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Organic A-Site Cations Improve the Resilience of Inorganic
Lead-Halide Perovskite Nanocrystals to Surface Defect

Formation

Clara Otero-Martinez, Junzhi Ye, Luca De Trizio, Luca Goldoni, Akshay Rao,
Jorge Pérez-Juste, Robert L. Z. Hoye, Liberato Manna, and Lakshminarayana Polavarapu*

Lead halide perovskite nanocrystals (LHP NCs) are generally prone to surface
defect formation during the purification process, resulting in a reduced
photoluminescence (PL) quantum yield. The purification of LHP NCs using
antisolvents leads to the detachment of surface atoms and ligandsin the form
of alkylammonium-halides or A-carboxylates (A: Cs, methylammonium, MA,
or formamidinium, FA. Currently, intense research is being carried out to
improve the surface stability of LHP NCs using various long-chain organic
ligands that strongly bind to the surface of NCs. Herein, the findings on the
higher surface stability of hybrid (MAPbBr; and FAPbBr;) LHP NCs compared
to that of inorganic CsPbBr; NCs against purification with polar antisolvents
are reported. It is discovered that the CsPbBr; NC surface stability can be
enhanced (reaching that of hybrid perovskite NCs) by the incorporation of a
small amount of MA or FA A-site organic cations into their lattice,
corroborated by the evidence that the PL quantum yield of mixed A-cation
Cs,FA,,PbBr; and Cs,MA, ,PbBr; NCs remains unaffected after several
purification cycles. It is hypothesized that this is attributed to hydrogen
bonding between the organic A-site cations and the neighboring halides on
the surface. These findings are not only fundamentally important but are also
expected to have wide implications in the field of metal-halide perovskite
optoelectronics.

1. Introduction

Lead halide perovskite (LHP) nanocrystals
(NCs) have highly appealing properties for
a variety of applications in next-generation
optoelectronics.!®] These include narrow
photoluminescence (PL) peaks, near-unity
PL quantum yield (QY), long charge-carrier
diffusion lengths, facile synthesis, and de-
fect tolerance, among many others. These
properties have made LHP NCs promis-
ing candidates for next-generation solar
cells, light-emitting diodes (LEDs), quan-
tum light sources, lasers, photodetectors,
and photocatalysis.['¢-8] All of these applica-
tions, in principle, require purified colloidal
solutions without unreacted precursors and
excess ligands present in them.

Typically, colloidal LHP NCs are stabi-
lized by organic ligands such as a combina-
tion of long-chain alkylamine and acid lig-
ands, in most cases oleylamine and oleic
acid, which transform into the correspond-
ing ionic species (e.g., oleylammonium
(OLAm) and oleate (OL)) in the reaction
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medium.>1] The interaction of these two ligands with the sur-
face of CsPbBr; NCs has been studied in detail and it was
found that OLAm partially or fully replaces the Cs* ions while
OL replaces the Br~ ions on the NC surface.'"1216-18] [ addi-
tion, previous reports have demonstrated that the ammonium
group of OLAm can form hydrogen bonds with the neighboring
surface bromide ions.'121915] Nevertheless, the interaction be-
tween these surfactants and the NC surface is electrostatic and,
thus, highly dynamic in nature.['11-13] Therefore, excess ligands
appear to be essential to maintain an equilibrium between the
ligands that bind to the NC surface and those that are in the so-
lution, and thus enable the colloidal stability of the NCs. How-
ever, the excess free ligands significantly hamper device applica-
tions, as they essentially behave as insulators. In addition, it is
often difficult to prepare dry films in the presence of excess lig-
ands, as most ligands have high boiling points. The LHP NCs
can be effectively purified by precipitation through the addition
of polar antisolvents, such as methyl acetate (MeOAc) or ethyl
acetate.[?-221 However, this process significantly lowers the PLQY
of the inorganic LHP NCs, as a fraction of the surface ligands
are removed during the purification process, and even changes
in morphology have been often observed.[?>-?’]. The decrease in
PLQY has been attributed to the formation of trap states caused
Dby the appearance of surface vacancies (mainly undercoordinated
halide species) following the ligands detachment.[1223-2528.29] T
overcome this, various in-situ and post-synthetic surface treat-
ment strategies have been developed to obtain defect-free inor-
ganic LHP NCs. In addition, different types of long-chain ligands
with bi- and multi-functional groups have been exploited to stabi-
lize the LHP NC surfaces against the purification process.[123031]

