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Despite all the recent progress on understanding the optoelectronic and structural properties of the
CsPbXz perovskite nanocrystals (PNCs), the impact of the ligands on their photostability, under
continuous UV light soaking, is still ambiguous. To address this subject, in this work, we have
investigated the influence of the organic ligand on the photophysics of PNCs by comparing the
emission behaviour of CsPbBr; PNCs capped with oleate (OA) and oleylphosphate (OPA). Based on our
experimental observations, we propose two different mechanisms to explain their photostability under
continuous UV illumination. We hypothesize that the UV illumination promotes a reconstruction of the
nanocrystals’ surface, and this process depends on the equilibrium between desorption and adsorption
of the surface ligands. In the case of oleate-capped PNCs, this reconstruction is delayed, and even
hampered, due to the steric hindered Pb—oleate that desorbs from the surface. In contrast, for the
oleylphosphate-caped PNCs, the detached Pb-oleylphosphate can re-adsorb to the surface soon after
it leaves because the steric effects are less critical. The results reported here suggest that alkylphosphate
ligands can be used to improve the photostability of colloidal PNCs dispersions, an important step
towards applications that require continuous excitation, such as back-illuminated LEDs and solar cells.

The Journal of Materials Chemistry C is a leading journal for researchers in the field of metal halide perovskite materials for solar cells, light emitting diodes and
other optoelectronic applications. Personally it is an honor to be part of the jJournal of Materials Chemistry community, for many years as an author where we
had the chance to showcase the science in emerging photovoltaics developed in South America and more recently as a member of the editorial board.

Introduction

Lead halide perovskite nanocrystals (PNCs) have attracted much

in lighting devices,”” X-ray scintillators,’ down-shifting fluores-
cent panels,” as well as can be used for fundamental studies in
physics and chemistry of luminescent nanomaterials.'®™** None-

attention due to their outstanding optoelectronic properties,
becoming one of the most studied semiconductor nanostructures
of the past decade. These materials are appealing for applications
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theless, their poor thermal- and photostability are bottlenecks to
their practical application in optoelectronic devices."® Thus, much
effort has been made to understand the origin of the poor photo-
stability aiming to produce PNCs with improved stability for future
utilization of such materials in technological applications.
Different from metal chalcogenide quantum dots,"®"” CsPbX;
perovskite nanocrystals exhibit lower photostability, which also
is strongly dependent on their chemical composition,'®*®
morphology,?® temperature,® and excitation energy.>>** Chen
et al** have shown that CsPbBr; PNCs dispersed in toluene
undergo a decrease in their photoluminescence (PL) intensity
after long-term storage, depending on the storage conditions.
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Using time-resolved photoluminescence (TRPL) measurements
and transmission electron microscopy (TEM) images, the
authors assigned the changes in PL dynamics and the for-
mation of larger nanocrystals to the light-induced loss of sur-
face ligands. Thus, long-term light exposure induces surface
decomposition, and, consequently, the formation of trap states.
Light-induced ligand loss has also been observed by An et al.>®
for CsPbl; PNCs dispersed in hexane under continuous white-
light exposure. Using ex-situ Fourier-transform infrared (FTIR)
spectroscopy and TEM images, they showed that continuous
light illumination induces ligand detachment and changes in
the PNC morphology, promoting the formation of surface
defect states (undercoordinated Pb atoms) and the deposition
of metallic Pb clusters on their surfaces. Under-coordinated Pb
atoms and metallic Pb clusters act like charge trap states,
changing charge-carrier recombination dynamics and quench-
ing PL emission intensity of the PNCs. Such detaching of
ligands induced by light can be related to the dynamic equili-
brium of the surface ligands in PNCs passivated by oleyl-
ammonium and oleate, as observed by De Roo et al.>® Thus,
the so-called amine-free PNCs are prone to exhibit better
photostability, since they are credited to present lowered sur-
face ligand dynamics, as first proposed by Yassitepe et al.’
However, the surface ligand dynamics in amine-free PNCs is
still not reported, which hamper the utilization of the mechan-
isms proposed by Chen et al.>* and An et al.*® to explain the
observations about their photostability behavior during long
light-exposure experiments.

Considering these still-open questions, in this work, we
proposed two different mechanisms, based on light-induced
ligand loss, to explain the photostability behavior of amine-free
CsPbBr; PNCs passivated by oleate (OA) and oleylphosphate
(OPA) ligands. To support the proposed mechanisms, we per-
formed experiments focusing on the dynamics of the inter-
action between the organic moieties at the surface of the PNCs
and the inorganic core and how these interactions are per-
turbed under photoexcitation. Using Nuclear Magnetic Reso-
nance Spectroscopy (one- and two-dimensional 'H NMR
techniques), we demonstrate that the ligands are tightly
bounded to the NC surface at dark conditions, as proposed
by Yassitepe et al®> On the other hand, using in situ Fourier-
Transform Infrared Spectroscopy (FTIR), Photoluminescence
(PL) Spectroscopy, and Time-Correlated Single Photon Count-
ing (TCSPC) measurements, all as a function of UV illumination
time, we demonstrate that the surface ligands become dynamic
under continuous UV illumination.

