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ABSTRACT

Lead halide perovskite nanocrystals (NCs) are particularly suitable for light-emitting and
photocatalysis applications, where their potential can be maximized by controlling the surface

composition of their organic shell. In this study, the preparation of CsPbClxBrsx NCs at room
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temperature in toluene is described. Three differently structured surfactants are utilized for the
synthesis, each with a specific function, namely the solubilization of the lead precursor (n-HeptsNBr),
the surface passivation with halide modification (dimethyldioctadecylammonium chloride), and the
protection of the surface-active sites (octanoic acid) for photocatalysis. Under these conditions, nearly
monodispersed blue-emitting nanocubes are selectively obtained in a one-pot synthesis by combining
specific amounts of the perovskite precursors. As supported by TGA and FT-IR investigations, the
organic shell of the obtained NCs is composed of electrostatically bound dimethyl-
dioctadecylammonium ions, granting robustness to the corresponding NCs, and octanoic acid
molecules, interacting with the nanoparticle surface through weaker secondary bonds. The obtained
NCs exhibit a high photoluminescence quantum yield (PLQY = 72 £ 3%) notwithstanding a multi-
exponential recombination dynamic of the excited state, resulting from the different passivation
modes at the NC surface. Moreover, the NCs show a remarkable optical stability after exposure to
high temperatures and to water contact, due to the high surface density of the multifunctional organic
ligands. The introduction of 4-tert-butylphenyl thiol promotes a charge transfer process at the
NC/thiol interface formed upon removal of the labile ligands (octanoic acid) at the NC surface. In
these conditions, the NCs are prone to the photo-induced conversion of the aromatic thiol into the
corresponding disulfide without varying the optical properties of the perovskite photocatalyst upon
the substrate conversion. Therefore, the obtained results cast light on the versatility of the surface
engineering of lead halide perovskite NCs for efficient blue-emission and photocatalysis with

improved stability.
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INTRODUCTION

Over the last few years, all-inorganic lead halide perovskite nanocrystals (LHP NCs) have showcased
their huge potential in the field of optoelectronic applications, in which they excel for their high molar
extinction coefficients, high photoluminescence quantum vyield (PLQY), wide color range, and
narrow emission profiles.! The main technological implications of LHP NCs have thus far regarded
photovoltaic devices,? light-emitting diodes,® photodetectors,* and information encryption.> Unlike
the significant improvement on properties and stability reported for CsPbX3 NCs (where X = Br or |)
over the last few years,®’ CsPbCl3 NCs and the relevant mixed-halide analogues continue to exhibit
weak emission efficiencies, making them unusable for commercial optical applications.® At the same
time, wide bandgap LHP NCs are considered the ideal candidates for photocatalysis, because they
can exploit the high-energy photons to promote specific organic transformations.® In photocatalysis,
the catalyst dissociates the absorbed photons into electrical charges, which are transferred to organic
substrates as a prelude to their chemical transformations.'%!! Therefore, to act as photocatalysts, LHP
NCs capped with solubilizing organic ligands must also exhibit active sites on their surfaces to
promote the charge transfer process.'?'34 However, the same structural issues affecting chlorine-
based LHP NCs and causing their low emission efficiency also concur to reduce their photocatalytic
properties.’® In this perspective, the main efforts to solve the critical points of chlorine-based LHP
NCs have regarded the improvement of both the synthetic procedures and the post-synthetic

transformations. 6

The common synthetic approaches employing PbX; salts as lead precursors®’ inevitably originate
halide-deficient surfaces for the corresponding LHP NCs, due to the nonstoichiometric ratios of the
two elements in the reagent.*® Especially in the case of chlorine-based LHP NCs, the formation of
halide vacancies is deleterious for the emission properties because of the introduction of shallow trap
levels.!® These defects represent the excitons’ non-radiative recombination centers, which are

responsible for reducing also the charge transfer capability to the substrates during the photocatalytic
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process.?%2* Moreover, the acid/base pairs typically used as the ligands for the synthesis of LHP NCs
are highly dynamic and labile, making the NC surface extremely unstable?’?® and unfavorably

reactive toward potential substrates.