Although the surface chemistry of LHP NCs with the ABX,
crystal structure has been explored in inorganic systems (A = Cs),
that of their hybrid analogs (A = MA or FA) has been rarely in-
vestigated. In general, the formation of large polarons in the hy-
brid systems provides a protective shield against traps and makes
them more favorable for charge-carrier transport.3234 Further-
more, mixed A-site cation compositions have shown better device
performance not only in thin films but also in NC systems.[35-7]
Despite their interesting properties, the surface stability of hybrid
LHP NCs against purification has been rarely investigated, but it
is critical for improving their device performance.*83°] Moreover,
how the surface stability against purification is affected when
both the organic and inorganic A-site cations are present in the
same crystal structure is yet to be investigated. Therefore, it is
important to understand the surface chemistry of mixed A-site
cation NCs before developing new strategies to enhance their
surface stability against purification. Especially, this step is vital
for the development of LHP NC-based optoelectronic and pho-
tovoltaic devices, in which the surfaces play a crucial role in the
device performance.!!!

In this work, we systematically studied the surface chemi-
cal stability of LHP NCs with different A-site cation composi-
tions, including pure Cs-based, pure MA-based, pure FA-based
NCs, along with mixed Cs-FA, and Cs-MA NCs, by studying
the resilience of the NC surface to interactions with polar anti-
solvents during the purification steps. The colloidal NCs were
washed several times with MeOAc and their optical properties
(spectrally-resolved PL, PLQY, and PL lifetime) were analyzed be-
fore and after each washing step, and correlated with their surface
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characterization through nuclear magnetic spectroscopy ('H-
NMR) and X-ray photoelectron spectroscopy (XPS). We found
that the hybrid compositions present superior surface stability
compared to CsPbBr; NCs in terms of formation of a lower
amount of defects caused by the detachment of surface ligands
and halides. We find that the mixed A-site cation NCs with only
15% substitution of Cs* to MA* or FA* exhibit the same sur-
face stability as the pure organic A-site NCs. Also, in contrast
to mixed-halide systems, in which the halides tend to segregate
into inhomogeneous domains after purifying with antisolvents,
causing PL spectral shifts,?*] the treatment with antisolvent does
not induce A-site cation segregation or any change in the optical
properties.

2. Results and Discussion

2.1. Effect of Washing on the Optical Properties of LHP
Nanocrystals

To study the influence of the type of A-site cation on the surface
stability of LHP NCs against purification, we first synthesized
pure FAPbBr;, MAPbBr; and CsPbBr; NC by hot injection, us-
ing oleylamine and oleic acid as capping ligands, and octadecene
as the solvent (see Experimental Section for more details).[1240]
Generally, LHP NCs are expected to have AX surface termina-
tion regardless of the A-site cation, as they were synthesized us-
ing primary alkylamine and carboxylate ligands in all cases.!8]
The as-synthesized NCs were first separated from the crude re-
action solution by centrifugation at 8 000 rpm without using any
antisolvent to maintain a ligand-rich environment, as well as a
fully passivated NC surface. The three APbBr; (A = Cs, MA,
and FA) colloidal dispersions obtained after redispersing the NCs
in toluene are named/referred to as “stock” solutions, and are
the starting materials in the antisolvent-assisted washing experi-
ments that will be described later (Figure 1a). The stock solutions
were characterized by transmission electron microscopy (TEM),
which showed that all three samples consist of cubic NCs having
a size of between 9.1 and 10.8 nm, and a nearly-monodisperse
size distribution (Figure 1b—d; Figure S1, Supporting Informa-
tion). The emission properties (PL peak position and PLQY) of
the three samples were studied before and after washing them
twice with MeOAc antisolvent, as illustrated in Figure le-g. As
depicted in Figure le and Figure S1 (Supporting Information),
the as-synthesized APbBr; NCs exhibited narrow emission with
peak maxima located at 515 nm (A = Cs and MA) and 530 nm
(A = FA). Prior to NC washing, the stock solutions were system-
atically diluted to obtain APbBr,; NC dispersions of similar con-
centration based on the optical density at the excitonic peak of the
absorption spectra (see Figure S1, Supporting Information).[*! Tt
is worth noting that the extinction coefficient of the three samples
is considered similar because the optical transitions in LHPs are
less dependent on the A-site cations and are mainly controlled by
[PbX,]*~ octahedral units.I*] Eventually, the stock solutions were
subjected to 2 cycles of washing using MeOAc (2:1 volume ratio
of NC to antisolvent, Figure 1a). The washing process not only
removes the free ligands in the colloidal solution but also accel-
erates ligand detachment from the surface of the NCs. The TEM
images and the optical properties of the three samples before and
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Figure 1. a) lllustration of the purification process with MeOAc of different
A-site cations obtained from their stock solutions: CsPbBr; (b), FAPbBr; (c)