The mechanisms proposed in this work, which are based on
the geometry of the molecular species that detach from the NC
surface, allow better descriptions of the distinct photostability
behavior exhibited by OA- and OPA-capped CsPbBr; PNCs.
PL-decay and integrated-PL measurements, both as a function
of illumination time, suggest, for oleate-capped PNCs, the
formation of hole-trap and electron-trap states, which are
dependent on the concentration of the components detached
from the NC surface. In contrast, the same experiments performed
for oleylphosphate-capped PNCs suggest the redistribution of the
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hole-trap states across the ensemble surface due to a self-healing
phenomenon since the early stages of UV illumination. The results
reported here suggest that alkyphosphate ligands can be used to
improve the photostability of colloidal PNCs dispersions and can
be used to enhance the photostability of PNCs in applications that
require continuous excitation, such as back-illuminated LEDs and
solar cells.

Experimental

Chemicals

1-Octadecene (ODE, tech. grade 90%, Sigma Aldrich), oleic acid
(OA, tech. grade 90%, Sigma Aldrich), oleylphosphoric acid
(OPA, mono- and di-ester mixture 60:40 wt%, TCI), Cs,CO3
(99%, Sigma Aldrich), Pb(acetate),-3H,O (>99%, Sigma Aldrich),
tetraoctylammonium bromide (TOABr 98%, Sigma Aldrich),
methylacetate (MeOAc, anhydrous 99%, Sigma Aldrich), deuter-
ated benzene (C¢Dg, 99.99%, Sigma Aldrich). All chemicals were
purchased and used without further purification procedures.

Preparation of Br-precursor solution

1 mmol of TOABr (550 mg) was loaded into a 25 mL vial, along
with 1 mL of ODE and 1 mL of OA. After sealing with a rubber
septum, the mixture was kept under reduced pressure for
30 minutes at 100 °C. This step is necessary to remove the
water from the stock solution and avoid degradation of the
perovskite nanocrystals. The stock solutions were kept under
N, atmosphere and mild temperature (about 50 °C) before use.
For the synthesis of OPA-capped NCs, OA was exchanged by
OPA, following the same that was described above.

Synthesis of OA-capped CsPbBr; perovskite nanocrystals

80 mg of Cs,CO; (0.5 mmol of Cs") and 380 mg of Pb(acetate),-
3H,0 (1 mmol of Pb**) were loaded into a 50 mL 3-neck flask,
along with 2 mL of OA and 5 mL of ODE. The mixture was kept
under reduced pressure for 1 h at 100 °C. After the complete
removal of water and acetic acid from the mixture, the system
was kept under nitrogen flowing and cooled down until the
chosen reaction temperature (7 = 75 °C). Then, the TOABr
precursor in OA/ODE stock solution was swiftly injected. The
mixture was immediately placed into a water bath until room
temperature. The PNCs were purified from the crude solution
by adding 7 mL of anhydrous MeOAc, followed by centrifugation
at 13 500 rpm for 5 minutes, and the solid was re-suspended with
anhydrous hexane before further experiments.

Synthesis of OPA-capped CsPbBr; perovskite nanocrystals

80 mg of Cs,CO; (0.5 mmol of Cs") and 380 mg of Pb(acetate),-
3H,0 (1 mmol of Pb**) were loaded into a 50 mL 3-neck flask,
along with 2 mL of OPA and 5 mL of ODE. The mixture was kept
under reduced pressure for 1 h at 100 °C. After the complete
removal of water and acetic acid from the mixture, the system
was kept under nitrogen flowing and cooled down until the
reaction temperature of 75 °C. Then, the TOABr precursor in
OPA/ODE stock solution was swiftly injected. The mixture was

This journal is © The Royal Society of Chemistry 2023
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immediately placed into a water bath until room temperature.
The PNCs were purified from the crude solution by adding 7 mL
of anhydrous MeOAc, followed by centrifugation at 13 500 rpm for
5 minutes, and the solid was re-suspended with anhydrous
hexane. After this, the suspension was centrifuged once again at
13500 rpm for 5 minutes, then the was solid discarded, and the
supernatant was stocked for further experiments.

Optical characterizations

Absorption spectroscopy was performed in a Carry 60 UV-Vis
Agilent Technologies spectrophotometer, using 10 mm optical
path length quartz cuvettes.