In order to elude the formation of surface halide vacancies, different synthetic strategies have recently
been proposed to set up a halide excess environment during the NC formation.?#?>2% The same
concept was extended to post-synthetic approaches using halide-containing ligands to replace the
native ones and fill the surface vacancies at the same time.?”?® However, the full control over the
organic composition of LHP NCs to merge the structural regularity of their surfaces and colloidal

stability while generating potential reactive centers for (photo)catalysis is still a challenging task.?%

In this study, we report a room-temperature procedure for synthesizing CsPbClxBrsx NCs employing
three differently structured ligands, each conceived to perform a specific function, namely the
solubilization of ionic precursors in toluene, surface passivation, and protection of the potential active
sites for photocatalysis. Although the implementation of toluene as the crystallization medium was
previously reported,® the peculiar “base-free” reaction conditions endowed the corresponding NCs
with a surface passivation composed of tightly bound sterically hindered ligands
(dimethyldioctadecylammonium ions) and loosely bound octanoic acid molecules. Through the direct
variation of the halide component induced by the passivating agent, the proposed synthetic approach
was conceived to obtain highly efficient sky-blue emitting NCs. The diverse nature of the
surface/ligand interactions imparted sufficient stability to the corresponding NCs under harsh
conditions, while at the same time enabling light-induced transformations (the paradigmatic thiol
oxidation to the corresponding disulfides) at the active sites released by the labile ligands of the NC
surface. This study highlights the importance of the chemical approach for suitably engineering the
surface of LHP NCs to obtain nanomaterials merging the necessary colloidal robustness with

photocatalysis efficiency.



RESULTS AND DISCUSSION

The preparation of CsPbCIxBrsx NCs was conducted by setting up an ad hoc synthetic protocol to
carry out the reaction under mild conditions and simultaneously to achieve the full control over the
organic shell composition of the corresponding NC surface. The key aspect of the proposed synthetic
approach inherently consisted in the injection of the cesium source into the reaction mixture
containing the other perovskite constituting elements (lead precursor and halide sources) previously
dissolved in toluene. This route allowed to bypass the conventional dissolution step of the ionic
precursors of LHP NCs requiring high temperatures or aggressive polar solvents.®? The dispersion of
the chosen lead precursor (PbBr2) in toluene was accomplished by the presence of an equimolar
amount of (n-Hept)sNBr salt, promoting the formation of soluble intermediates.®® The modulation of
the halide component (to interest to blue region in emission for the corresponding NCs, vide infra)
was subsequently performed by introducing the suitable quantity of dimethyl-dioctadecylammonium
chloride (DODC) in the reaction mixture (PbBr2:DODC = 5:1 mol:mol) before the cesium injection,
as schematized in Figure 1. Notwithstanding the structural analogy of the two organic cations used in
this synthetic sequence, we observed that the presence of (n-Hept)sNBr in the first step was
indispensable for warranting the complete dissolution of the lead precursor, which did not occur by
utilizing only DODC as a surfactant even at higher concentrations. The synthesis of the perovskite
NCs was completed by injecting the cesium source (prepared by dissolving Cs2COs in octanoic acid)
in the previously described reaction mixture. A bright blueish emission was observed after few
seconds carrying out the whole procedure under ambient atmosphere at room temperature.
Purification of the crude mixture was performed by adding an equivolumetric amount of methyl
acetate and subsequent centrifugation. The precipitate was then redispersed in toluene (or n-hexane)
and newly centrifuged to remove insoluble particles before characterization. It should be emphasized

that the presence of DODC (primarily used to modulate the halide composition of the resulting NCs)
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was crucial to warrant the achievement of nanoparticles endowed with a sufficient colloidal stability.
We explain this result with the incapacity of the sole symmetric organic ammonium cations (n-
Hept:N™) to efficiently passivate the NC surface. Conversely, notwithstanding the two long octadecyl
chains in DODC, the presence of the small methyl groups can favor the electrostatic interactions of

this organic cation with the NC surface, thus acting as its effective majority passivating agent.3*
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Figure 1. (A) Pictorial representation of the synthetic sequence adopted for the preparation of the
mixed-halide perovskite NCs. (B) TEM micrograph of the NCs (scale bar = 100 nm). (C) Size
distribution histogram of the NCs. (D) Experimental (open circle) and refined (solid line) profiles

obtained after the full-pattern Rietveld refinement of the XRD pattern of CsPbClxBrs x NCs. (E) The



refined crystal structure of orthorhombic CsPbCIxBrsx NCs. (F) High resolution-TEM images

showing the interplanar distance of 2.9 A of the nanocubes.

The mechanism of the NC formation was investigated by evaluating the UV-vis spectra of the
intermediates formed immediately before the cesium injection (Figure S1). The absorption profile of
the solution obtained by combining PbBr; and n-HeptsNBr is compatible with the formation of (n-
HeptsN)PbBrs species.® Upon the DODC addition, we observed a distinct blue-shift of the absorption
maximum, indicating the formation of mixed halo-plumbates.*® Therefore, we can reasonably predict
that the chlorine introduction into the perovskite lattice occurred during the crystallization of the lead-

based intermediates and not after the NC formation.

The morphology of the synthesized NCs was assessed by transmission electron microscopy (TEM),
evidencing that the synthetic protocol exclusively produced nanocubes (Figure 1B). The average size
and distribution of the obtained nanocubes (length = 10.5 + 0.8 nm, Figure 1C) suggest the uniform

growth of the forming nanoparticles dictated by the specific reaction conditions.