A-site cation NCs stock solutions. b—d) TEM images of NCs with different
and MAPbBr; (d). ) Normalized PL spectra of colloidal NC solutions with

different A-site cations before and after washing (1st and 2nd). f) PL intensity of FAPbBr; before and after washing the NCs (top panel) and quenching of
the PL intensity after CsPbBr; NC washing due to the formation of trap states (bottom panel). g) Variation of the PLQY with the number of washing steps
for the different A-site cation NCs with respect to the stock solution. The values shown in the plot correspond to the average result and the corresponding

error bar after reproducing the experiment 5 times.

after each washing cycle are shown in Figure 1b—-g and Figures
S1 and S2 (Supporting Information).

It was found that the washing of NCs did not lead to a sig-
nificant shift in the PL peak position or changes in spectral
shape (Figure 1e), suggesting that the morphology of the washed
NCs remained unaltered after treating them with the antisol-
vent, as there was no obvious etching or phase change during
the purification process (Figure S2, Supporting Information).
In line with previous studies,[1*125] although the PL peak posi-
tion of CsPbBr; NCs remained unchanged after the two washing
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cycles, a significant reduction in PL intensity with each washing
cycle was observed. The PLQY of the CsPbBr; NCs drastically
decreased to ~50% of its initial value after two cycles of wash-
ing (Figure 1f,g; Table S1, Supporting Information). On the other
hand, the PLQY of hybrid perovskite NCs (A = FA and MA) af-
ter two washing cycles was reduced by only ~#15% (Figure 1g;
Table S1, Supporting Information). Moreover, the initial stock
solutions of the hybrid colloidal perovskite NCs exhibit higher
PLQY as compared to the CsPbBr; NCs stock solution used for
obtaining mixed A-site cation systems. It is worth mentioning
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Figure 2. a—c) PL lifetime decays before and after the NC washing for the different A-site cation compositions: CsPbBr; NC (a), FAPbBr; (b), and
MAPbBr; (c). d,e) Average lifetime before and after the NC washing for the different A-site cation compositions: CsPbBr; (d), FAPbBr; (e), and MAPbBr;

f) obtained with a bi-exponential model.

that the experiments were repeated several times, and the PLQY
trend of the stock solutions and the effect of washing remained
the same in all trials. The TEM images of the colloidal NC so-
lutions before and after the washing steps confirmed that anti-
solvent treatment did not affect the morphology of the NCs for
the three samples (Figure S2, Supporting Information). Based on
this, we anticipate that the differences in the optical properties of
the NCs are mainly due to changes in their surface passivation
(ligands density and surface halide vacancies) upon purification.
To probe the differences in the three systems, first, we investi-
gated the time-resolved PL decay of the three colloidal solutions
before and after washing (see Figure 2). The average PL lifetime
of the initial stock solutions of hybrid perovskite NCs is found
to be longer than CsPbBr; NCs. (Table S1, Supporting Informa-
tion; Figure 2a,d). Interestingly, the PL decay of the CsPbBr; NCs
became significantly faster (decreased from 8.95 to 6.35 ns) af-
ter washing (Table S1, Supporting Information; Figure 2a), while
the PL lifetime of the hybrid perovskite NCs (220 and 15 ns for
FAPDBr; and MAPDBr; NCs, respectively) remained unaffected
after two washing cycles (Figure 2b—d, Figure S2c, Table S1, Sup-
porting Information). The changes in the PL lifetime of the three
NCs upon washing can be correlated with the PLQY data. For
CsPDbBr; NCs, the decrease in PLQY and shortening of PL de-
cay suggests the increase of non-radiative decay upon washing,
which is likely due to the formation of surface traps by the detach-
ment of surface ligands and halides during the washing process.
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On the other hand, the PLQY and PL lifetimes of hybrid NCs
are less affected by the washing process. These results suggest
two possible scenarios: either a higher defect tolerance in the hy-
brid compounds, or differences in the defect formation energy
for different A-cation compositions by variations in the chemical
stability of the surfaces.