Photoluminescence (PL) spectroscopy measurements were
performed on an Ocean Optics QEPro spectrofluorimeter along
with and 365 nm LED as an excitation light source, using
10 mm optical path length quartz cuvettes. For long-time
illumination measurements, the samples were placed in a
sealed cuvette along with continuous stirring over the entire
experiment.

Relative PLQY values were measured using Rhodamine B
in methanol as a reference chromophore (PLQY,s ~ 0.70).
All PNC samples were measured using hexane as a solvent.

PL dynamics were carried out using time-correlated single
photon-counting (TCSPC) collected with a Horiba Nanolog
Spectrometer equipped with a photon-counting detector
(Horiba PPD850) and TCSPC electronics; The excitation was
performed through a femtosecond laser (Spectra-physics,
Spirit), which pumps a noncolinear optical parametric ampli-
fier (NOPA) delivering pulses of 120 fs centered at (400 + 20)
nm. The time resolution of the TCSPC system is about 70 ps.
For long-time illumination measurements, an LED centered
at 365 nm, 2.6 mW cm > was collimated and directed to the
sample. The fluorescence emerging from the sample was collected
by a lens and focalized into a fiber, which is coupled to a
spectrometer (Ocean Optics, 2000+). Each spectrum was recorded
after every two minutes. The samples were placed in a sealed
cuvette along with continuous stirring over the entire experiment.
Each PL-decay curve was performed by turning the LED off and
collecting the signal after every 10 minutes unblocking the LED.
By using this instrumentation, we were able to record both steady-
state and PL decay curves without changing the sample position.
Fig. S1 in the ESI,7 illustrates the experimental setup.

Morphological and structural characterizations

X-ray Diffraction (XRD) data were obtained through a Shimadzu
XRD 7000 Diffractometer using Cu-Ka radiation (15414 A);
Both samples were deposited by drop-cast on top of common-
glass slides before data acquirement.

High-resolution transmission electron microscopy (HRTEM)
images were obtained using a Jeol 2100F; both samples were
placed on sample holders composed of copper grids coated
with amorphous carbon.

Surface ligands characterizations

In situ Fourier-transform infrared spectroscopy (in situ FTIR)
experiments were performed on a Shimadzu Prestige 21

This journal is © The Royal Society of Chemistry 2023
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spectrometer with a HgCdTe (MCT) detector. Attenuated total
reflectance (ATR) was performed in a Teflon cell adapted to a
ZnSe prism in the bottom and with a quartz window as cell
cover (for further details, see Fig. S2 in the ESIt). The cover was
used to avoid solvent evaporation and allowed to irradiate the
solution with a 365 nm LED. The spectra of the perovskite
dispersion were collected with a resolution of 4 cm™ "' and an
accumulation of 256 interferograms. The perovskite dispersion
spectra are presented as (R/R,) where R, is the perovskite
dispersion spectra in the dark. The spectra of the capping
agent, the capping agent with lead, and perovskite dispersion,
all dissolved/dispersed in hexane (“blank spectra”), were performed
with a 4 em™" resolution and accumulation of 100 interferograms.
The spectra are presented as (R/R,) where R, is the hexane.

'H Nuclear Magnetic Resonance (NMR) and Nuclear Over-
hauser Effect Spectroscopy (NOESY) spectra were recorded in a
Bruker Avance III HD 250 MHz spectrometer, using benzene-d6
(Ce¢Dg) as a solvent, except for the NOESY for OPA, which was
acquired in a 500 MHz; chemical shifts were compared with
residual proton signal assigned to benzene (6 = 7.16 ppm).
'H Diffusion NMR experiments (Diffusion Ordered Spectro-
scopy, DOSY) were recorded using a Bruker Avance III 500 MHz.
DOSY data were processed using the General NMR Analysis
Toolbox (GNAT).

Results and discussion

We prepared one sample using oleic acid (OA) and one sample
using oleylphosphoric acid (OPA), both synthesized at the
injection temperature of 75 °C. More details about the experi-
mental procedures can be found in the Experimental section.
Following previous works,"” bright-green colloidal dispersions
that glow under UV excitation were obtained for both PNCs
samples (OA- and OPA-capped CsPbBr; NCs). Spectral and
structural data for the OA- and OPA-capped CsPbBr; PNCs
synthesized at 75 °C are presented in Fig. 1.

As depicted in Fig. 1a, absorbance and PL spectra for OPA-
capped PNCs are red-shifted compared to those for OA-capped
PNCs. Additionally, XRD diffractograms for both samples,
shown in Fig. 1b, are consistent with an orthorhombic
lattice,” with some changes in the relative intensity and width
of the main diffraction peaks between them. Both spectral red-
shift and XRD divergence can be justified by the difference in
size distributions as observed from TEM images (Fig. 1c and d).
The mean edge size for OPA-capped PNCs is 11 + 3 nm, while
the mean value for the OA-capped sample is 7.5 + 1.1 nm. Note
that the relative size distribution for the OPA-capped PNCs is
about twice as broad as for OA-capped nanoparticles, indicating
that further systematic studies on the synthesis of OPA-capped
PNCs is necessary to have better control over their size and size
distribution. More detailed morphological analysis based on
TEM data for OA- and OPA-capped PNCs can be found in the
ESIt (Fig. S3 and S4).