The structural analysis on CsPbCIxBrz x NCs was performed by X-ray diffraction (XRD) and high-
resolution transmission electron microscopy (HR-TEM), while the elemental composition was
qualitatively assessed by energy dispersive spectroscopy (EDS) coupled with a scanning electron
microscope (SEM). As reported in Figure 1D, XRD pattern suggests the crystallization of
CsPbClxBrsx NCs in Pnma (orthorhombic structure) space group. Rietveld refinement was
performed on a high-resolution XRD pattern of the NCs to determine their phase purity. While the
refined crystal structure is shown in Figure 1E, the resulting lattice and structural parameters are given
in Table S1. The low Rwp and 2 values of the Rietveld fitting (Table S1) confirm the high phase purity
and the absence of secondary or impurity phases. The inset of the HR-TEM image (Figure 1F) shows

a lattice spacing of ~2.9 A for CsPbCIxBrs x NCs, corresponding to (202) lattice plane spacing.
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Although the phase of the observed NCs can be reliably confirmed by the Rietveld refinement
performed on the XRD pattern, the estimated Cs:Pb:(Br/Cl) ratio from SEM-EDS strongly deviates
from the expected 1:1:3 atomic ratio of CsPbX3 NCs. This behavior can be explained by several
factors, including the parasitic signal from the ligand, accelerated degradation under the beam, and
high vacuum conditions.®”*%39 However, the presence of all expected elements composing the

CsPbClIxBrs-x NCs was qualitatively evaluated as reported in Figure S2.

To gain insights into the surface’s organic composition of the NCs, we analyzed their infrared (IR)
absorption spectrum and weight loss profile recorded under an inert atmosphere. The FT-IR
investigations clearly evidenced the presence of an organic shell passivating the NC surface with the
typical C—H stretching (3000-2750 cm™) and bending (1478 cm™) modes of the aliphatic
hydrocarbons (Figure 2A), which can prevalently be attributed to the organic ammonium cations
deriving from DODC used for the crystallization process. Furthermore, the apparent absorption band
centered at 1710 cm™ can be ascribed to the peculiar stretching mode of the carboxylic groups,
stemming from octanoic acid used for dissolving the cesium precursor. It is reasonable to suppose
that the adsorption of octanoic acid molecules onto the NC surface is induced by the specific base-

free conditions of our synthetic protocol.

The thermogravimetric analyses (TGA) carried out on the CsPbCIxBrs x NCs (Figure 2B) showed a
peculiar profile characterized by three distinct thermal events, as also supported by the corresponding
weight percent derivative (Figure S3). The first thermal event at relatively low temperatures (~150
°C) can be attributed to the evaporation of octanoic acid molecules at the NC surface occurring under
the experimental condition of the measurements and supported by the comparison with the behavior
exhibited by the Cs-octanoate solution used for the NC preparation. This event is in fact observed at
a temperature too low to be ascribed to the molecule decomposition. The main weight loss (59.9%)
of the sample occurring at 350-400 °C can be ascribed to the sublimation of dimethyl-

dioctadecylammonium halides, as also in this case evident by comparing the thermal behavior of
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DODC used for the NCs synthesis. In fact, no residues were observed for DODC under the
experimental condition of the thermogravimetric acquisition (Figure 2B), indicating sublimation
rather than decomposition. The two thermal events of the main weight loss (Figure S3) can be
attributed to the different (bromide or chloride) counteranions of the organic species. Inspection of
the TGA profile suggests that the sublimation of these surface organic species is delayed in the NCs
with respect to pure DODC, due to the interactions with the perovskite scaffold. The last thermal
event (> 700 °C) is due to the perovskite core decomposition with subsequent sublimation of its

pristine constituents (PbXz and CsX, where X = Cl and/or Br).
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Figure 2. (A) Fourier-transform IR spectra and (B) thermogravimetric plots of the NCs and their
precursors (Cs-octanoate and DODC). (C) Normalized UV-Vis and PL spectra and (D) time-resolved

PL decay of the NCs recorded in n-hexane (Aex = 375 nm).



The ligand density of the two organic species was calculated by TGA plots, as reported in
Supplementary Information. The calculated values are 12.30 nm™ and 3.63 nm= for dimethyl-
dioctadecylammonium and octanoic acid ligands, respectively. The high density of ligands is
comparable with those reported for similar structures.®® Based on these results, we infer that the
surface of the proposed NCs is prevalently composed of electrostatically interacting
dimethyldioctadecylammonium groups (replacing surface cesium ions),*! while the relatively small
octanoic acid molecules can reasonably be thought of as placed in between the voids left by the
halogen-bearing species, owing to their large steric hindrance. The adsorption of the neutral species
(octanoic acid) onto the NC surface should involve Pb—O interactions and/or the formation of

hydrogen bonds involving surface electronegative halides.