2.2. Effect of Washing on the Surface Composition of APbBr,
NCs (A = Cs, FA, and MA)

To understand the effect of the antisolvent-assisted purifica-
tion on the surface chemistry of NCs with different A-site
cations (Cs and FA), we investigated their surface composition
as well as their ligand density through NMR spectroscopy af-
ter two washing cycles (Figure 3). First, to study the ligand
binding on the NCs surface, we acquired '"H NMR spectra
of the washed CsPbBr; and FAPbBr, colloidal dispersions in
toluene-d, (Figure 3a, violet and green spectra; Figure S4a, Sup-
porting Information, red spectrum) and compared them with
'H NMR spectra of the free ligands (OLAm & OL) (Figure
S3, Supporting Information). The 'H NMR spectrum of the
NCs with different A-site cation compositions exhibits reso-
nance peaks broader than those of the free ligands in the
same solvent. This suggests that the ligands dynamically inter-
act with the NC surface, consistent with previous reports.!1142]
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Figure 3. a) "H NMR spectra of colloidal solutions of CsPbBr; (top spectrum, violet) and FAPbBr; (bottom spectrum, green) NCs after 2 cycles of
washing with MeOAc and dispersed in toluene-dg. b) Diagnostic ligand peak assignment: the pink circle corresponds to the double bond "H of both OL
and OLAm ligands. The blue circle corresponds to protons in position a to a nitrogen atom, which is a signature of OLAm. c) "H NMR spectra obtained
after dissolving CsPbBr; (top spectrum, black) and FAPbBr; (bottom spectrum, black) NCs in DMSO-dg. The spectra in the 2 different solvents (toluene-
dg and DMSO-dg), show the differences in the peak broadening when the ligands are bound to the surface (toluene-dg spectra) or free in the solution
(DMSO-dg spectra). d) Enlarged "H NMR spectral region, showing the pseudo-triplet signal attributed to the protons in position « to the nitrogen atom.

