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Efficient Ligand Passivation Enables Ultrastable CsPbX;
Perovskite Nanocrystals in Fully Alcohol Environments

Andrés F. Gualdron-Reyes,* Roser Ferndndez-Climent, Sofia Masi, Camilo A. Mesa,
Carlos Echeverria-Arrondo, Federica Aiello, Federica Balzano, Gloria Uccello-Barretta,
Jhonatan Rodriguez-Pereira, Sixto Giménez, and lvdn Mora-Seré*

Halide perovskite nanocrystals (PNCs) have demonstrated their wide poten-
tial to fabricate efficient optoelectronic devices and to prepare promising
photocatalysts for solar-driven photo(electro)chemical reactions. However,
their use in most of the practical applications is limited due to the instability
of PNCs in polar environments. Here, the preparation of non-encapsulated
CsPbX; nanocrystals dispersed in fully alcohol environments, with out-
standing stability through surface defect passivation strategy is reported.

By using didodecyldimethylammonium bromide (DDAB) during material
post-treatment, highly luminescent CsPbBr; PNCs with remarkable stability
in methanol/butanol medium up to 7 months with near-unity photolumines-
cence quantum yield are achieved. This approach is extrapolated to stabilize
iodine-based CsPbBr;_,I, and CsPbl; PNCs, showing an improvement of their
photoluminescence features and stability in these high polar alcohols up to
6 h. DDAB mediates the defect suppression through ligand exchange and
avoids the full permeation of alcohol to be in contact with the PNCs. In this
context, DDAB induces ionization of alcohol molecules to strengthen the
surface passivation. The findings open the door to the development of long-
term stable CsPbX; PNCs with high optical performance to be used in polar

1. Introduction

Since their first appearance in 2014, halide
perovskite nanocrystals (PNCs) have revo-
lutionized the fields of optoelectronics and
photovoltaics, due to their outstanding
photophysical and electronic proper-
ties."2 These materials have a labile
structure to dictate their optical features
such as the band gap,?! high absorption
coefficient, improved carrier transport
ability,”! versatile synthetic pathways,®7]
low-production costs and impressive tol-
erance to defects (with near-unity photo-
luminescence quantum yield, PLQY).[®*!
These fascinating properties have guar-
anteed the success to achieve relevant
breakthroughs such as the fabrication of
highly efficient light-emitting diodes with
external quantum efficiencies >20%/1%-12
and PNCs-based solar cells reaching
closer values to the records of bulk-based

environments.

ones.3 Certainly, their capability to cap-
ture solar energy and store it through the
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formation of photoexcited carriers which can be later extracted
or emitted in the above technologies,® has opened the door to
extend their use, for instance, to perform solar- photo(electro)
chemical reactions,®® using the harvested solar energy to
drive chemical reactions. Unfortunately, most practical applica-
tions in solar-driven chemistry are performed in polar environ-
ments, where the halide perovskite is not long chemically stable
enough. At this point, the ionic nature of the PNCs is the main
reason to be vulnerable to polar systems, caused by the lability
of species coming from the [PbXy] octahedra.'*-1 In this way, a
high density of defects can interact with O, and polar molecules
such as H,0, promoting the rupture of the halide perovskite
crystalline structure.?223 Therefore, non-polar systems are suit-
able to study the intrinsic properties of the PNCs, maintaining
their crystalline integrity.

In this context, recent alternatives such as ligand passivation
of PNCs with some robust ligands such as sulfobetaines, 20
lecithin, aminoacids,?®?1 bidentate species,*” alkylphos-
phines,32 among others, can replace conventional oleic acid
(OA) and oleylamine (OLA) to increase the PL properties and
air-stability of the PNCs.*¥ Even though these ligands can
solve the actual drawbacks related to the structural instability
of the PNCs, it seems that they are not hydrophobic enough
to avoid the material degradation. This fact makes that ligand
surface modification to produce highly stable PNCs in polar
environments is not a widely exploited topic, yet. Accord-
ingly, promising strategies coming from the material encap-
sulation through the introduction of polymeric matrices are
emerging,?¥ as well as the partial/full coating with inorganic
matrices like SiO, shells.3>3¢1 By employing polysalt ligands
composed by quaternary ammonium or imidazolium bromide
species, alcohol-stable CsPbBr; PNCs can be formed, keeping
stable their photophysical features for more than 8 months,
taking advantage of the multi-coordination ability from the
capping agents in combination with polymeric agents like
poly(isobutylene-alt-maleic anhydride) to fill surface defects.*’]
On the other hand, by triggering chemical cross-linkages of
OA and OIA ligands to methacrylate-functionalized matrices,
MAPDbBr; PNCs can be stable in extreme organic and aqueous
polar systems for 600 days, keeping a PLQY =70%.13l In this
case, a low concentration of H,0 molecules can penetrate the
polymeric matrix to passivate the Br~ deficiency in the perov-
skite, suppressing the emergence of non-radiative recombina-
tion traps.