The photostability behavior under long-term UV radiation is
strikingly different depending on the type of the capping

J. Mater. Chem. C, 2023, 11, 8231-8242 | 8233
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Fig. 1 (a) Absorption and PL emission spectra for OA-capped and OPA-
capped CsPbBr; PNCs (OA: oleic acid, OPA: oleylphosphoric acid).
(b) Diffractograms for OA-capped and OPA-capped CsPbBrz PNCs with
diffraction patterns corresponding to an orthorhombic. TEM images for
(c) OA- and (d) OPA-capped CsPbBrsz PNCs.

ligand, as depicted in Fig. 2. Both sample solutions were kept in
a 1 mm cuvette at constant stirring under UV excitation at
365 nm. The irradiance was set to be 2.6 mW cm ™2, and a new PL

8234 | J Mater. Chem. C, 2023, 11, 8231-8242

View Article Online

Journal of Materials Chemistry C

spectrum was recorded every 2 minutes during 240 minutes of
continuous UV illumination (for further details, see Optical
characterizations in the Experimental section and Fig. S1 in the
ESIt). For OA-capped PNCs, a simple inspection at Fig. 2a and b
reveals that the PL intensity decreases, with a subtle narrowing of
the full width at half-maximum (FWHM) and no shift of the
PL-peak across the illumination time. Besides, one can see
important changes in the absorbance spectra, as depicted in
Fig. 2c. The red-shift in the onset absorbance, together with the
scattering observed at longer wavelengths, could be assigned to
the formation of a solid film composed of agglomerated NCs. In
contrast, for OPA-capped PNCs, PL intensity increases across the
illumination time, as shown in Fig. 2d. Furthermore, the narrow-
ing of the FWHM, along with the red-shift of the PL-peak (Fig. 2e)
indicates the passivation of the surface defects.?® Finally, contrary
to what was observed for OA-capped PNCs, the absorbance spectra
for OPA-capped PNCs, shown in Fig. 2f is nearly unchanged (the
absorption peak sifts by less than 1 nm, see ESIt), suggesting the
absence of degradation or aggregation during the experiment.

For better visualization of the photostability behavior pre-
sented by PNCs, we plotted the integrated PL as a function of
illumination time (Fig. 2g), where the first registered spectrum
of each sample was used as the normalization factor for each
set of spectra. As, for both samples, the changes in the absorp-
tion spectra near the excitation wavelength are small, variations
in the integrated PL can be approximately linked to the varia-
tions in the photoluminescence quantum yield (PLQY). As a
result, in Fig. 2g it is possible to observe two distinct behaviors
of the PLQY as a function of the illumination time. For
OA-capped PNCs, PLQY monotonically decreases over
240 minutes of continuous illumination, reaching about 66%
of the initial PLQY (i.e., PLQYinitial = 0.66, PLQYﬁnal = 0.44).
Thus, such decrease in the PLQY across the illumination time
indicates the formation of additional surface defects due to the
light-induced ligand loss. Differently, OPA-capped PNCs exhib-
ited a monotonic increase in PLQY throughout the entire
illumination time, reaching about 148% of the initial PLQY
after 240 minutes of exposure to the UV light (i.e., PLQYnitja1 =
0.44, PLQYfinq1 = 0.65). Therefore, opposing what is observed for
OA-capped PNCs, the increase in the PLQY and the narrowing
in the PL linewidth for OPA-capped PNCs indicate a redistribu-
tion of surface defects across the surface of the NCs ensemble
induced by the UV light exposure during the analyzed time
window, without the formation of additional surface defect
states.

Based on the PL evolution as a function of illumination time
(Fig. 2), we propose a mechanism for the light-induced loss of
surface ligands. Due to the low dielectric constant of hexane,
we consider that the species desorbed from the NCs surfaces
must be neutral. Consequently, the loss of ligands for OA-
capped NCs should occur through the formation of lead oleate
species (Pb(OA),), as illustrated in Fig. 3a, whereas the loss
of ligands for OPA-capped NCs should form lead oleylpho-
sphate (Pb(OPA)), as depicted in Fig. 3b. The loss of surface
ligands, for both samples, must occur through the formation of
surface defects, which directly impacts the charge carrier

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 PL emission spectra as a function of illumination time for (a) OA-capped and (d) OPA-capped CsPbBrs PNCs. Each PL spectra was registered
every 2 min at continuous illumination and stirring, using excitation of 365 nm with irradiation of 2.6 mW cm™2. Analysis of FWHM and PL-peak for
(b) OA- and (e) OPA-capped PNCs over the data depicted in (a) and (d). Absorbance profiles before and after the light soaking period for (c) OA- and
(f) OPA-capped PNCs. (g) Integrated PL as a function of illumination time over the data depicted in (a) and (d). Both plots were normalized at the first PL

spectra for each sample.

recombination, and consequently the PLQY. Hence, the nature
and the density of the surface traps are important to under-
stand the variations in PL intensity as a function of UV
illumination time.