The absorption spectrum of the NCs measured in n-hexane shows a blue shift of the excitonic peak
(Laps = 469 nm) with respect to conventional CsPbBrs NCs with similar sizes*? and their optical
bandgap is 2.51 eV (Figure 2C). The PL behavior (Aex = 375 nm, Aem = 482 nm) is characterized by
a narrow emission profile (FWHM = 20 nm) and high quantum efficiency (PLQY = 72 + 3%),
resulting higher than similarly passivated blue emitting NCs*. The chromatic coordinates of the
emission (x=0.10; y=0.17) are reported in the diagram 1931 CIE of Figure S4. Time-resolved PL
(Figure 2D) evidenced a multi-exponential decay behavior (Table S2) with a large average lifetime
(tav = 37.2 + 0.9 ns) probably due to the radiative recombination induced by shallow trap levels.**
At the same time, the long decay time and the high PLQY indicate a low rate of nonradiative

recombination processes and limited NC defect density.*

We gained insight into the stability of our NCs by investigating the effects of temperature and
humidity on their emission efficiency, reflecting determined surface transformations occurring during

the treatments.*® To evaluate the temperature effect, we monitored the PL intensity evolution of a NC
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dilute solution up to 65 °C, ascertaining a remarkable quenching (> 50%) of the emission intensity
within the explored temperature range (Figure 3A). Conversely, the emission profiles remained
unaltered during the thermal treatment, demonstrating an appreciable resilience of the NCs to
temperature-dependent emission wavelength modifications. Furthermore, the pristine PL intensity
was almost completely restored passing directly from 65 °C to the initial temperature. The observed
emission reversibility can be reasonably explained by the formation of surface halogen vacancies
during heating, which are re-filled once returned to room temperature.*” This effect is reasonably
connected to the high ligand density at the NC surface: at elevated temperature, the detachment of
the organic ammonium ions (bearing the surface halides to counterbalance their electrical charge)
occurs to relief the steric repulsion between the aliphatic chains of adjacent molecules increasing with
temperature. Importantly, the obtained results indicate the NCs preserved their colloidal stability in
solution after the thermal treatment and this behavior can be explained by the presence of residual
tightly bound dimethyldioctadecylammonium ligands at the surface, hampering structural damages

or nanoparticle coalescence at high temperatures.
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Figure 3. (A) Relative PL intensity of NC dispersion (toluene) as a function of temperature. (B)
Behavior of relative PL intensity of NC dispersion in a toluene/water (2:1 vol:vol) biphasic system

as a function of time.
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Furthermore, the optical properties of the NCs would seem to be not affected by water, as evident by
monitoring the PL intensity of the nanoparticles in a toluene/water (2:1 vol:vol) biphasic system
(Figure 3B). In fact, we ascertained that the PL intensity of this system was inherently preserved over
time, losing only ~6% of the initial emission value after 2 h (Figure S5). This behavior can be
explained by the high surface density of ligands constituting a compact hydrophobic shell, thereby
protecting the NC surface from the water penetration, known to be detrimental for the crystalline

structure.®

To properly assess the peculiarities of our synthetic protocol, we prepared CsPbBrz NCs (hereafter
called c-NCs) with conventional oleic acid and oleylamine as the sole solubilizing agents for the lead
precursor by using toluene as the crystallization solvent at room temperature (see Experimental
Section for details). Under these conditions, the obtained nanoparticles exhibited a non-uniform
growth during the crystallization with the prevalent formation of nanoplatelets, as evidenced by TEM
investigations (Figure S6). The obtained morphological inhomogeneity of c-NCs is also responsible
for the broad emission profile (FWHM = 32 nm) peaked at 458 nm (Figure S7). At the same time,
the low PLQY (24 + 2%) exhibited by c-NCs seems to be related to the short average lifetime (tav =
2.1 + 0.1 ns) of their excited state, symptom of the presence of non-radiative recombination centers
of excitons typical of defective surfaces (Figure S8). Moreover, c-NCs showed a lower resilience
against polar media with respect to CsPbCIxBrs x NCs, evidenced by a drastic PL quenching (~49%)
of the toluene/water (2:1 vol:vol) biphasic system over time (Figure S9). This behaviour can be
ascribed to the acid-base equilibria involving the conventional ligands used to prepare c-NCs, which

deprotect their surface favoring the degradation of the nanoparticles promoted by water.