Alternatively, PNCs and mesoporous SiO, composites can be
prepared in the presence of stoichiometric amounts of molten
salts such as NaNO;, KNOj3, and KBr under ambient conditions
and high temperatures =350 °C. Composites delivered PLQY
higher than 89%, keeping their luminescent properties for 3 h
at 180 °C, 1 month in both water and aqua regia systems, and
24 h in saline water at 90 °C.3%* In this context, ionic species
such as K* and Br~ are well known to conduct efficient defect
passivation by filling A-site and halide-positions in the perov-
skite structure.l Although the above strategies can ensure
the protection of the PNCs from polar solvent interactions,
there are some drawbacks to be addressed: i) a high density of
ligands covering the PNCs, or the formation of a thick oxide
shell restrains the carrier transport into the photomaterial and
ii) most of the in situ or post-synthetic treatments have been
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employed to stabilize bromine-based PNCs, which show a poor
but reasonable inherent stability in polar media. This reflects
that a suitable stabilization approach of more sensitive perov-
skites as the case of narrower band gap iodine-based PNCs is
still far away to be developed, becoming more attractive to get a
final perovskite with high PL properties, low density of defects,
and long-term stable in polar solvents.

In this journey, a didodecyldimethylammonium bromide
(DDAB) salt has emerged as an interesting capping ligand
providing enhanced carrier transfer and increased stability of
PNCs.*241 Although the DDAX (X = Cl, Br) family has been
widely reported to increase the performance of LEDs, enhance
luminescent features, and prolong the stability of PNCs in
low/high polar mixture systems,*! the potential of this capping
ligand has not been fully unlocked. Thus, the understanding of
the protection mechanism offered by the ligand passivation is
limited, being this knowledge key to provide a general protocol
to stabilize all type of halide PNCs beyond non-polar media.

Herein, we report for first time the preparation of ultrast-
able non-encapsulated CsPbX3; PNCs dispersed in fully alcohol
media through a simple and efficient ligand passivation pro-
cess by action of DDAB. First, we analyzed the role of DDAB
concentration on the morphology, structural, PL proper-
ties, and surface chemical environment of CsPbBr; PNCs.
These nanocrystals show a long-term stability in methanol/
butanol (MeOH/BuOH) systems around 7 months, reaching
an enhanced optical performance. Beyond the filling/replace-
ment of surface defects, DDAB also restrains the full permea-
tion of alcohol to be in contact with the perovskite. At this
point, alcohol molecules in form of ionized species can per-
meate through the ligand layer to remove structural defects.
Then, we stabilize air-sensitive CsPbBr;, I, and CsPbl; PNCs
in the alcohol environment, showing high PL performance and
extended stability up to 6 h of exposure to the polar medium.
This contribution offers facile approach to stabilize CsPbX;
PNCs in polar environments and provides an advance in the
development of strategies for PNCs processing and surface
ligand engineering.

2. Results and Discussion

To provide a first view about the role of the DDAB on the sta-
bility of CsPbBr; PNCs in alcohol solvents, Transmission Elec-
tron Microscopy (TEM) and Scanning Electron Microscopy
(SEM) measurements were performed. First, we combined the
PNCs colloidal solutions in hexane with different DDAB con-
centrations contained in BuOH: 4.3, 8.5, 17, 43, and 85 mw.
For TEM analysis, these resultant dispersions (named hereafter
as PNCs-BuOH) were analyzed in three different scenarios:
i) fresh PNCs-BuOH samples at 0 h in absence of MeOH, ii)
48 h, and iii) 5040 h after adding 600 pL MeOH to the PNCs-
BuOH dispersions (we defined these time scenarios as aging
times). Figure 1 and Figure S1, Supporting Information show
the TEM images of the PNCs dispersed in alcohol medium
with and without DDAB at different aging times. For PNCs-
BuOH dispersions at 0 day (Figure 1A-F), the characteristic
nanocube morphology with a particle size between 8.8 and
10 nm is observed. Particle size distribution at different aging
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Figure 1. TEM images of CsPbBr; PNCs dispersed in A-F) BuOH at 0 h and A—F’) MeOH/BuOH system after 5040 h of aging, in (A, A") absence of
DDAB, and in presence of (B, B') 4.3 mwm, (C, C') 8.5 mwm, (D, D’) 17 mwm, (E, E’) 43 mm, and (F, F’) 85 mm DDAB. G) PL spectra, and photographs
of green luminescent PNCs dispersed in H) BuOH at 0 h and 1) MeOH/BuOH system after 5040 h of aging by varying the DDAB concentration.
J) Relative PL intensity of PNCs dispersed in BUOH and MeOH/BuOH systems, by varying the aging time in absence and presence of different DDAB

concentrations, see also Figure S5, Supporting Information.

times is summarized in Figure S2, Supporting Information.
Selected area diffraction (SAED) measurements (see Figure S3,
Supporting Information) corroborate the orthorhombic crystal
phase (ICSD 97851) in all the PNCs-BuOH dispersions.[*!
Moreover, the PNCs size for fresh samples is similar up to
DDAB concentration of 17 mwm, but a slight increase of nano-
cube size with a better monodispersity is observed at higher
DDAB content. The energy dispersive spectroscopy (EDS) (see
Table S1, Supporting Information) analysis shows more bro-
mine with higher DDAB concentrations. This evidence sug-
gests that Br coming from the ligand is incorporated in the
PNCs structure, indicative of surface passivation.*!