The interaction of defect sites with charge carriers and their
relative energy positions depends on the type of point defect
formed. According to theoretical calculations performed by ten
Brinck et al.,>® considering cubic CsPbBr; perovskite nanocrys-
tals as archetypal to perform the calculations, only interstitial
defects are energetically favorable to form spontaneously,
whereas vacancy and anti-site defects are mostly endothermic
in nature. Due to energetic reasons and the high surface-to-
volume ratio in these nanostructures, it is expected that the
trap states-forming defects are located at the surface of the

This journal is © The Royal Society of Chemistry 2023

nanocrystals. As a general observation in different theoretical
works,*** point defects that yield mid-gap trap states have
higher formation energies, while point defects that result in
shallower traps have low formation energies. For instance,
calculations performed by Li et al.** in a-CsPbl; have shown
that the defects that present the lowest formation energies are
Vpp, (Pb vacancy), Csx (antisite Cs), Pb; (interstitial Pb), Pbyx
(antisite Pb), Cs; (interstitial Cs), and Vx (halide vacancy),
respectively (considering Pb-rich conditions and the Fermi
energy located at valence band maximum). Similar trends were
observed for the defect energy formations in CsPbBr3, but not
for CsPbCls, as this last one forms primarily deep traps.*”

To further discuss the role of the light-induced ligand loss in
the formation of surface defects in CsPbBr; PNCs, we consider

J. Mater. Chem. C, 2023, 11, 8231-8242 | 8235
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hemidirected geometry and the p-like lone-pairs for Pb(OPA), as well as the holodirected geometry and the s-like lone-pairs for Pb(OA),.

in Fig. 3a and b that k.« is a constant rate assigned to the
desorption of species from the NC surface, whereas k., is a
constant rate assigned to the adsorption of species on the NC
surface. According to the schemes proposed in Fig. 3a and b,
the loss of ligands through the formation of neutral compounds
for both OA- and OPA-capped PNCs leads to the formation of two
types of point defects. The detachment of Pb(OA), generates
bromide vacancy (Vg,") and lead vacancy (Vp,”> ), while the
detachment of Pb(OPA) generates only Vp,>~. Vg, point defects,
which correspond to the Pb-dangling bond, act like electron traps,
as under-coordinated Pb**cations lead to the formation of shallow
trap states near the conduction band minimum (CBM).>$2%3
On the other hand, Vp,>~ point defects, which corresponds to the
Br-dangling bond, act like hole traps. However, the relative
position of such defect levels generated by undercoordinated
Br~ anions is still under debate.*®?**°

In a recent work by du Fossé et al,** calculations using
density-functional theory depict that the nonbonding Br—

8236 | J Mater. Chem. C, 2023, 11, 8231-8242

orbitals can be pushed into the bandgap depending on the
local electrostatic potential. Thus, dangling bonds from surface
Br sites can be destabilized by different local electrostatic
potentials, creating deep-trap states. In a nutshell, theoretical
models suggest that the way the density of trap-states on the
NCs’ surface is changed under UV illumination is dependent on
the type of the surface ligand. For OA-capped PNCs (Fig. 2g),
PLQY decreases with a time constant of about 40 min, which is
assigned to an increase in the density of surface trap-states
(Fig. 3a, kon,1 < kor,1). The density of trap-states saturates as
some previously formed surface defects start being passivated
by Pb(OA), species (Fig. 3a, kon» > ko,») and the system reaches
an equilibrium regime. This trend suggests a concentration-
dependent light-induced resurfacing for OA-capped PNCs.

The reason for such concentration-dependent light-induced
resurfacing can be explained in terms of the steric barrier
presented by the holodirected geometry of Pb(OA), species
(Fig. 3¢).”’° In Pb(OA), species, bonds of the ligand atoms

