantum dots are not effective for 2D-TMDs because of their different
structure: 2D-TMDs are characterised by chalcogen-rich surfaces, i.e. unsaturated metal cations are
not well-exposed to the external environment, while metal chalcogenides quantum dots exhibit metal-
rich surfaces that easily react in passivating solutions.3¢3’

The ideal chemical passivation scheme for colloidal 2D-TMDs should rely on a solution-phase
approach ensuring an easy access to surface states, for an improved effectiveness of the treatment,
while preserving colloidal stability and solution processability. Furthermore, it should involve small
molecules able to reach hard-to-access sites into individual monolayer flake.

Here, we explore monovalent halide ligands (scheme in Figure 1a) to passivate sulfur vacancies in
colloidal WS> nanoflakes (NFs) preserving their colloidal stability. Exploiting the strong affinity of

3839 we are able to

halide ligands toward non-passivated metal cations as well as their small size,
effectively passivate unsaturated metal atoms resulting in the activation of PL emission that otherwise

is negligible in the pristine colloidal WS> NFs. Furthermore, the investigation of charge-carrier

relaxation pathways in halide passivated WS> NFs achieved through the combination of



photoluminescence excitation (PLE) and time-resolved PL measurements reveals that halide ligands
introduce high-energy localized states. Such localized states are responsible of capture events that
hinder intervalley scattering and promote high-energy photon emission, thus assuming a leading role
during recombination processes. Finally, Ab initio density functional theory (DFT) simulations
elucidate the effect of the halide ligands on the electronic structure of WS> NFs and demonstrate that
halide atoms act as aliovalent substituents able to saturate dangling bond states originated from
chalcogen vacancies and to restore the band gap of the undefective WS> crystals.

These results represent a successful paradigm for the tuning of fundamental properties of colloidal
2D-TMDs and provide important insights into the understanding of excitonic phenomena associated

with defect and defect passivation in colloidal 2D-TMDs.

RESULTS AND DISCUSSION

Passivation of colloidal WSz nanoflakes with halide ligands

Colloidal WS> NFs have been synthesized by exploiting an improved sacrificial-conversion route that
relies on a gradual solution-phase sulfidation of WigO49 colloidal carved nanorods in a surfactant
media, toward a complete conversion of carved nanorods in WS, nanoflakes.*’ The surfactants are
essential to drive the in-plane nucleation and growth of two-dimensional WS, NFs'> as well as to
impart colloidal stability to NFs, overcoming their natural tendency to stack through van der Waals
interactions, which emerged as the major challenge for other liquid-phase preparation methods (e.g.,
chemical exfoliation). Transmission electron microscopy (TEM) analysis on as prepared samples
suggests that the final product consists in WS, bundles, with lateral mean size of about 50 nm,
composed of smaller single and few-layer WS> NFs characterized by the coexistence of the metallic
1T’ and the semiconducting 2H crystal structures.!?

Starting from as-prepared colloidal WS> NFs (Figure 2a-b), we performed halide passivation upon a
mild sonication in a low energy density sonication bath of a dispersion of colloidal WS> NFs in a N-

Methylformamide (NMF) solution of methylammonium halide salts. After the treatment, WS> NFs



exhibit a very high solution stability in NMF (Figure S1), which suggests a stabilization through
electrostatic repulsion. Indeed, we expect that negative halide anions bound unpassivated metal atoms
in correspondence of chalcogen vacancies, while methylammonium cations, due to their high
solvation energy, act as counterions and form a diffuse layer around NFs.?*#!:42 NMF represents the
best choice among the suitable solvents for solution stabilization of WS, NFs since it exhibits an
extraordinarily high dielectric constant (¢ ~ 182), essential to stabilize nanocrystals capped with
charged inorganic species.*® Importantly, even in presence of methylammonium halide salts, and after
prolonged sonication, NMF did not exhibits any signal of degradation or PL emission, unlike to other
polar solvents commonly used in 2D-TMDs liquid exfoliation that exhibit PL emission after
sonication, such as N-methyl-2-pyrrolidone.* In order to demonstrate the viability of our approach,
methylammonium iodide (MAI), methylammonium bromide (MABr), and methylammonium
chloride (MACI) have been selected as halogen sources to passivate defective colloidal WS, NFs
with I-, Br-, and Cl-, respectively. WSz NF passivated with Br- (WS2-Br NFs) ions has been adopted
as reference sample due to the intermediate atomic radius of Br, however similar results has been
obtained with I~ and ClI-, which are shown in the Supporting Information sections ‘Passivation of WS>
nanoflakes with I ions’ and ‘Passivation of WS» nanoflakes with Cl- ions’, respectively.