Besides the broadening of the peaks, the ligand signals
in the 'H NMR spectrum of the NCs appear at different chemical
shifts compared to the resonances obtained in the 'H NMR spec-
trum of free ligands (Figure S3, Supporting Information). This
is noteworthy for the double bond peak of both ligands (OLAm
& OL), which appears at ~5.6 ppm for the ligands bound to the
surface of the NCs and at 5.4 ppm for free ligands (Figure 3a;
Figures S3 and S4, Supporting Information, peaks with pink cir-
cles). Interestingly, the 2D 'H-'H NOESY spectra of the hybrid
NC (FAPbBr; and MAPbBr;) colloidal solutions in toluene-dg
(Figures S5 and S6, Supporting Information) show negative (red)
NOE cross peaks. This is typical for species with a correlation
time (z.) longer than that of free ligands, which instead exhibit
positive (blue) NOE cross peaks (Figure S7, Supporting Infor-
mation). Hence, ligands acquired the slow tumbling regime of
the NCs when binding or temporarily interacting with the NC
surface.*’] These results provide two important insights: on the
one hand, the OLAm ligands interact with the A-site cations at the
surface, which proves the ligand binding to the NC; on the other
hand, it confirms the presence of organic A-site cations (MA or
FA) partially covering the A-sites on the surface of the NCs.
Next, the ligand densities on the different NC surfaces are cal-
culated after two cycles of washing. This is to study the influ-
ence of A-site composition on ligand detachment and the ori-
gin of trap formation on the NC surfaces upon washing with po-
lar antisolvents. To quantify the density of surface OLAm & OL,
the colloidal NC solutions in toluene-dg were dried and subse-
quently dissolved in deuterated dimethyl sulfoxide (DMSO-d),
leading to the release of ligands in solution. The broad signal at
~5.6 ppm that corresponds to the saturated double bond returns
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a well-defined multiplet at 5.3 ppm, typical of a free ligand in so-
lution (Figure 3a; Figure S4, Supporting Information).Similarly,
the protons in position « to nitrogen of the oleylammonium (H,
& H, "), appear as a triplet at 2.75 ppm, which can be identified
and quantified (Figure 3b,c). The ligand concentration in the so-
lution is determined by the PULCON method*’! using a 5 mm
dimethylsulfone solution in DMSO-d,, as the external reference
standard, and the data is summarized in Table S2 (see Supporting
information for more details). The concentration of both ligands
(IOLAm + OL)) is measured by using the double bond signal reso-
nances at 5.3 ppm, while the concentration of OLAm ((OLAm)])
alone is quantified from the resonances at ~2.75 ppm. Finally,
the concentration of OL ligands ([OL]) is calculated from the dif-
ference between the concentrations of both ligands together and
the OLAm alone ([OL] = [OLAm + OL] — [OLAm)]). Interestingly,
we find that the hybrid systems show a significantly higher ligand
density compared to that of CsPbBr; NCs after the 2nd washing
step with MeOAc. The CsPbBr; NCs have a total ligand density of
2.2 ligands per nm?, with only 10% being OL ligands and the rest
being OLAm ligands. Surprisingly, FAPbBr,; and MAPbBr; NCs
exhibit not only a higher total ligand density (3.8 and 4.38 ligand
per nm? respectively) but also different OLAm/OL ratios com-
pared to CsPbBr;: in the case of FAPbBr; NCs, the ligand compo-
sition is 23% OL and 77% OLAm, while in the case of MAPbBr,
NCs the composition is 48% OL and 52 OLAm. The ligand den-
sity results suggest that the washing process led to the more ef-
ficient detachment of ligands from the surface of CsPbBr; NCs
compared to that of hybrid perovskite NCs. We anticipate that
this is most likely due to weaker ligand-surface interactions in
CsPbBr; NCs compared to FAPbBr, and MAPbBr; NCs. More-
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Figure 4. Schematic illustration of the antisolvent effect on FAPbBr; NCs a) and CsPbBr; NCs b). In the case of FAPbBr; NCs (a), the OLAm ligands
and FA cations establish H-bonds with the neighboring bromides (step 1) that prevent the detachment of FA and OLAm during washing (step 2). The
absence of H-bonds in the case of CsPbBr; (b) causes the detachment of Cs-OL, leading to the formation of A-site and X-site vacancies (step 1), and
the consequent detachment of OLAm, along with the formation of halide vacancies (step 2).

over, the OLAm ligand would detach in the form of an OLA-Br
complex, forming a pair of A-site and Br vacancies, to maintain
charge neutrality.?*! Furthermore, the relative Br atomic ratio
of the inorganic and hybrid perovskite NCs before and after wash-
ing them were determined by XPS (Figure S8, Supporting In-
formation). The results show that the Br/Pb ratio on the surface
of FAPbBr; and MAPbBr; NCs remains almost unaltered (69%
and 71% respectively) after washing the NCs twice (Figure S8,
Supporting Information, middle and bottom panel), while it de-
creased from 71.7% to 67.6% for CsPbBr; NCs (Figure S8, Sup-
porting Information, top panel). Although this decrease is quite
small, the decreasing trend with the number of washing cycles
suggests the formation of more Br vacancies in CsPbBr; NCs
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than in FAPbBr; and MAPbBr; NCs (Figure S8, Supporting In-
formation).