After adding MeOH into the PNCs-BuOH dispersions
with different DDAB content and aging them for 48 h (see
Figure S1, Supporting Information) some changes have been
identified. Alcohols such as MeOH promote the removal of car-
boxyl acid/alkylamine ligands from the CsPbBr; surface,*! and
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a high density of defects is formed, thus increasing the surface
energy. Therefore, nanoparticle aggregation and/or the forma-
tion of dangling bond are favored to fill the defects.[*¥! Conse-
quently, in these conditions pristine CsPbBr; exhibits bigger
cubes (see Figure S1A, Supporting Information) preserving the
crystalline structure (see Figure S3, Supporting Information).
Nevertheless, at higher DDAB concentrations, the emergence
of large particles is eventually restrained, and an eventual
decrease in the particle size is observed (see Figure S1B-F, Sup-
porting Information). At this point, it is reported that DDAB
can mediate the partial exfoliation of [PbBrg]* units from the
3D structure, which favors the Cs* replacement by DDA* cat-
ions and hinder the nanocrystals growth.*l Accordingly, we
deduce that DDAB also partially exfoliates the surface of PNCs
in the fresh PNCs-BuOH samples at 0 h, producing small
nanoparticles to promote their coalescence and a slight increase
of average particle size. However, after 48 h of exposure to the
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polar environment, DDAB delays the emergence of bigger
nanoparticles, giving an idea about the protective effect of this
ligand against the alcohol medium.

Complementarily, SEM images of samples after 5040 h
(7 months) in MeOH/BuOH dispersion (Figure 1A’-F’), show
particles of the order of microns. This suggests that MeOH
can progressively access to the perovskite structure, causing
the material agglomeration. In this case, we believe that small-
size exfoliated PNCs aggregate to produce microcrystals, being
protected by DDAB to avoid/prevent the full alcohol permea-
tion. Accordingly, we conclude that at concentrations of DDAB
higher than 17 mm, we can produce an effective passivation
layer to restrain the mobility of alcohol species toward PNCs,
maintaining their crystalline structure.

The influence of DDAB on the intrinsic properties of PNCs
in alcohol systems was also studied through changes in their
PL emission. In absence of DDAB, PNCs dispersed in BuOH
show a PL signal located at =530 nm, with an attenuated
emission. By contrast, a blueshift in the PL peak position was
observed in the presence of a higher DDAB concentration, with
higher emission intensity (see Figure 1G). This shift was also
reflected in the UV-Vis spectra of PNCs samples, as shown in
Figure S4A, Supporting Information. We attribute this optical
behavior to the decrease in PNCs particle size caused by the
presence of DDAB. As discussed above, DDAB can exfoliate
the PNCs surface, generating small nanoparticles and strength-
ening the quantum confinement effect. Then, the appearance
of a low-intense PL peak position for pristine PNCs at longer
wavelengths is characteristic of aggregated nanoparticles, facili-
tating the nonradiative recombination mechanism.*?l However,
the addition of DDAB not only provides more uniformity to the
particle size distribution, but also fixes the damaged PNCs sur-
face stoichiometry. This explains why DDAB-capped PNCs give
~l-order magnitude more emission compared to pristine PNCs,
as a result of reduced nonradiative recombination.*’]

On the other hand, PL measurements as a function of aging
time were conducted for all PNCs-BuOH dispersions in pres-
ence of MeOH to analyze the optical performance of nanocrys-
tals in a harsher polar medium. Here, PL spectra of PNCs-
BuOH dispersions were acquired at 0 and 1 h without MeOH.
Later, controlled volumes of MeOH were added to PNCs-BuOH
dispersions from 2 to 6 h (at times intervals of 1 h) to reach
a total added volume of 600 puL of MeOH. At this point, the
resultant dispersions were aged at different times to reach a
maximum of 5040 h. Thus, PL emission of the samples with
MeOH was obtained from 2-5040 h (Figure S5, Supporting
Information). As observed in Figure 1H,I, we evidenced the
effect of the DDAB concentration on green luminescence of
PNCs along the time, monitoring some changes in the absorp-
tion (see Figure S4B-D, Supporting Information; PL, Figure S5,
Supporting Information and the relative emission intensity,
and Figure 1]). For pristine PNCs, the PL intensity started to
decrease after 1 h in BuOH, and totally quenched after 2 h by
adding MeOH. This is associated to the loss of OA/OLA in the
alcohol media, and the loss of the emission.’® Meanwhile,
an increase of the PL of PNCs-BuOH is reached after 1 h at
concentrations lower than 17 mw, but this emission is then
decreased after MeOH addition, together with a slight red-
shift in the PL peak position. Compared to MeOH, the longer
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hydrocarbon chain can hinder the facile access to PNCs. Nev-
ertheless, a smaller molecule as MeOH can interact with PNCs
if the DDAB concentration is low enough to entirely cover the
material surface. We confirmed this hypothesis by measuring
the PL behavior from the PNCs-BuOH dispersion with the
lowest DDAB content, 4.3 mw, evidencing that the PL emission
of the material is mainly preserved (see Figure S6, Supporting
Information). However, PNCs still present emission after 48 h
into the MeOH/BuOH system, concluding that even a low
DDAB concentration hinders the total suppression of radiative
channels. This fact agrees with the UV-Vis spectra of samples,
where the absorption edge of PNCs in presence of DDAB is
almost unchanged with the aging time. In this context, DDAB
delays the fast material deterioration, which avoids the total
suppression of radiative channels in the PNCs structure.