Due to their peculiar surface composition, we tested our NCs in an archetypal example of light-
induced chemical transformation, i.e. the homocoupling of an aromatic thiol to form the

corresponding disulfide.*® Along with their ubiquitous role in proteins and biologically active
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enzymes, disulfides have wide industrial applications, encouraging the continue development of mild,
green, and efficient thiol homocoupling synthetic protocols.>® Before examining the potentialities of
our NCs in this specific example of photocatalysis, we scrutinized the impact of the aromatic thiol
(4-tert-butylphenyl thiol) on the absorption properties of our NCs recorded in n-hexane, chosen as
the solvent for the photocatalytic experiments due to its photochemical inertness. To a dilute solution
of the NCs (<0.1 absorbance at the excitonic peak in the cuvette), the thiol was gradually added
without remarkably varying the volume of the dispersion. Upon the addition, we observed that the
spectral changes substantially regarded the region comprised between 250 nm and 300 nm, due to the
n-it* absorption transitions of the aromatic compound (Figure 4A). Concerning the absorption
features of the NCs, only a slight decrease of the excitonic peak absorption intensity can be observed

deriving from a band gap renormalization due to NC/thiol interactions at the surface.
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Figure 4. (A) Evolution of the NC absorption spectra upon addition of a 4-tert-butylphenyl thiol
solution at different concentrations in n-hexane and (B) of the corresponding PL spectra. (C)
Schematic representations of the surface modification process and (D) the mechanism of the PL
quenching occurring upon thiol addition on the basis of the energy levels calculated by cyclic

voltammetry experiments.

The formation of a new organic shell composition at the NC surface was confirmed by analyzing the
evolution of the resulting PL spectra (Figure 4B). In this case, it was noticed a gradual quenching of
the NC emission intensity initially followed the thiol concentration, and the effect stopped after
reaching a 0.03 M concentration. We explain this behavior with the establishment of both strong
NC/thiol interactions deriving from the Pb-S affinity accompanied by instauration of hydrogen bonds,
which can be hold responsible for the replacement of the carboxylic moieties from the NC surface.
The variation in the surface composition was supported by FT-IR investigations on the thiol-treated
sample, which evidenced the disappearance of stretching mode band of the carboxylic group at 1710
cm* (Figure S10). At the same time, the PL quenching can be explained by exciton dissociation at
the inorganic/organic interface with the hole in the perovskite valence band transferred to the
mercaptan group (Figure 4C), reducing the number of exciton radiative recombination. This is the
typical emission behavior of perovskite NCs interacting with oxidizable substrates at their surface.>
To confirm this scenario, we carried out cyclic voltammetry (CV) measurements aiming at
extrapolating the oxidation potentials of the entities (NC and 4-tert-butylphenyl thiol) involved in the
photo-induced charge transfer process at the interface. As reported in Figure S11, the aromatic thiol
showed a lower oxidation potential than CsPbCIxBrs_x NCs under the same experimental conditions.
The energy levels calculated by combining CV with the onset of the absorption spectra (see
Experimental Section) suggest that only hole transfers are thermodynamically justified at the NC/thiol

interface (Figure 4D).
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The plateau achievement in the PL quenching can be justified by the saturation of the potential
adsorption sites for the thiol at the NC surface, previously occupied by octanoic acid molecules. In
fact, the removal of organic cations from the NC surface while preserving the electroneutrality of the
transformation is not possible upon the sole addition of the aromatic thiols.>? Furthermore, differently
from Graham’s report,> the PL intensity of the thiol-treated NCs remained stable with time, owing
to the absence of bases (such as the aliphatic amines) potentially developing from the acid/base
equilibria involving the conventionally passivated perovskite nanoparticles.> In fact, the bases can
lead to the formation of thiolates, which are active both in the surface passivation and in the NC
conversion to 0D phases.>® Based on UV-vis spectra (Figure 4A) and TEM micrographs (Figure S12),
0D phases do not appear to be forming to a significant extent upon thiol addition.>® Furthermore, we
observed no light scattering effects in the final solution (0.12 M thiol), thus ascertaining the complete
solubility of the resulting surface-modified nanoparticles, due to the presence of tightly bound
dimethyldioctadecylammonium ligands warranting the dispersibility of the relevant NCs with their

long aliphatic chains.®’

To rationalize the impact of the LHP surface chemistry on the post-synthetic treatments, we also
analyzed the optical response of c-NCs in the presence of 4-tert-butylphenyl thiol. As shown in Figure
S13 and differently from CsPbCIxBrsx NCs, a total PL quenching upon the addition of 0.03 M thiol
was determined. Probably, a larger amount of thiol molecules can be accommodated at the c-NC
surface, due to the acid-base equilibria of the pristine ligands freeing more sites for the thiol binding
than our CsPbClIxBrs_x NCs. The presence of free bases promotes the formation of thiolates that can

covalently bind the surface.