UV-Vis absorption spectra of pristine and Br™ passivated colloidal WS, NFs are reported in Figure
1b. Similarly to WS2-Br NFs, the pristine sample was sonicated in NMF without methylammonium
halide salts in order to exclude any effects of sonication on the WS> NF properties. We immediately
observe a marked difference in the color of the solution of pristine and halide passivated colloidal
WS; NFs. The diluted solution of pristine WS» NFs appears deep taupe, while the WS»-Br is orange-
reddish (inset in Figure 1b). The optical absorption of pristine WS> NFs is characterized by a broad
band in the spectral range between 340 nm and 700 nm without specific optical features, (Figure 1b,
blue line). Such behavior is characteristic for WS> nanosheets comprising both semiconducting 2H
and metallic 1T or 1T’ crystal phases,'® as the pristine WS, NFs used here, even though an effect of

the large density of defect states on the optical properties cannot be excluded.** By contrast, the UV-



Vis absorption spectra of halide passivated NFs have two clear absorption peaks located at 340 nm
and 510 nm (Figure 1b, orange line). After a prolonged sonication (42h, see Figure S2), a weak
absorption band at around 440 nm along with an overall broadening of the absorption features are
observed, which we attribute to an excess of halide atoms included in the crystal structure or to an
overall damage of the nanocrystals under prolonged sonication, both detrimental for optical
properties. According to previous reports, the absorption spectrum of semiconducting 2H WS,
monolayer features two absorption peaks (labelled A and B) arising from two transitions at the K/K’
points, related to the strong spin-orbit coupling that induces a valence band splitting of ~0.35 eV. A
third strong absorption peak (C) at higher energies originates from interband optical transitions across
the bandgap.?>#4¢ We correlate the absorption peaks at 510 and 340 nm to transitions A and C, while
the lack of well-defined peaks in the optical region where we expected the transition B, (i.e. between

A and C), suggests an overlap of several spectral features that hide the B peak.
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Figure 1. Halide passivation of colloidal WS, NFs (a) Schematic illustration of the halide passivation
on WS> NFs. (b) UV—vis absorption spectra of pristine and Br~ passivated WS> NFs after 24 h of

sonication and (inset) picture of (left) pristine and (right) Br- passivated WS> NFs solutions.

Optical transitions for our WS, NFs result blue-shifted compared to what reported in literature for
monolayered sheets with lateral size in the micrometre range, but are consistent with 2D-TMDs
nanostructures with lower dimensionality.!”#"% Furthermore, WS,-Br NFs excitonic features result
broader than absorption peaks usually observed in mechanically exfoliated WS>, which could be in

part due to the collective contribution from several WSz NFs randomly oriented in the solution. The