At concentrations higher than 17 mwm, a continuous increase
of the PL is achieved, deducing that the PL properties of PNCs
are enhanced. Surprisingly, the absorption edge, PL features,
and relative intensity of perovskite samples at higher DDAB
content are preserved after 7 months of aging (see Figure 1J).
In addition, a second emission peak at shorter wavelengths
(=514 nm) emerges during this period. We ascribed this optical
behavior to the formation of microcrystals with different sizes,
providing a characteristic PL emission.’!l The formation of big
crystals has also been observed through XRD measurements
(see Figure S7, Supporting Information and its associated dis-
cussion) by analyzing the corresponding XRD patterns of the
PNCs samples dispersed in BuOH and MeOH/BuOH sys-
tems by varying the aging time. Then, by continuing increase
the DDAB content into the PNCs dispersion, for instance
up to 200 mm, PL properties and stability are still preserved
(Figure S6B, Supporting Information). This infers that a higher
density of DDAB progressively reinforces the surface coverage
of the perovskite against the polar environment. Consequently,
we can conclude that DDAB can develop an efficient protec-
tive effect of the nanocrystals, favoring radiative recombination
channel and avoiding the self-degradation in alcohol medium.

With the purpose of studying the chemical composition and
environment of the PNCs dispersed in alcohols, X-ray photo-
electron spectroscopy (XPS) measurements were conducted.
We were able to confirm the presence of C, N, O, Cs, Pb, and
Br atoms, see XPS survey spectra in Figure S8, Supporting
Information. The corresponding composition of the samples
is summarized in Table S2, Supporting Information. Figure 2A
exhibits the high-resolution (HR) XPS Cs 3d spectra of PNCs-
BuOH materials, where a doublet =724/738 eV is achieved.
These Cs 3ds, and Cs 3d;; core levels, respectively, correspond
to the existence of Cs* species composing the CsPbBr; struc-
ture.5% On the other hand, typical 3ds;, and 3d;, core levels
located ~68/69 eV appeared at the HR-XPS Br 3d spectra of the
PNCs dispersions (see Figure 2B), associated with Pb—Br bonds
from the Cs-(PbBrg) octahedra.’3] By comparing the chem-
ical nature of PNCs with and without DDAB, (see Table S2,
Supporting Information), Cs* and Br~ deficiencies in pristine
PNCs are evidenced compared to the DDAB-capped PNCs.
Thus, pristine PNCs are prone to increase the concentration of
defect sites under a poor ligand coverage, compromising their
structural integrity and photophysical features. Meanwhile, the
DDAB addition preserves the stoichiometry of PNCs, leading
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Figure 2. High-resolution XPS A) Cs 3d, B) Br 3d, C) Pb 4f spectra, D) calculated total oxygen-to-halide/total oxygen-to-total lead ratios, and E) 'H
(600 MHz, toluene-dg, 298 K) NMR spectra of CsPbBr; PNCs alone (black) and added by 1 equivalent (blue) or 5 equivalents (green) of DDAB, and
equimolar OA/OLA mixture (orange) reported for comparative purposes. F) 'H (600 MHz, toluene-dg, 298 K) NMR spectra of PNCs in presence of

8.5 mm DDAB, titrated with deuterated methanol (MeOD).

to a high optical performance in a polar solvent.*> This fact
corroborates that DDAB impedes the close interaction between
alcohol and PNCs avoiding the removal of the ligand shell and
the degradation of the PNCs. In addition, the increase of the
Br content in presence of DDAB concentration (see Table S2,
Supporting Information) suggests that DDAB is an efficient
passivation agent to avoid PNCs surface deterioration even in
polar media.

Figure 2C shows the HR-XPS Pb 4f spectra of the PNCs-
BuOH dispersions, showing the characteristic Pb 4f;, and Pb
4f5), core levels =138/143 eV, respectively. This doublet is attrib-
uted to the presence of Pb* species composing the nanocrystal
lattice.l3! Although pristine PNCs exhibit a defective surface by
action of the alcohol medium, we did not detect any XPS Pb 4f
signals related to the emergence of metallic lead. Since PNCs
were washed with MeOAc, this antisolvent removes unreacted
species after material synthesis and compensates halide vacan-
cies by binding undercoordinated Pb and COO~ anions.?>!
Then, total oxygen-to-bromine and total oxygen-to-lead ratios
[denoted as Oygpa/(Br+Oiora)) and Oygpa/ (Pb+Oyora)] increased
upon raising the DDAB concentration (see Figure 2D). This
fact suggests that DDAB promotes the oxygen incorporation
to the PNCs surface. As seen in Figure S5, Supporting Infor-
mation, the increased PL intensity of DDAB-capped PNCs in
BuOH and after the subsequent MeOH addition evidence that
radiative recombination is enhanced due to an effective surface
passivation.
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With the purpose to identify the interactions between cap-
ping ligands and the alcohols, it is pivotal to keep in mind that
Cs* and Pb?" species from PNCs surface are coordinated with
oleate anions (OAc™), while halide is linked to oleylammonium
(OLAm*) cations.*® In this context, when small volumes of
alcohols such as MeOH, isopropanol, or even H,0O are added
into the system, they can partly ionize in their alkyloxonium
(R-OH,") or/and alkoxide (R-O7) forms mediated by reaction
with OA~ and OLAm?*, respectively.”**”8 Then, R-OH," and
R-O" can replace some of OA™ and OLAm™* from the PNCs
surface. Therefore, we suggest that a higher content of DDA
cations replacing OLAm™ can produce more ionized species
from alkoxides to facilitate the surface coverage, beyond DDAB
passivation, filling defect sites of the PNCs and extending their
long-term stability.