With these premises, we exposed a diluted NC solution in n-hexane in the presence of 0.01 M 4-tert-
butylphenyl thiol to a warm-white light source (65 W) in air. To establish potential photo-induced
chemical transformations, we analyzed the evolution of the absorption spectra during light-exposure

with time. As shown in Figure 5A, upon 30 minutes of irradiation, we ascertained a modification of
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the absorption band profile of the aromatic thiol due to the formation of the corresponding disulfide
(Figure S14). No further optical transformations were observed by prolonging the light-exposure time
up to 60 min owing to the stability of the catalytic system. The role of the NC in this process was
confirmed by a blank test, showing no substrate conversion in the absence of the LHP nanomaterial
under the same photo-irradiation conditions (Figure S15). The product evolution was also supported
by gas-chromatography and mass analyses (Figure S16). Furthermore, it was ascertained the absence

of chemical transformations of the thiol substrate in dark conditions.

To gain insights into the previously described photo-induced conversion, we also analyzed the
emission behavior of the NC dispersion during the light exposure, indicating that the PL quenching
occurred until the full conversion of thiol (Figure 5B). In fact, the emission intensity reverted to its
original value within 30 minutes, demonstrating that the adsorption of the substrate on the NC surface
is mandatory to promote the photocatalysis. This result was further confirmed by the PLQY
evaluation of the corresponding solutions (Figure 5C) with the restoring of the original value (PLQY
= 72 + 3%) after the remarkable drop observed in the presence of the aromatic thiols (PLQY = 33.5

+ 206).

To support possible mechanistic pathways, we also monitored the time-dependent PL decays of the
three different situations (Figure 5D), verifying faster average radiative recombination rates for the
NC/thiol system (tav = 28.6 = 0.8 ns) with respect to those observed for the pristine nanoparticles
(tav = 37.4 £ 1.0 ns), as also reported in Table S2. This behavior is compatible with the scenario
involving the hole transfer at the organic/inorganic interface of the photoexcited NCs.*® After the
photo-induced transformation, the relevant NCs newly exhibited relatively long lifetimes of the
excited states (tav = 32.4 + 0.8 ns), indicating that the dynamics of the carrier recombination

(influencing the photocatalysis) were almost completely restored after the process.
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Figure 5. Evolution with time of the absorption (A) and emission (B) spectra of the NC/thiol mixture
upon photo-irradiation (warm white light, 65 W). (C) PLQY values of pristine NCs, in the presence
of thiol, and upon the photo-conversion. (D) Time-resolved PL profiles of the same solutions. Inset

in A: chemical structure of the disulfide product.

On these bases, we propose a plausible mechanism for the thiol homocoupling, starting with the
adsorption of the substrate by replacing the pristine carboxylic acids at the NC surface. Upon
photoexcitation, the charge injection into the substrate promotes the homolytic dissociation of the S—
H bond leading to the corresponding thiyl radicals and protons (Figure 6). Desorbing from the NC
surface, these species can couple to form the corresponding disulfide compounds, due to their high

concentration in the neighboring of the nanoparticle. We assume that disulfide species are unable to
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interact with the NC surface owing to the large steric hindrance and absence of S—H moieties, freeing
the surface-active sites for sustaining the photocatalytic process. At the same time, released protons
at the surface can be captured by the radical anions formed by the photo-reduction of oxygen,*
restoring the surface-active sites, which can be re-passivated by octanoic acid molecules upon the

complete conversion of the aromatic thiol.
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Figure 6. Plausible mechanistic evolution of the disulfide product upon photoexcitation under aerobic

conditions.

Concerning the stability of the NCs during the process, it is important to note that the presence of the
hydroperoxyl radical may promote the degradation of the organic shell compromising the NC
emission properties. However, we observed the preservation of the PL intensity as well as the
colloidal stability by exposing a NC solution to the warm-white light source. We rationalized the

excellent photo-stability exhibited by our NCs with the absence of unsaturated centers on the aliphatic
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chains of the organic shell, which could have supplied radicalic processes leading to the ligand
degradation. Furthermore, the stability of the emission profile upon the photo-induced transformation
is rationalizable by the fact that, avoiding the implementation of polar solvents (such as the
photolabile dichloromethane),®® our reaction conditions do not modify the optical properties of the
nanomaterial through the incorporation of chlorine atoms within the crystalline structure.*® Therefore,
this material can potentially be recovered and recycled in further photocatalytic experiments.
Conversely, this situation was not observed in the case of the photocatalytic experiments involving
c-NCs, because the original PL was not restored upon the photo-induced transformation (Figure S13).
The lower PL is due to the photo-induced charge transfer to covalently bound thiolate moieties, which

cannot be converted in the corresponding disulfides.