To explain the lower tendency for the formation of surface
defects on hybrid LHP NCs compared to that of CsPbBr; NCs
upon the washing-induced detachment of ligands and Br atoms,
we postulated different chemical stabilities for the two surfaces,
as illustrated in Figure 4. In the case of hybrid systems, the
organic A-site cations can interact with the neighboring Br ions,
thus resulting in higher defect formation energy than for the all-
inorganic NC system.[”] In addition, the ligands interact more
strongly with the hybrid NC surface than with the all-inorganic
NC surface because of the hydrogen bonding between the A-site
cations and the neighboring Br atoms on the surface of NCs, as
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explained in the following. In the case of CsPbBr;, let us assume
that the washing experiments were performed on an ideal cubic
system with A-Br/OL termination and no surface vacancies
(here, A = Cs or ligand). The washing process results in the
detachment of ligands and surface atoms from the CsPbBr; NCs,
as illustrated in Figure 4b. First, a Cs-cation from the surface is
desorbed in the form of a Cs-OL complex, which results in the
formation of A-site and Br vacancies (Figure 4a). Second, the
removal of Cs-OL from the surface will have a significant effect
on the ligand binding. As soon as the A-cation and Br vacancies
are generated, the overall hydrogen bond (H...Br) network that
confers the stability to the NC surface weaken. This leads to a
reduction in the binding energy of the ligand with the NC surface
and thus facilitates the detachment of OLAm, resulting in the
formation of a second pair of halide vacancies (Figure 4b). Thus,
the washing process in CsPbBr; NCs generates more Br vacan-
cies and can induce a new cycle of ligand detachment, which
results in a significant reduction of PLQY as evidenced by optical
measurements. On the other hand, in the case of hybrid systems,
the organic A-site cation (FA and MA) could form hydrogen
bonds with the neighboring Br atoms along with ionic interac-
tions with the surface of NCs, as shown in Figure 4a. This makes
the surface of hybrid perovskite NCs tolerant to the antisolvent-
induced detachment of A-site cations (including ligands) and Br
atoms. We also find that the higher density of OLAm ligands and
A-site cations on the hybrid surface can also help to retain the OL
ligands, which explains why the total calcualted density of OL lig-
ands was 23% and 48% on the surface of FAPbBr; and MAPbBr,
NCs, whereas the ligand density was only 10% for CsPbBr; NCs
(Table S2, Supporting Information). According to the literature,
in the presence of primary alkylamines, like OLAm, the OL lig-
ands cover the surface of NCs by forming ion pairs with OLAm or
A-site cation.[121318] Therefore, a higher density of A-site cations
or OLAm ligands on the NC surface could help retain the OL
ligands covering the NC surface through ion pair interactions.