Although DDAB has been widely used to compensate for the
defect sites emerged in the PNCs and improve their intrinsic
features, the surface protection mechanism provided by this
ligand in polar media such as alcohols has not been elucidated.
In order to shed light on surface passivation process of PNCs
in alcohol media conducted by DDAB, Nuclear Magnetic Reso-
nance (NMR) spectroscopy analyses were performed, details of
the resonance assignation are provided in supporting informa-
tion.’?%0] Figure 2E and Figure S9A, Supporting Information
show the 'H NMR spectrum of PNCs dispersed in toluene-dg,
which was compared with those of pristine ligands (OA+OLA
in a molar ratio 1:1), with and without DDAB. We observe that
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OLA methylene resonance in o-position with respect to the
amine group, which is blended with the baseline when PNCs
are dissolved in the deuterated solvent, appears from the base-
line as a broad signal centered at = 2.60 ppm when one equiv-
alent of DDAB with respect to the estimated OLA content is
added. This effect suggests a weakening of the surface interac-
tion, black and blue spectra in Figure S9A, Supporting Infor-
mation and Figure 2E, which causes a reduction of the signal
linewidth. Interestingly, OA methylene resonance in a-position
with respect to the carboxyl group is affected as well by DDAB,
being shifted till to 6 = 2.30 ppm upon addition of the ligand.
The resolution and linewidth of such proton signal are com-
parable to those of the free species, thus pointing out that the
acid is not bound to the PNCs surface after DDAB addition
(see Figure 2E). Analogously, the olefinic resonances of OA and
OLA at 6 = 5.45-5.47 ppm undergo a variation in shape and
position, becoming more similar to the free ligands, especially
for OA.

Regarding DDAB, the methylene and methyl protons
from its hydrocarbon chains directly bound to the quaternary
nitrogen, located at § = 3.45 and 3.55 ppm, respectively,** are
well-resolved in the pure compound and co-presence of OA
and OLA ligands has the only consequence of shifting them
to lower chemical shifts (see Figure S9A). On the contrary, in
the presence of PNCs, a significant increase in DDAB signals’
linewidth is detected, as already reported in the literature.ll
This effect confirms the occurrence of a strong interaction
between the surface of the PNCs and DDAB, which causes a
slowing down of the additive mobility in solution and, therefore,
a complete loss in its signals’ resolution. This result, together
with the increase of resolution and linewidth observed for the
resonances of the capping ligands indicates the favorable ligand
exchange process promoted by DDAB, where OLAm* and OAc™
ions covering the PNC surface are partly replaced by DDA* and
Br~ species.[*?!

By increasing DDAB concentration (see Figure 2E and
Figure S9B, Supporting Information), the signals belonging
to the additive are progressively more consistent to its
free species. Additionally, the resonances are shifted at
higher frequencies with increasing DDAB concentration.
This change is mainly due to changes in DDAB content
and ionic strength of the medium, since this behavior has
also been observed in DDAB spectra recorded without the
perovskite.® At concentrations lower than 8.5 mm, DDAB
protons are barely detected as very broad resonances at
6 = 2.71 and 2.56 ppm, overlapping with OLA methylene
signal (Figure 2E). The additive resonances not only undergo
an increase in their linewidth, but they are also more
shielded (at the lowest ligand content) if compared to the
free compound. It is noteworthy that in the proton spectrum
reported in Figure 2E corresponding to a DDAB concentra-
tion equal to 8.5 mwm, akin to that reported in Figure S9B,
Supporting Information, the additive resonances are broader
if compared to the latter. We justify this result by taking into
account the different sample preparations: in particular, the
spectrum in Figure 2E was obtained from a sample prepared
by mixing PNCs and DDAB in the minimum amount of sol-
vent required, whereas the spectrum reported in Figure S9B,
Supporting Information is obtained by titration.
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Deuterated methanol (hereafter named MeOD) was added
progressively to PNCs in absence (see Figure S9C, Supporting
Information) and presence of DDAB (see Figure 2F). A max-
imum MeOD volume of 245 and 140 pL was incorporated
into the above two systems, respectively, triggering main dif-
ferences in the surface chemistry of PNCs. The addition of
35 uL of MeOD into pristine PNCs solution causes a shifting
of OA signals in the proton spectrum, which are now visible
at 6 = 2.21 ppm (0~CH,; overlapped with the solvent satellite)
and 1.61 ppm (B-CH,, Figure S9C, Supporting Information).
Signals linewidth of both methylene and olefinic resonances
suggests that the ligand is still interacting with the PNCs sur-
face, as well as OLA, given that its methylene resonance is
blended with the baseline. The addition of a second portion
of alcohol determines an increase of OLA free molar fraction,
since its resonance becomes visible at § = 2.48 ppm, whereas
OA signals are better resolved indicating a prevalent free state
for this ligand. The fact that OA and OLA resonances become
both well resolved when more alcohol is added suggests their
detachment from the PNCs surface, because of its material
degradation. Conversely, the MeOD dosage to DDAB-capped
PNCs remarkably affects the NMR resonances of DDAB rather
than the capping ligands. In this case, MeOD was added up to
140 UL, given that this amount is enough to determine degrada-
tion in PNCs in the previously discussed titration. When 35 uL
are added, (see Figure 2F) DDAB proton signals become more
resolved, and the methylene signal, so far located at lower fre-
quencies with respect to the methyl group (6= 3.43 ppm (CH;)
and 3.52 ppm (CH,)), is now more deshielded (6 = 2.87 ppm
and 2.73 ppm for methylene and methyl groups, respectively).
The linewidth of OLA resonance at 6 = 2.42 ppm suggests a
decrease in the molar fraction bound to the PNCs surface,
whereas the resonances belonging to the acid, already free
due to DDAB addition, are further deshielded because of the
increased polarity.’ A more accurate titration in the range
5-35 uL was performed, in order to better evaluate the effect of
the alcohol on the system. 5 uL of MeOD caused coalescence of
DDARB signals that shift at 3.04 ppm, indicating a perturbation
of the equilibria in which the additive is involved. The following
addition confirms the shift at lower frequencies, and the sig-
nals start to differentiate. 15 UL is enough quantity to determine
the splitting and the chemical shift inversion of the additive
resonances.