CONCLUSIONS

Homogeneous photocatalysis with perovskite NCs is challenging due to the dynamic nature of their
surface organic components, complicating the pathway of the chemical transformations and stability
of the catalyst. Wide bandgap lead halide perovskite nanocrystals (NCs) are the ideal candidates for
photocatalysis, but the control over their surface chemical composition is mandatory to fully exploit
their potential. In this study, we prepared CsPbCIxBrsx NCs setting up an ad hoc synthetic protocol
than can be carried out at room temperature, without the protection of an inert atmosphere, and using
toluene as the solvent. To the purpose, three differently structured ligands were utilized to achieve
three different functions, namely the solubilization of the lead precursor (n-HeptsNBr), the surface
passivation and halide composition variation (dimethyldioctadecylammonium chloride), while the
protection of the potential surface-active sites was reserved to octanoic acid (used to solubilize
Cs2COgz precursor). Nearly monodispersed blue-emitting (Aem = 482 nm) nanocubes were obtained in

a one-pot synthesis by combining specific quantities of the corresponding stock solutions. The high
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PLQY (72 = 3%) with relatively long average lifetime (tav = 37.23 £ 0.96 ns) of the excited state
suggests low-defect surfaces. The reaction conditions endowed the NC surface with a high density of
a complementary ligand couple, acting as a resilient protective shell with the charged component
(dimethyl-dioctadecylammonium) and, at the occurrence, freeing portions of the NC surface
passivated by the neutral component (octanoic acid). Due to their peculiar multifunctional surface,
the NCs thus showed a remarkable optical stability under high temperatures and in the presence of
water. The obtained nanomaterial also tolerated high concentrations of 4-tert-butylphenyl thiol and,
upon warm-white light exposure, promoted its photocatalytic conversion into the corresponding
disulfide. Remarkably, after complete substrate conversion, the optical properties of the NCs were
fully restore and exhibited the original PLQY, emission wavelengths and excited state dynamics.
Therefore, the obtained results clear new ground for the surface engineering of perovskite NCs, which
is the key to the improvement of their optical properties; and stability, ultimately making them more

suitable to photocatalytic applications.

EXPERIMENTAL SECTION

Chemicals. Cesium carbonate (99.9% metals basis, Alfa Aesar), lead bromide (99.999% trace metals
basis, Aldrich), octanoic acid (>99%, Aldrich), tetraheptylammonium bromide (>99%, Aldrich),
dimethyldioctadecylammonium chloride (DODC, >99%, Aldrich), 4-tert-butylbenzenethiol (97%,

Alfa Aesar), toluene (Aldrich, HPLC grade), hexane (Aldrich, HPLC grade).

Synthesis and purification of CsPbCIxBrsx NCs. All manipulations were carried out at room
temperature under air. The stock solution of the cesium precursor was prepared by mechanically
stirring a mixture comprised of Cs,COs (0.326 g, 1.0 mmol) and octanoic acid (10 mL) into a 20 mL
vial until the complete dissolution of the salt. The stock solution of the lead precursor was prepared

by mixing PbBr. (0.367 g, 1.0 mmol) and (n-Hept)sNBr (0.490 g, 1.0 mmol) in 10 mL of toluene
20



under vigorous stirring for 24 h. The stock solution of the chloride source was prepared by dissolving
DODC (0.587 g, 1.0 mmol) in 10 mL of toluene. For the synthesis of CsPbClxBrs x NCs, 50 uL of
the cesium stock solution was swiftly injected into a mixture comprised of 0.5 mL of lead stock
solution and 0.1 mL of DODC stock solution. The reaction was magnetically stirred for 1 min before
the introduction of methyl acetate (0.6 mL). The precipitate recovered after centrifugation (4000 rpm
for 10 min) was dispersed in hexane (2 mL) and the obtained mixture was newly centrifuged (4000

rpm for 10 min) to remove insoluble residues before storing the obtained nanoparticles.

Synthesis and purification of conventional CsPbBrs NCs. The stock solution of the lead precursor
was prepared by mixing PbBr; (0.367 g, 1.0 mmol), oleic acid (1.0 mL) and oleylamine (1.0 mL) in
10 mL of toluene under vigorous stirring for 24 h. The cesium stock solution (50 uL) was swiftly
injected into 0.5 mL of lead stock solution and the resulting mixture was magnetically stirred for 1
min before the introduction of methyl acetate (0.5 mL). The precipitate recovered after centrifugation
(4000 rpm for 10 min) was dispersed in hexane (2 mL) and the obtained mixture was newly
centrifuged (4000 rpm for 10 min) to remove insoluble residues before storing the obtained

nanoparticles.

General procedure for photocatalysis. CsPbClxBrs_x NCs were charged in a cuvette equipped with
a magnetic stir bar to obtain the value of 0.1 absorbance at the excitonic peak in 3.0 mL of hexane.
30 uL of 4-tert-butylbenzenethiol (1.0 M in hexane) were added to this solution and the cuvette was
irradiated with a warm white-light lamp (65 W), while monitoring the reaction evolution by UV-Vis
measurements. The complete conversion of the substrate and the formation of the disulfide product

were confirmed by GC-MS analyses.