significant variation in the optical response of WS-Br NFs compared to the pristine one suggests that
halide treatment could affect one or more of the parameters that directly determine the optical
properties of 2D-TMDs, including density of defect states, thickness and crystal structure of
nanoflakes. Low-magnification TEM imaging of both the pristine sample (Figure 2a-b) and halide
passivated WS, NFs (Figure 2b-c) shows that WS, NFs are organized in bundles randomly oriented
with respect to the TEM grid. A similar morphology has been observed independently of the duration
of sonication step (Figure S3); this suggests that morphology is not affected by the treatment. The
corresponding selected-area electron diffraction (SAED) image for pristine and WS2-Br NFs are
shown in Figure 2e-f and the SAED patterns are reported in Figure 2g. The SAED patterns of pristine
and Br passivated colloidal WS> NFs are similar demonstrating that the crystal structure is mostly
retained after the treatment, although we cannot exclude slight variations that cannot be detected with
SAED. Investigation of such minor variation in crystal structure following halide treatment require
further detailed atomic-level structural characterization that are out of the scope of our work. The
chemical composition of the colloidal halide passivated WS> NFs have been analyzed by high angular
dark field scanning transmission electron microscopy (HAADF-STEM) combined with energy
dispersive X-ray spectrometry (EDX). The HAADF-STEM image in Figure 2h confirms that the
morphology of the WS, NFs is retained after the treatment, in particular the bundled structure of the
NFs can be observed. W and S atoms are detected, and the stoichiometry of the WS> NFs is
determined to be ~1:1.4 supporting the high density of sulfur vacancies in the pristine sample (see
Figure S4 and Table S1). At the same time, the elemental mapping reveals the presence of Br content
in Br passivated WS> NFs samples, confirming that Br is homogenously distributed on the entire NF

area (Figure 2m).
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Figure 2. Morphology and composition analyses of pristine and Br- passivated WS> NFs. TEM
images of (a-b) pristine and (c-d) Br passivated WSz NFs. SAED of (e) pristine and (f) Br™ passivated
WS, NFs. (g) SAED pattern of pristine and Br™ passivated WS> NFs. (h) HAADF-STEM image of
the WS»2-Br NFs with the corresponding elemental EDX maps for (i) W, (I) S and (m) Br.

To further support the effectiveness of halide passivation, we compared the EDX spectra of the
pristine and halide passivated WS> NFs sample (Figure S5). The spectra prove the presence of Br
atoms on the WS>-Br NFs, which is quantified in an atomic percentage of 3.9% (see Table S1). The
EDX spectra does not allow to discriminate between the Br bound to the surface or intercalated, but
according to the observed variation in optical properties we exclude the simple Br intercalation as the

main mechanism.



Localized states in halide passivated WSz nanoflakes

In order to understand the effectiveness of the halide passivation strategy in suppressing deep gap
states, we measured room temperature PL emission from halide passivated WS> NFs. As-synthesized
defective WS> NFs show nearly zero-value PL emission, thus preventing any investigation on the
electronic bands through PL measurements. When colloidal WS> NFs are passivated with halide
atoms, a noticeable PL in the blue-green region (with PLQY of about 1%) emerges thus proving the
reduction of density of deep gap states that otherwise would act as ultrafast non-radiative
recombination centers. Interestingly, halide passivated WS> NFs are highly stable preserving
colloidal stability and PL emission after several weeks of storing in ambient atmosphere (Figure S6).
From the analysis of the emission spectra of passivated WS> NFs, we clearly detect an excitation-
wavelength-dependent behavior of PL. The emission spectrum, which consists of distinctive emission
features, shifts toward longer wavelengths with the increasing excitation wavelength (Figure 3a).
Similar behavior has been observed in liquid exfoliated WS> quantum dots due to the polydispersity
of the sample that affect the PL wavelength emission because of lateral confinement effects.!
However, the well-defined absorption bands in the absorption spectra and the presence of distinctive
features in a single PL spectrum suggests the presence of localized electronic states, which favor the
exciton recombination process (see schematic in Figure 3b).3