This suggests that OLA protons experience only a modest
decrease in their line broadening when the titration is per-
formed in the presence of DDAB. Thus, it is likely that the
amine moiety stays mainly bound to the PNCs surface even
when the amount of alcohol is higher (140 uL). In conclusion,
DDAB plays a protective role on polar solvent toward PNCs,
preserving the OA and OLA interaction with PNCs surface.
We believe that part of OLA molecules released after ligand
exchange promotes the formation of alkoxide species, simul-
taneously producing OLAm™* which can be linked again to the
material surface.

Considering that DDAB has a big influence on the quality
and stability of PNCs in full alcohol environment, less defective
PNCs with improved and stable photophysical properties can
be produced.®? Figure 3A exhibits the variation of the PLQY
versus time for all the PNCs-BuOH with and without MeOH
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rface conducted by DDAB in presence of MeOH medium. DDAY, OLAm™,

Br~ and MeO~ alkoxide species are responsible to produce the protection coverage on perovskite surface.

addition, obtaining the maximum and most stable optical per-
formance at the highest DDAB concentration after 7 months.
Here, PLQY of PNCs-BuOH dispersions were acquired at 0 h
without MeOH for comparative purposes, Then, controlled
volumes of MeOH were added to fresh PNCs-BuOH disper-
sions from 0 to 6 h (at times intervals of 1 h) to reach a total
added volume of 600 UL of MeOH. At this point, the resultant
dispersions were aged at different times to reach a maximum
of 5040 h. In this context, PLQY of the samples in presence of
MeOH was determined from 0 to 5040 h. As expected, PL fea-
tures of pristine PNCs are quenched, favoring the formation
of non-radiative recombination traps and the alteration of the
perovskite lattice. Nevertheless, the progressive enhancement
of PLQY to reach values up to 100% indicates that radiative
recombination is facilitated with a higher DDAB content. This
fact demonstrates that defects sites of PNCs are filled and pure
MeOH/BuOH cannot induce degradation on the nanocrystal.
As discussed above, the reduction of bromide vacancies and
the formation of alkoxide species to interact with Cs-/Pb-rich
surface in PNCs generates tolerant-to-defect PNCs in the polar
solvent, suppressing the non-radiative recombination.l>%>8l
Therefore, at higher DDAB fraction, more DDA, Br~ and R-O~
species will be available to protect PNCs from alcohol medium.
Hence, DDAB concentrations >17 mm ensure that MeOH/
BuOH molecules surrounding the DDAB-capped PNCs/
polar solvent interface can restrain their diffusion to reach
the perovskite, forming enough alkoxide groups to stabilize the
materials for long times and produce an enhancement of the
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PL properties. Although we have elucidated that higher DDAB
concentrations generate a better optical performance and long-
term stability in CsPbBr; PNCs, it is also remarkable that use
of these DDAB-capped PNCs as active layers can restrain the
operational performance of optoelectronic devices as the case
of LEDs. This is because a higher density of the ligand covering
the PNCs can act as an insulating layer to hinder the carrier
injection/transport into the LEDs. Therefore, future contribu-
tions can be focused to establish a suitable DDAB content to
simultaneously enhance the PL features of PNCs in polar sol-
vents and allow the fabrication of highly efficient LEDs.

For further insights into how the recombination kinetics
of the PNCs samples changes with time, we carried out time-
resolved PL measurements at different aging times, in BuOH
and MeOH/BuOH systems, as shown in Figure S10, Sup-
porting Information. From each PL decay, we collected the
corresponding average electron lifetimes, 7, and fitted them
through a bi-exponential equation. Although PNCs show a
100% PLQY, their PL dynamics is described by a bi-exponential
function. Tables S3-S5, Supporting Information summarize
the parameters extracted from the corresponding fitting of PL
decays. The bi-exponential behavior has been attributed to the
trapping—detrapping phenomenon induced by shallow energy
states in the perovskite conduction band (CB) as explained in
earlier reports.’>®3 By adding MeOH and extending the aging
time, the 7,,, of pristine PNCs was longer. This is associated
with the delay of carrier recombination, caused by the gen-
eration of halide empty sites controlled by carrier trapping.®4
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Interestingly, by introducing DDAB, a different PL decay
behavior was obtained independently of the aging time. At the
lowest DDAB content (4.3 mw), the faster radiative recombina-
tion component is lowered (7;), while the long-lived radiative
contribution increased (7). This suggests that DDAB passiva-
tion provides radiative energy levels to PNCs to promote the
trapping—detrapping process, facilitating the radiative recombi-
nation and increasing the PLQY.[*!