This journal is © The Royal Society of Chemistry 2023
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are isotropically distributed around Pb atom, which hinder the
effective approach of Pb** to Br-dangling bonds (Vpp>~) and of
oleate to Pb-dangling bonds (Vg,') when the concentration of
the lead oleate is low. Hence, high concentration of Pb(OA), is
requested to overcome the steric barrier and favor the passiva-
tion of some fraction of surface defects. As a result, one can see
a reduction in the decrease rate of the PLQY due to a resurfa-
cing of the OA-capped PNCs.*” On the other hand, Pb(OPA)
ligands, which are desorbed from the surface of the OPA-
capped PNCs, presents a molecular geometry called hemidir-
ected (Fig. 3¢),>’° in which bonds of the ligand atoms are
directed throughout only a part of the space around Pb>'.
Consequently, in those complexes Pb-site is less sterically
hindered. Thus, as soon as Pb(OPA) desorbs the NC surface,
they can passivate the Br-dangling bonds (Vp,>~) without the
formation of Pb-dangling bonds (Vg,') (Fig. 3b, kona1 < Kofr)-
Also, the red-shift of the PL peak (Fig. 2d) indicates that larger
NCs become brighter, suggesting that the ligands desorbed
from smaller NCs adsorb on the surface of the largest ones. So,
Vpp>~ defects are homogeneously distributed through the NCs
surfaces ensemble, resulting in an increased PLQY during the
entire experiment (Fig. 3b, kon > kosrn). Therefore, the OPA-
capped CsPbBr; PNCs exhibit a non-concentration-dependent
light-induced resurfacing, which acts like a self-healing effect
under the UV illumination.

It is important to point that the hemi- and holodirected
geometry presented by Pb(u) complexes have a dependence on
the nature of the ligands. According to Shimoni-Livny et al.,*’
the formation of holodirected Pb(u) complexes is favored by
higher coordination numbers and soft ligands, yielding more
covalent metal-ligand bonds and s-character of the Pb(u) lone-
pair. Contrarily, the formation of hemidirected Pb(u1) complexes
is favored by lower coordination numbers and hard ligands,
yeilding more ionic metal-ligand bonds and an increase in the
p-character of the Pb(i) lone-pair.

To correlate the nature of the ligand-NC interaction with
each proposed mechanism we performed various NMR spectro-
scopy techniques, focusing on the organic moieties of the PNCs
(for further details, see Fig. S5-S12 in ESIt). Briefly, diffusion-
ordered spectroscopy (DOSY) experiments performed for both
OA- and OPA-capped NC dispersions, as well as for neat-OA and
neat-OPA (see Fig. S7-S10), showed that the diffusion coeffi-
cients, assigned as free- and bound-ligands, cannot be related
to an equilibrium involving the adsorption/desorption of the
ligands on the surface of the NCs.** Our findings are analogous
to those reported by Bonilla et al.,*" where they observed a large
decrease in the diffusion coefficient for thioglycolic acid (TGA)
ligands when they are attached to the surface of CdTe quantum
dots (QD), in comparison with free TGA molecules (both in
deuterated water). Therefore, there is strong evidence that
oleate and oleylphosphate are tightly bound to the CsPbBr; NC
surface,?®*%*? but the equilibrium between bound (adsorbed)
and unbound (desorbed) forms is too slow in comparison with
NMR time-scale (typically seconds).

It is important to notice, however, that the NMR measure-
ments were carried out in the absence of light and, therefore,
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do not reflect the conditions of the light exposure experiments
summarized in Fig. 2. Our findings on surface-ligand dynamics
for amine-free CsPbBr; PNCs are analogous to those observed
for oleate ligands tightly bound to the surface of PbSe NCs, as
well as trioctylphosphine oxide ligands tightly bound to the
surface of InP NCs, both deeply detailed by Moreels et al.*>**
A detailed description of the bimolecular exchange process
used to define the dynamics of the ligands on the amine-free
PNC surface is presented in the ESI} (see Section 4).

Differently from the dark conditions employed on the
"H NMR measurements, we developed a spectrophotochemical
cell and performed in situ FTIR experiments under continuous
illumination to access the light-induced surface modification
(for further details, see Experimental section and Fig. S2 in the
ESIT). Fig. 4a shows the standard spectra for OA, Pb(OA),,
and OA-capped PNC, all of them suspended in hexane. The
spectrum of OA-capped PNC shows three distinct bands (1750,
1370, and 1240 cm ™) that are not observed on the spectra of
OA and Pb(OA),. As the uncapped perovskite (macroscopic
CsPbBr; crystals) does not demonstrate a response to infrared
irradiation, and these bands are not present in the oleic acid
and lead oleate spectra, we concluded that they are related to
the organic capping bounded to the perovskite surface.*>™*”
Subsequently, Fig. 4c shows spectra of OA-capped PNC
obtained under irradiation, collected across the experiment
time. Two upwards (1370 and 1240 cm™ ') and two downward
bands (1120 and 1010 cm™ ') emerge during the experiment.
The upwards bands indicate that the concentration of a given
species is reducing in the suspension. As those bands match
the ones related to the OA attached to the PNC surface (Fig. 4a),
they indicate that the irradiation promotes the detachment of
the organic capping from the PNC structure. The downward
bands suggest an increase in the concentration of a certain
species in the suspension. However, we were not able to clearly
identify which species are being formed and generating posi-
tive bands. Using literature data to identify those frequencies is
less than ideal as most of the textbooks and handbook tables
contain the frequency of specific vibrations in solid state (KBr
pallet) or for the neat molecule (ATR acquisition); therefore,
these standard frequencies may change completely in our
system because of the interactions of the molecules with the
NC core and solvation with hexane. Nevertheless, the down-
ward band at 1120 cm ™' in Fig. 4c agrees with the weak signal
observed in Fig. 4a for OA and Pb(OA),.