2.3. Surface Stability of Mixed A-Site Cation Systems Against
Washing

As the hybrid perovskite NCs exhibit superior surface stability
over their inorganic counterparts, we then investigated mixed
A-site cation compositions (Cs,FA, ,PbBr; and Cs,MA,  PbBr;)
to determine how their surface stability compares to pure inor-
ganic and hybrid perovskite NCs. First, stock solutions of col-
loidal Cs,FA, ,PbBr; NCs were synthesized by interparticle A-site
cation exchange or direct A-site cation exchange reactions, as il-
lustrated in Figure 5a.3>#] In the first case, different volumes
of CsPbBr; and FAPDbBr; colloidal stock solutions with the same
NC concentration were mixed in different ratios in order to ob-
tain the desired Cs/FA stoichiometry in the mixed A-site cation
NCs (See Experimental Section for more details).[*! The mixed
A-cation compositions were obtained through the A-cation cross-
exchange reaction between the two A-site cation compositions
(Cs* — FAPDBr; and FA* — CsPbBr;). It is worth noting that
all A-site cation ratios mentioned here are approximate, and are
based on the assumption that the APbBr, NCs with the same size
and concentration will have similar optical density near the band-
edge regardless of the A-site cation composition. This is because
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the bandgap in lead halide perovskite NCs is dominated by lead-
halide interactions, while the A-site cation only has minor con-
tributions. Upon mixing CsPbBr; and FAPbBr; NCs, a new PL
peak emerges in between the PL peaks of pristine CsPbBr; and
FAPbBr, NCs, as shown in Figure 5b and Figure S9 (Supporting
Information), confirming the formation of a mixed A-site cation
composition. The PL peak position of the mixed A-site cation sys-
tem depends on the ratio between Cs and FA. Thus, mixed A-site
cation Cs,FA, PbBr; colloidal NCs with different Cs/FA ratios
were prepared to study their surface stability and optical prop-
erties before and after washing with antisolvent, and the data is
depicted in Figure 5c. First, we noticed a dramatic improvement
in the PLQY upon the incorporation of FA into the CsPbBr; NC
lattice. The PLQY of the Cs,FA, ,PbBr; NCs gradually increases
with increasing the FA concentration until it reaches ~15% of the
total A-site cation concentration, and then it saturates at ~80%,
which is the PLQY of pure FAPbBr; NCs (Figure 5c¢). Then, the
mixed A-site cation Cs, FA, PbBr; NCs solutions were subjected
to the same cycles of purification as for the pure A-site cation
compositions discussed above. Remarkably, the differences in the
PLQYs of the mixed A-site cation colloidal NCs before and af-
ter washing gradually decrease with increasing the FA concen-
tration (Figure 5c). This tendency continues until the NC com-
position reaches ~FA, ;sCs, 3s PbBr;. From this point, the mixed
A-site cation systems exhibit PLQY values as high as those of
the pure hybrid systems regardless of the A-site cation compo-
sition, and the PLQY did not vary significantly after two wash-
ing cycles (Figure 5c). Despite the domination of Cs ions in the
crystal lattice of the mixed A-site cation composition system, they
exhibit surface stability as high as pure hybrid perovskite NCs
against antisolvent-induced defect formation. After the threshold
of #15% FA in the A-site (FA,5Cs,¢;PbBr; NCs), the surface of
mixed A-site cation NCs is as tolerant as the surface of pure hy-
brid NCs against exposure to polar antisolvents. These results are
very exciting, since the surface of CsPbBr; is exceptionally stable
against purification just with 15% FA incorporation in the lattice,
and such stability has been previously achieved by modifying the
surface chemistry with multifunctional ligands.[*>*8] Impor-
tantly, analogous studies (PLQY vs a number of washing cycles,
and XRD) were performed on Cs,MA,  PbBr,; NCs synthesized
by interparticle A-site cation exchange, and the results are simi-
lar to that of Cs FA, PbBr; NCs (Figure S10, Supporting Infor-
mation). The mixed A-site cation Cs,MA, ,PbBr; compositions
exhibit PLQYs (x~70%), similar to that of pure MAPbBr; NCs,
and are significantly higher than that of CsPbBr,; NCs (=50%)
(Figure S10, Supporting Information). In addition, the PLQY of
the Cs,MA, ,PbBr; NCs is less affected by the number of wash-
ing cycles as compared to that of pristine CsPbBr; NCs, and the
Cs,MA, PbBr; NCs follow the same trend as pure MAPbBr,
NCregarding the PLQY versus number of washing cycles (Figure
S10, Supporting Information). These results suggest that both
MA and FA can effectively passivate and stabilize the surface of
CsPbBr; NCs. In addition, the surface composition stability of
both Cs,FA, ,PbBr; and Cs,MA, ,PbBr; NCs was tested by XPS
(Figures S11-S13, Supporting Information) with a typical fitted
XPS spectra for Pb 4f and Br 3d is shown in Figure S11 (Sup-
porting Information). By comparing the Br relative atomic ratio
before and after the washing to the pure APbBr; NCs, we ob-
serve that both mixed A-site cation compositions show a smaller
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Figure 5. a) Schematic illustration of A-site cation exchange and interparticle A-site cation exchange reactions employed to obtain the mixed A-site
cation NCs. b) PL spectra of CsPbBr;, FAPbBr; NCs (unfilled curves), and Cs,FA,,PbBr; NCs (filled curve). The relative PL shifts of the solutions reflect
the A-site cation composition. c) PLQY values before and after the washing with MeOAc of colloidal dispersions of pure CsPbBr;, FAPbBr; and mixed
Cs,FA,,PbBr; with different Cs/FA ratios. d) PL lifetime decays of CsPbBr; and Cs,FA,,PbBr; NCs obtained by A-site cation exchange from CsPbBr;
NCs. e) XRD diffraction patterns of pure CsPbBr; NCs FAPbBr; NCs after 1 wash and mixed Cs, s FA s PbBr; NCs after several washes.

decrease of the Br atomic ratio, thus a lower trap formation ratio
compared to that of pure A-cation compositions.