Similarly, a faster z,,, was observed by increasing the DDAB
content, indicating that more radiative channels are present to
accelerate the carrier recombination. We believe that the forma-
tion of Cs-Br/Pb-Br domains by filling halide vacancies, and the
incorporation of oxygen through alkoxide-PNCs surface inter-
action should introduce shallow donor species to support the
radiative recombination dynamics. Then, by contrasting the
estimated 7,,, for DDAB-capped PNCs in all the time scenarios,
it is worth noting that carrier recombination decay is eventu-
ally longer, characteristic of bigger perovskite crystals. In this
frame, PNCs with DDAB content >17 mw still present PL decay
features after 7 months of aging, in line with the microcrys-
tals revealed by SEM (Figure 1D’-F’). Therefore, the first step
of DDAB passivation process, surpassing the concentration
threshold (17 mm) consists of the formation of PNCs assem-
blies, generating an effective ligand protection against the per-
meation of alcohol molecules.

To rationalize the effect of DDAB on the carrier recombina-
tion mechanism of PNCs, radiative and nonradiative recom-
bination constants k, and k,, respectively, were calculated
through PLQY and 7, values (see Tables S3-S5, Supporting
Information). Independently of the time scenarios considered
above, the higher the DDAB content in PNCs, the higher the
k. the lower the k,, and k,/k, ratios (see Figure 3B-D). This
trend can be interpreted considering that the defective PNCs
surface is gradually repaired by the inclusion of more Br~ and
oxygenated species, maximizing the suppression of non-
radiative channels.”*! In this context, it is evident that the
structural exfoliation of PNCs commonly caused by DDAB is
minimized, mediating ligand exchange with OLA ligand, key
to produce alkoxide ions. Considering that the instability of
PNCs in polar solvent is due to the detachment of the long-
hydrocarbon chain ligands, mainly OA, Br- and oxygenated
R-O™ anions are required to compensate the defective surface of
nanocrystals and maintain long-term stability of their intrinsic
features. Therefore, we can claim that this is the second step of
the DDAB passivation process in alcohol environment.

To gain insight into the mechanism of surface ligand
exchange provided by DDAB, we conducted theoretical calcula-
tions through density functional theory (DFT), see the SI for
further details. We estimated the probability to induce ligand
exchange processes of OAc™ and OLAm* species attached to
the PNCs surface by DDA*, Br~ and ionized MeOH molecules,
represented as MeO™. As seen in Figure 3E, the initial system
is formed by a CsPbBr; slab with four Br vacancies and two
Cs vacancies on surface; two of the Br vacancies are occupied
by OAc™ species, Cs* vacancies are occupied by OLAm™* cations,
leaving two free Br deficient sites. When DDAB and MeOH
(BuOH) are introduced, the nanocrystal surface is prone to
experience the replacement of two Cs™ and two Br~ vacancies
by two DDA* and MeO™ ligands, respectively, while Br~ species
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from DDAB compensate the other free Br defect sites. In this
way, two desorbed OA molecules are generated, while two
OLAm?* cations are linked to outer Br atoms.

By computing the total DFT energy difference (AE) between
initial (I) and ligand-modified (LM) systems (corresponding
to the perovskite in absence and presence of DDAB, respec-
tively), we have determined that this surface ligand exchange
is thermodynamically favorable, with AE = —0.49 eV. Following
Figure 3E, AE = Ej — E}, where Ejy; is the DFT total energy of
the output ligand-modified system, calculated as the sum of the
energy of the CsPbBr; surface saturated with Br~ vacancies and
ligands DDA*, OLAm®, and MeO~, plus twice the energy of the
isolated OA molecule. On the other hand, F; is the energy of
the input initial system, obtained as the sum of the energy of
the CsPbBr; surface saturated with ligands OAc™ and OLAm®,
plus twice the energy of the isolated methanol molecule, and
twice the energy of the isolated DDAB molecule. This result
corroborates the hypothesis established through NMR meas-
urements; the ligand exchange between DDAB and OLA in
the presence of alcohols favors the co-emergence of OLAm®*
and alkoxides ions to give an efficient coverage to avoid the
damage of PNCs. Then, similar DFT calculations were per-
formed by introducing BuOH instead of MeOH, estimating a
higher AE=-0.33 eV (see Figure S11, Supporting Information).
As expected, the addition of BuOH is energetically more unfa-
vorable, since this organic compound is bigger, and produces
larger distortions on the surface. Therefore, we conclude that
most of the alkoxide ligands come from MeOH deprotonation
to compensate Br deficient sites.

Having elucidated the passivation effect produced by DDAB
to trigger a high and stable optical performance in CsPbBr;
PNCs, we looked for extrapolating this approach to stabilize
more sensitive halide PNCs. First, we studied the PL proper-
ties of CsPbBrj, I, PNCs as a function of time, up to 6 h. These
materials were prepared by conducting a halide exchange reac-
tion between DDAB-capped CsPbBr; PNCs-BuOH and iodide
anions coming from the addition of SrI, dissolved in MeOH.
Here, stable PNCs-BuOH samples in the presence of 17 and
43 mm DDAB were prepared as starting dispersions. We have
chosen these DDAB concentrations due to the stability of
CsPbBr; PNCs starting to be enhanced into the polar solvents
at these values. On the other hand, SrI, was chosen as iodine
source, since Sr** species do not easily substitute Pb?* positions
into the perovskite structure, guaranteeing that initial chemical
nature of the perovskite host is unaltered.l®®) Consequently,
only iodide anions would participate in the ion exchange pro-
cess to obtain mixed halide PNCs (MHPs), leaving Sr as an
inert bystander. From the PL spectra shown in Figure 4A A,
we note that the dispersions exhibit distinct anion exchange
behavior due to the passivation grade provided by DDAB. Since
more Br~ anions mediate the restoration of the defect sites in
Br-PNCs at higher DDAB concentrations, more bromide
domains are replaced by iodide anions during the exchange./%!
Thus, PNCs-BuOH dispersions with high DDAB content
require more iodide species to produce a significant redshift
in the PL, but the fully exchanged nanocrystals are resistant to
alcohol medium even when more MeOH is added. Since the
complexation affinity of the Pb—Br bond is higher compared
to the Pb—I bond,®%% I~ anions can migrate out faster from
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Figure 4. Time-dependent PL spectra of A, A") anion-exchanged CsPbBr; I, MHPs dispersed in BUOH at 0 h in presence of A) 17 mm and A’) 43 mm
DDAB by adding controlled volumes of 200 mg mL™" Srl,/MeOH solution. Time-dependent PL spectra of B, B’) CsPbl; PNCs dispersed in BuOH at