Spectroscopic characterization. UV-vis absorption spectra were collected using a Jasco V670
spectrometer operating in transmission mode. Steady-state photoluminescence (PL) spectra were

acquired on a Varian Cary Eclipse instrument. Thermogravimetric analysis (TGA) was carried out on
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a Perkin-Elmer Pyris 6 TGA instrument under a nitrogen flow (40 mL/min) at a heating rate of 10
°C/min. FT-IR measurements were recorded on a JASCO 4200 spectrophotometer in attenuated total
reflectance (ATR) mode. The photoluminescence lifetime measurements were performed by Time-
Correlated Single Photon Counting (TCSPC) by means of a FluoroHub HORIBA Jobin-Yvon
module. The pulsed excitation source was a laser diode emitting at 375 nm (NanoLED N375L) with
pulse width < 200 ps, average power of 14 pJ/pulse and a repetition rate of 1 MHz. The PL emission
was detected by a picosecond photon counter (TBX ps Photon Detection Module HORIBA Jobin-
Yvon). DAS6 Analysis® software by Horiba was used to best fit the decay profiles with tetra-
exponential function. A ‘‘Quanta-phi’’ integrating sphere coated with Spectralons® and mounted in

the optical path of the HORIBA spectrofluorometer was used to measure the absolute quantum yield.

X-ray diffraction (XRD). Diffractograms were recorded by Malvern Panalytical Empyrean Alpha 1
in a powder diffraction mode using Cu Ka radiation (A= 1.5406 A) with a cathode voltage and current
of 45 kV and 40 mA, respectively (range: 10-60°, step size: 0.0262°, time per step: 17 s). The NCs
were drop casted from the solution on the precleaned 2x2 cm? glass substrate. The solvent evaporation
was accelerated by an argon flow. The XRD pattern was collected immediately in ambient conditions

(T =22 °C, relative humidity = 30%).

Cyclic voltammetry (CV). CV experiments were carried out on a Metrohm Autolab PGSTAT 302-
N potentiostat in toluene/acetonitrile (2/1 vol/vol) containing tetrabutylammonium
hexafluorophosphate (0.10 M) as the supporting electrolyte at a 100 mV/s scan rate. The potentials
were measured with respect to Ag/Ag* quasi-reference electrode, that was calibrated against
ferrocene (Fc) after each experiment. The evaluation of the HOMO energy level of the NC and 4-
tert-butylphenyl thiol was carried out by measuring the onset of the anodic event. The HOMO and

LUMO energy levels were calculated according to the following equations:
Eromo = — [Eox— EFcrre+) + 5.10] (eV)
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ELumo = Enomo + Eg (eV)

where E(rcirc+) represents the half-wave potential of the Fc/Fc* couple, Eox represents the anodic onset
potential and Eg corresponds to the optical band gap calculated by Eq = 1240/ onset (€V) (Where Aonset
represents the onset of the absorption profile recorded in solution). The half-wave potential of the

Fc/Fc* couple measured under these experimental conditions was +0.55 V.

Transmission electron microscopy (TEM) characterization. TEM micrographs were acquired
using a JEOL JEM1011 microscope, operating at an accelerating voltage of 100 kV. The instrument
was equipped with a tungsten electron source and a high-resolution CCD camera. Samples for TEM
analysis were prepared by dipping a carbon-coated copper grid into the NC solution diluted with
anhydrous toluene. Statistical size analysis (NC average size and standard deviation) was performed
by using an image analysis freeware (Carl Zeiss® AxioVision) sampling a total of one hundred
nanoparticles. High-resolution (HR) TEM images were taken using JEM-F200 (200 kV). An aliquot
of diluted dispersions was drop-casted on a carbon-coated Cu grid. The solvent was left to evaporate

for several minutes, after which the grid was loaded into the TEM and imaged.

Scanning electron microscopy (SEM) characterizations. SEM images of the films were obtained
by a field emission scanning electron microscope Carl Zeiss Ultra 55 operated at 5-15 kV. The
elemental composition of the films was obtained using energy dispersive X-ray (EDS) spectroscopy

(Oxford Instruments X-MaxN 80 EDS) combined with (Zeiss UltraPlus FE-SEM).

Gas chromatography (GC). The substrate conversion and the product evolution were determined
by GC-MS (El, 70 eV) performed on an HP 6890 instrument equipped with an HP-5MS 5% phenyl
methyl siloxane (30.0 m x 250 um x 0.25 um) coupled with an HP 5973 mass spectrometer passing

from 50 °C to 280 °C with a ramp of 15 °C/min.
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