In order to probe the spectral origin of the observed emitting states, we perform photoluminescence
excitation (PLE) spectroscopy. Figure 3c-d shows the PLE intensity maps of halide-passivated WS;
NFs after 24h of sonication along with the PLE spectra at relevant detection wavelength. PLE map
highlights three main high-intensity emission signals at 430 nm, 490 nm and 530 nm resulting from
excitation wavelength of about 380 nm, 430 nm, 470 nm. The PLE spectra, extracted from PLE map
in correspondence of high intensity emission signals are substantially different from absorption

spectra, discussed above.
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Figure 3. Photoluminescence from Br passivated WS, NFs. (a) PL spectra of Br™ passivated WS»
NFs at excitation wavelengths of 380 nm (Aex1), 430 nm (Aex2), and 470 nm (Aex3). (b) Schematic of
the competing relaxation pathways in halide passivated WS> NFs. High excitation energies allow
charge carriers to access to high-lying localized states from which recombine competing with
intervalley scattering and bandgap emission. (c) PLE intensity map. (d) PLE spectra extracted from
PLE maps at detection wavelength corresponding to stronger PL emission signals (Aem1=430 nm,

Aem=490 nm and Aem;=530 nm).

Absorption spectra shows only two absorption peaks and a broad absorption between them, while
PLE spectra exhibit distinct peaks providing more information for the study of absorption transitions
and related emissive states. The PLE spectrum excited at 430 nm shows a distinctive enhancement in
correspondence with the region of the absorption spectra between A and C peaks, precisely at 380
nm, where the lack of distinct peaks in the absorption spectra hampers the unambiguous match
between absorption and emission signals. The PLE spectrum at 490 nm reaches the maximum
intensity at about 430 nm and exhibits two less intense additional peaks at 380 nm and 470 nm.

Similar situation is observed in the PLE spectrum at 530 nm that has its maximum at 470 nm along
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with less intense features at 380 nm, 430 nm, and 510 nm, the last one in correspondence with the A
transition in the absorption spectrum.

All the above measurements suggest that exciton recombination in halide passivated WS> NFs is
strongly influenced by localized states related to surface mediated processes. The emissive features
stem from surface states introduced by halide passivation that compete with intervalley scattering and
bandgap emission. In particular, when the samples are excited at high excitation energies, the
probability for charge carriers to access and to couple to high-lying states is very high. As a result,
the emission from the A band is significant only for excitation wavelength just above the band edge.
To further study the PL emission as a function of the excitation wavelength, we investigated the decay
dynamics of the exciton states through time-resolved PL (TRPL), with the aim to disentangle the
mechanisms involved in radiative recombination. TRPL maps obtained with excitation wavelengths
of 380 nm, 430 and 470 nm and relative PL decay spectra under the detection wavelength of 530 nm

are shown in Figure 4.
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Figure 4. Exciton radiative decay from Br- passivated WS, NFs. TRPL emission maps of Br
passivated WS> NFs for excitation wavelength of (a) 380 nm, (b) 430 nm, (c) 470 nm, respectively;

and (d-e-f) relative PL decay transients under detection wavelength at 530 nm.
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The spectrograms of the exciton states extracted from the TRPL maps reveal non-exponential
dynamics, with an initial fast decay in the sub-nanosecond range followed by a slower tail with
characteristic time in the order of nanoseconds. This suggests that after photoexcitation, most of the
excitons population decay via a very fast non-radiative recombination through the residual defect
states at the surface while some long lived charge carriers survives trapped at localized states
introduced with halide passivation, which slow down the intervalley relaxation.’>3* The interpretation
is further supported by time-resolved spectrograms obtained at different excitation wavelength, from
which it is observed that the decay becomes faster as the excitation wavelength approach the band
edge, validating the conclusion of a slow intervalley scattering process mediated by localized states.
Analogous results were obtained for WS, NFs passivated with I ions (see Figure S9 and Figure S10)

and Cl ions (see Figure S13 and Figure S14).