0 h B) in absence and B’) presence of 17 mm DDAB.

the MHPs, making them more susceptible to possess a defec-
tive structure. However, our findings show that the PL feature
of MHPs is almost preserved, reaching an increased emis-
sion intensity. Therefore, DDAB avoids the fast detachment of
iodide from the PNCs, suggesting a strong interaction between
DDA* and I™ species, while the DDAB protection pathway is
maintained.

We also analyze the stabilization of pure CsPbl; PNCs dis-
persed into the alcohol media, in presence of 17 mm DDAB. As
seen in Figure S12, Supporting Information, lower DDAB con-
centrations as 8.5 mwm generates a fast degradation of the PNCs,
losing their intrinsic properties. Meanwhile, higher DDAB
concentrations at 43 mwm reinforce the protective coverage on
the nanocrystals surface, but the initial red PL emission of the
perovskite is not preserved. We attributed this change to the
fast anion exchange between DDAB and CsPbI; PNCs. Hence,
17 mm DDAB ensures the surface restoration/passivation of
iodide perovskite without changing its optical features. Unlike
CsPbBr; and CsPbBr;, I, PNCs, the structural integrity of black
phase of CsPbl; was analyzed in BuOH after 6 h, since this
material is rapidly transformed into yellow &phase in MeOH,
even when DDAB is present. Compared with pristine CsPbl;
where the PL feature is completely quenched, (see Figure 4B)
DDAB-capped CsPbl; PNCs are still luminescent exhibiting a
slight blueshift in the PL peak position (Figure 4B’). This is due
to the Br~ passivation of halide defects generated by the gradual
iodide migration.*®l Tt is clear that a low concentration of
DDAB does not lead to an effective coverage of the iodide-PNCs
surface, allowing MeOH molecules to reach the perovskite,
promoting the diffusion of a high iodide fraction to the polar
solvent, and causing the octahedral distortion. Nevertheless,
DDAB can delay the access of bigger alcohol molecules such
as BuOH, making an in situ halide compensation in the PNCs.
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We believe that DDAB passivation is an interesting option to
supply surface defect centers, both to generate a protective
shell against full permeation of alcohols and to prepare more
stable CsPbX; PNCs in polar solvents. In summary, DDAB pas-
sivation can be considered as a simply alternative to repair the
PNCs surface, providing an efficient ligand coverage, and pro-
ducing stable dispersions, which could be beneficial for future
developments in optoelectronics and solar-driven reactions in
polar media.

3. Conclusions

In this work, we introduce ligand passivation as a promising
strategy to prepare highly stable CsPbX; PNCs in full alcohol
environments, with a tolerant-to-defect structure and improved
optical performance. By introducing DDAB ligand, a suitable
surface coverage of the PNCs was achieved, being more effec-
tive at higher concentrations. We elucidated that a two-step pas-
sivation mechanism dictates the long-term stability of PNCs:
i) formation of nanocrystals aggregates protected by DDAB to
hinder the permeation of alcohol molecules, and ii) the resto-
ration of the surface stoichiometry to decrease the density of
halide deficient sites. By understanding that PL properties of
OA/OLA-capped PNCs are quenched by the fast ligand detach-
ment in the presence of alcohols to compromise the struc-
tural integrity of materials, DDAB generates a partial ligand
exchange with the native capping ligands to generate both
more Cs-Br/Pb-Br domains and the incorporation of oxygen to
interact with the Cs-/Pb-rich surface sites. We deduce that part
of OLA released during the ligand exchange process can partly
ionize the alcohol species to produce alkoxide anions, which
together with Br~ species, enhance the radiative recombination
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pathway and suppresses the non-radiative carrier traps. Conse-
quently, we were able to produce high-quality CsPbBr; PNCs
alcohol dispersions with PLQY of up to 100% and stability up to
7 months. We extrapolated this strategy to stabilize CsPbBr;_ I,
and CsPbl; PNCs, realizing that DDAB delays the iodide diffu-
sion toward the polar solvent, and favor the in situ compensa-
tion of iodide deficiency during halide loss. Thus, it is possible
to extend the PL emission and stability of these iodide-PNCs
up to 6 h in the alcohol media, delaying the deterioration of
the optical features. This work offers a simple way to prepare
highly resistant multicolor CsPbX; dispersions, suitable for
conducting future contributions in optoelectronics and solar-
driven chemical applications in polar media. Current efforts
should be focused on the incorporation of iodide-based capping
ligands, where a suitable concentration would maximize the
resistance of CsPbI; PNCs in polar solvents, including MeOH.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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