Similarly, Fig. 4b shows the standard spectra for OPA,
Pb(OPA), and OPA-capped PNC, whereas Fig. 4d shows the
results obtained under irradiation for OPA-capped PNC disper-
sion, all of them dispersed in hexane. The upward bands
presented in Fig. 4d match those for the capped perovskite
(1750, 1366, and 1240 cm™ ", Fig. 4b), meaning that the organic
capping leaves the nanocrystal.*®*® The positive bands (1140,
1015, and 980 cm ') match those of the complex lead oleylpho-
sphate, indicating that the oleylphosphate leaves the perovskite
surface carrying a Pb** ion. In summary, the in situ FTIR
experiments indicate that UV irradiation promotes the detach-
ment of the organic ligands from the perovskite surface. While
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Fig. 4 ATR-FTIR spectra of (a) oleic acid, lead oleate, and OA-capped CsPbBrz PNC dispersion in hexane; (b) oleylphosphoric acid, lead oleylphosphate,
and OPA-capped CsPbBrz PNC dispersion in hexane. In situ ATR-FTIR of (c) OA-capped and (d) OPA-capped perovskite dispersions in hexane. In situ
measurements were performed for around 120 minutes under continuous illumination at 365 nm, with an irradiance of 2.6 mW cm™2. R is the spectra
obtained at a given time and Ry is the spectra obtained at the beginning of the experiment (time zero).

in the OA-capped we were not able to identify which are the
formed species, the results with the OPA-capped material
clearly show the formation of a complex between the oleylpho-
sphate and Pb*",

To understand the trap sites formation (passivation) as the
ligands are desorbed (adsorbed) to the PNCs surface, we
performed time-resolved photoluminescence (TRPL) measure-
ments as a function of illumination time (for further details,
see Experimental section and Fig. S1 in the ESIt). According to
An et al.,”® recombination of the photo-excited charge carriers
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in PNCs follows a multi-exponential decay, which considers fast
defect-assisted recombination (i.e., hole-trap and electron-trap
states), a slower component related to excitonic-state decay,
and, for nanoparticles larger than the exciton Bohr radius, an
even slower component due to free-carrier recombination.
Unbounded free carriers are expected to emit at higher energies
as compared to exciton recombination, as they are not sub-
jected to the exciton binding energy, which is above tens of meV
for CsPbBr; PNCs." This shift is not observed in the spectrally
resolved PL dynamics data as shown in the ESIt (Fig. S13).
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Consequently, free carrier recombination is neglected here, and
all PL decay data were fitted considering a 2-channel decay as
described by Equation 1:

t t
I(1) = Atrap €Xp (_‘CT ) + Aexe €XP (_‘c ) (1)
rap exc

in which Trap refers to hole (or electron)-trap-assisted recom-
bination and exc to excitonic recombination. In this picture,
Arrap (Aexc) refers to the fraction of PNCs with (without) active
trap sites.