Restoring of electronic band structure of colloidal WS:2 nanoflakes

We used DFT simulations to explore the influence of sulfur vacancies and halide passivation on the
electronic structure of WS, NFs.*¢ Defect free, defective and halide passivated single layer (1L) WS,
structures modelled by using a 3x3 supercell are illustrated in Figure 5. This relatively small
simulation cell is intentionally used to resemble the high defect amount present in the as grown
experimental WS, samples. The density of states (DOS, panel b) of a defect-free WS> monolayer
shows a clean band gap without intragap states (maroon line). Note that the simulated band gap for
the extended layer results to be 1.6 eV, slightly underestimated with respect to the corresponding
experimental value (2.03 eV), as expected by DFT. The latter value is smaller than the optical
bandgap (2.43 eV, i.e. 510 nm) measured here for WS> NFs, due to the effect of the lateral quantum

confinement.>®
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Figure 5. DFT simulations of Br™ passivated WS> NFs (a) Modelled defect free, defective and halide
passivated WS structures and (b) DOS of the modelled structures.

The presence of one or two sulfur vacancies (Svac) in the 3 x 3 supercell, corresponding to 6% (green
line) and 12% (pink line) of S defects, respectively, introduce an intragap state near the conduction
band (CB) edge. The creation of one S-vacancy (6%) leaves an empty dangling bond state lying deep
in the band gap, which is responsible for the ultrafast non-radiative recombination of photoexcited
excitons. Vacancy passivation with halide Br atoms (blue line) saturates the defect state and the band
gap of the undefective layer is nearly restored. Br acts as aliovalent substituent that saturates the S
vacancy and donates its extra p-electron to the host, occupying the bottom of the WS, conduction
bands (n-type degenerate doping). Increasing the ratio of the incorporated heteroatoms up to very
high content (e.g. 12% Br, orange line) does not significantly change this picture, simply imparting

shift of the Fermi level deep within the WS conduction band. Mixed configuration with Svac and Br

14



ion coexisting in the same sample (e.g. 6% Svac+6% Br, cyan line) exhibit intermediate behavior
with the effects of the vacancy and of dopant that sum up giving a reduction of the effective bad gap
(shallow S-derived defect state) and occupation of the bottom of the conduction band (Br charge
donation). We also have investigated the effect of vacancies and halide passivation on WS in bilayer
configuration by performing DFT calculation for electronic structure. In the bilayer regime, we take
in consideration also the possible intercalation of halide atoms within the bilayer and possible effects
arising from the interaction between intercalated atoms and WS, layers. Intercalation of halide atoms
does not have dramatic effect on both electronic structure and absorption spectra, while sulfur
vacancies and halide passivation have effects on WS, bilayer similar to those observed for the

monolayer (see Figure S15 and S16).

CONCLUSIONS

We have investigated an effective strategy to passivate chalcogen vacancies of colloidal WS> NFs
while preserving colloidal stability. Based on EDX and DFT results, we propose that halide ligands
bind unsaturated metal cation suppressing deep gap states and nearly restoring the bandgap of
defective WS to that of a defect free crystal, which leads to the activation of PL emission.
Furthermore, our study reveals that halide passivated WS> NFs are characterized by the presence of
localized surface states that strongly dictate the excited-state relaxation pathways. Our results support
the conclusion that in halide-passivated WS> NFs the presence of localized states hinder the
intervalley scattering process promoting radiative recombination before relaxation to the band edge.
As a consequence, the vast majority of initial excited states recombine before incurring in intervalley
scattering, whereas only a small fraction of them relax to the band edge and recombine emitting lower
energy photons. Indeed, emission from A transition is significative only for excitation wavelengths
just above the band edge because the access to localization site is significantly reduced at lower

excitation energy.
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In conclusion, our findings reveal the possibility of tailoring optical properties of colloidal 2D-
TMDs exploiting solution-phase passivation approaches. In particular, halide passivation neutralizes
sulfur vacancies, making WS> NFs bright in photoluminescence, and at the same time introduces
localized states that affect optical emission, revealing the full relevance to develop similar passivation
schemes for a wide range of applications including multicolour biolabeling, display and lasers based

on colloidal 2D-TMDs.
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Figure S1. Picture of a 4 mg/ml solution of WS;-Br NFs in NMF
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Figure S2. Evolution of UV—vis absorption spectra of Br~ passivated WS> NFs after 18h, 24 h, and

42 h of sonication. Each absorption spectrum is normalized by the A exciton peak.