Fig. 5a and b illustrate that the PL dynamics change through
the illumination time for both OA- and OPA-capped PNCs
samples (the complete set of PL-decay spectra as a function
of illumination time for both samples are presented in
Fig. S14a and b, in the ESI}). Normalized PL dynamics for
OA-capped PNCs exhibit an increase in the short lifetime decay
channels, assigned to trap-assisted recombination, as the sam-
ple is kept under illumination (Fig. 5a), whereas an opposite
trend is exhibited by OPA-capped PNCs (Fig. 5b). Indeed, this is
in qualitative agreement with the changes on the integrated PL
intensity shown in Fig. 2. To analyze properly the contribution
of each recombination channel during the illumination time
and obtain a quantitative relationship between the changes on
the dynamics and on the PLQY, we fit all the PL decay plots
(Fig. S14a and b) using eqn (1). For the OA-capped sample the
involved decay lifetimes, T, and tex do not change over the
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course of the experiment. Consequently, a global fitting con-
sidering Trrp and te as constants and allowing the free
variation of amplitudes, 4;, could be applied. Note that this is
in agreement with the results shown in Fig. 2a, which indicates
no spectral changes on the PL for the OA-capped samples. The
best fit has resulted in trpp =5 £ 1 ns and e = 13 & 2 ns in
good agreement with previously reported values for similar
PNCs.>® Conversely, for OPA-capped PNCs, a global fitting,
which considers constant lifetimes, is not possible, as we
observe that both 7y, and te become longer during the
course of UV irradiation. Fig. 5¢ shows how the decay lifetimes
evolve under UV illumination. It shows that t.,. doubles within
the first ~120 min of irradiation and then it is nearly constant
through the rest of the exposure time. It is interesting to point
out that similar trend is observed on the evolution of the PL
spectra for the OPA-capped PNCs, as shown in Fig. 2e. In that
case, the PL peak red shifts and the linewidth become narrow
in the first 120 min of irradiation and no change is observed
afterwards. This indicate that the change in PL spectra and PL
lifetimes are directly connected phenomena and they suggest
that the irradiation favors the passivation of larger nano-
particles, as in those the delocalization of the exciton wavefunc-
tion results on slower dynamics. Note, however, that the
observed changes in PL dynamics and spectra do not indicate
the formation of aggregation as the linear absorption is nearly
unchanged upon illumination (Fig. 2f).
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Fig. 5 PL dynamics as a function of illumination time for (a) OA-capped and (b) OPA-capped CsPbBr3z PNCs. (c) Calculated lifetimes (t) from PL decay
data for OPA-capped PNCs. Calculated amplitudes (A) from PL decay data for (d) OA-capped and (e) OPA-capped PNCs (Trap: trap-assisted
recombination; exc: excitonic recombination). (f) Calculated photoluminescence quantum yield (PLQY) from PL decay data for OA- and OPA-capped

PNCs.
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According to the data from Fig. 5¢, trr,p varies from 6.3 +
0.5 ns to 9.3 &+ 0.7 ns during the UV exposure. It is possible that
the redistribution of ligands results on a lower density of
defects per nanocrystal, reducing the trapping rate. From the
theoretical work by du Fossé et al.,** trap assisted PL quenching
in PNCs is more likely when PbBr, is stripped from the PNCs
surface, leading to the creation of hole-trap states, in agreement
with the proposed model in Fig. 3. For CdSe NCs, decreasing in
the PLQY has been also attributed to the presence of surface
hole traps.’>**

The values obtained for Aty and A as a function of
illumination time, for both OA- and OPA-capped PNCs, are
depicted in Fig. 5d and e, respectively. One can note that
initially both samples are dominated by PNCs with active trap
sites. Upon illumination, the redistribution of the ligands
increases the fraction of OA-capped PNCs with active trap sites,
which reaches up to 80% of those particles. On the other hand,
for OPA-capped PNCs, the fraction of passivated particles
increases, and it becomes the dominating species after
100 min of UV irradiation.

Finally, we use the decay data to estimate how the PLQY
changes upon the UV exposure time. Following the picture
described in Equation 1, the values for PLQY are calculated by:

PLQY = ATrapTTrap + AexcTexe (2)
(ATrap + Aexc)fexc

The results are shown in Fig. 5f for both samples. The
changes in PLQY are in agreement with the one obtained by
the evolution of the integrated PL (Fig. 2g), confirming that the
UV-irradiance-assisted ligand redistribution in the OPA-capped
PNCs works towards passivating the nanocrystals. Indeed, after
200 min of UV-irradiance, the PLQY reach values as high as
75%, compared to the 50% from the not-irradiated sample.

Although the mechanism proposed for OPA-capped PNCs
(Fig. 3) suggests that the total number of hole-trap sites does
not vary during the illumination time, the increase of the
ensemble PLQY and of tr,, can occur due to passivation of
specific defect sites over the PNC surface, reducing the number
of active hole-trap sites. According to du Fossé et al.,>* defects
formed at the edges and at the corners of the PNCs are more
likely to generate deep-trap states than those formed at the
middle of the facets. Hence, our data for OPA-capped PNCs
suggest that light promotes the passivation of hole traps at the
edges and at the corners, which makes the larger NCs brighter
even at the ligand loss under UV illumination.

Conclusions

In conclusion, we demonstrated that oleylphosphate-capped
(OPA) CsPbBr; PNCs present improved photostability, under
UV radiation, when compared to oleate-capped (OA) ones.
We proposed a mechanism to explain this improvement by
considering the light-mediated process of ligand attaching and
detaching to the PNC surface. While the sterically hindered
lead oleate species favor the formation of surface defects that
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are concentration-dependent, the oleylphosphate species allow
the reconstruction of the surface already at early times of illumi-
nation. So, our set of data indicates that the organic coverage
becomes dynamic under UV illumination, which can directly
impact the PLQY. Our findings give insights into the impact of
the light-induced trap-states formation in amine-free perovskite
nanocrystals, as well as provide strategies for the suppression of
such defects toward the increase in the PLQY through the utiliza-
tion of hemidirected Pb-alkylphosphates as passivating ligands.
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