Figure S3. TEM images of WS>-Br NFs after (a) 18h, (b) 24 h, and (c) 42 h of sonication.
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Figure S4. (a) HAADF-STEM image of the WS2-Br NFs with the corresponding elemental EDX

maps for (b) W and (c) S.
W (at. %) | S (at. %) | Br (at. %) | S : W ratio
Pristine WS> NFs 42.5 57.5 0 14
WS, — Br NFs 37.7 58.4 3.9 1.6

Table S1. Atomic concentration of the as-synthesized and Br™ passivated WS> NFs measured by the
quantification of the EDX maps in Supplementary Figure 5. The selected energy transitions for atomic
percentage quantification were L= 8.4 eV, K=2.3 eV, K=11.9 eV for W, S and Br respectively. The

uncertainty on the EDX analysis was estimated to be 3-4%.
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Figure SS. EDX spectra for the pristine and Br™ passivated WS> and NFs.
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Figure S6. Photoluminescence spectra of Br™ passivated WS, NFs after several months of storing in

air. We register a significant photoluminesce reduction only after 12 months of air exposure.

Passivation of WS, nanoflakes with I" ions

Figure S7. TEM images of WS»-I NFs after (a) 18h, (b) 24 h, and (c) 42 h of sonication.
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Figure S8. Evolution of UV—vis absorption spectra of I passivated WS> NFs after 18h, 24 h, and

42 h of sonication
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Figure S9. (a) PL spectra of I passivated WS> NFs at excitation wavelengths of 380 nm (Aem1), 430
nm (Aem2), and 470 nm (Aem3). (b) PLE intensity map. (c) PLE spectra extracted from PLE maps at
detection wavelength corresponding to stronger PL emission signals (430 nm, 490 nm and 530 nm).

Absorption spectrum is also shown for comparison.
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Figure S10. TRPL from I" passivated WS> NFs after 24 h of sonication. (a,b,c) TRPL emission maps
of I passivated WS> NFs for excitation wavelength of 380 nm, 430 nm, 470 nm, respectively; and

(d,e,f) relative PL decay transients under detection wavelength at 530 nm.

Passivation of WS, nanoflakes with CI ions

Figure S11. TEM images of WS»-Cl NFs after (a) 18h, (b) 24 h, and (c) 42 h of sonication.
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Figure S12. Evolution of UV—vis absorption spectra of Cl- passivated WS> NFs after 18h, 24 h, and

42 h of sonication
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Figure S13. (a) PL spectra of Cl- passivated WS> NFs at excitation wavelengths of 380 nm (Aem1),

430 nm (Aem2), and 470 nm (Aem3). (b) PLE intensity map. (c) PLE spectra extracted from PLE maps

at detection wavelength corresponding to stronger PL emission signals (430 nm, 490 nm and 530

nm). Absorption spectrum is also shown for comparison.
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Figure S14. TRPL from CI passivated WS> NFs after 24 h of sonication. (a,b,c,) TRPL emission

maps of Cl" passivated WS> NFs for excitation wavelength of 380 nm, 430 nm, 470 nm, respectively;

and (d,e,f) relative PL decay transients under detection wavelength at 530 nm.
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DFT simulations of WS, bilayer structures
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Figure S15. (a) Atomic structure and (b) density of states for WS> double layer (2L) with and without
a single defect. From bottom to top: no defects; one S vacancy (1Svac), one substitutional Br atom

(1Br); and one interstitial Br atom (1Brin).
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Figure S16. (a) Atomic structure and (b) density of states for WS, double layer (2L) with three

DOS (arbit. units)

4
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energy (eV)

defects. From bottom to top: three S vacancy (3Svac), two S vacancy and one substitutional Br atom

(2Svact1Br), one S vacancy and two substitutional Br atoms (1Svac+2Br), three substitutional Br

atoms (3Br).
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