These results suggest that the FA cations are incorporated
into the lattice of CPbBr; first by replacing the Cs atoms on the
surface,l®?] and thus resulting in a pure hybrid perovskite-like
surface with similar chemical stability against purification. After
a threshold concentration, the FA cations penetrate into the lat-
tice, and they do not contribute to the additional surface stability.
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Furthermore, we confirmed the enhancement of the surface
stability of CsPbBr; NCs through the incorporation of FA
cations into the lattice by direct A-site cation exchange reaction
(Figure 5a). In this case, a small volume of a FA-OL solution was
added to a CsPbBr; NC pristine solution in toluene. After 5 min
of stirring at room temperature the extinction and PL spectra
were acquired (Figure S14a, Supporting Information), showing a
3 nm redshift in the absorption band-edge and the PL emission.
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The PLQY of CsPbBr; NCs increased from =55 to ~80% upon
the addition of FA (see Figure S14b, Supporting Information),
and the results are in accordance with the samples prepared by
interparticle A-site cation exchange. In addition, the PLQY val-
ues of this mixed A-site cation system decrease only from ~80%
to &75% after two washing cycles (Figure S14b, Supporting In-
formation). On the other hand, time-resolved PL decay measure-
ments revealed that the addition of increasing volumes of FA-OL
solution to the CsPbBr; NCs pristine solution results in a slower
PL decay dependent on the FA concentration in the NCs, as is
shown in Figure 5d. The increase of PLQY and the enhanced PL
lifetime indicate the reduction of nonradiative decay because of
trap state passivation upon the addition of FA to CsPbBr; NCs.
Thus, the mixed A-cation systems with a threshold concentration
of FA exhibit high PLQY and high surface stability against purifi-
cation while there is only a small redshift in the PL peak position.

To probe the phase stability and robustness of the mixed A-
site cation NCs against washing cycles, XRD diffraction pat-
terns of the NCs were acquired after several washes with anti-
solvent. It is well-known that mixed halide systems suffer from
the etching of surface atoms and spectral shifts after washing
with antisolvent.[?*] We acquired the XRD patterns of the mixed
A-site cation system (~Cs;s,FA, 5, and ~Cs,;,MA,5,) after sev-
eral washes and compared them with those of pure A-site cation
samples (Figure 5e; Figure S15, Supporting Information). The
diffraction pattern of CsPbBr; NCs shows the typical features
of the orthorhombic phase whereas the XRD of FAPbBr; and
MAPDbBr; match with cubic crystal structure, and these are in
agreement with previous reports.[®*®!l On the other hand, the
two mixed A-site cation systems exhibit a distortion of the lattice
due to the octahedral tilting but are not as significant as for pure
CsPbBr; NCs (Figure 5e; Figure S15, Supporting Information).
As expected, the position of the diffraction features of the mixed
A-site cation systems appear in between those of the pure A-site
cation (Cs and FA; Cs and MA) lattices due to intermediate lattice
spacing caused by the alloying of Cs with FA (see Figure 5e) and
Cs with MA (Figure S15, Supporting Information). It is worth
mentioning that in the case of the Cs-MA system, the shifts are
smaller due to small differences in lattice spacing as compared
to that of CA-FA systems. Moreover, after three washing cycles
the diffraction features of the mixed A-cation NC sample remain
unchanged. Furthermore, the patterns do not show any signs of
peak splitting (indicative of two-phase coexistence) or any shift
(indicative of phase transition), confirming that the A-site cation
composition maintains constant, and the washing process does
not induce A-site cation segregation.

3. Conclusion

In conclusion, we have demonstrated that the hybrid perovskite
NCs (FAPbBr; or MAPDBr;) exhibit better resilience to surface
defect formation than their inorganic counterpart (CsPbBr,).
These defects are likely to form as a consequence of the interac-
tions of the NC surface with polar antisolvents during theri purifi-
cation, which is a mandatory step in the fabrication of NC-based
optoelectronic devices. The formation of trap states in CsPbBr,
NCs is evidenced by the decrease of the PLQY and the fasten-
ing of time-resoled PL lifetime. However, FAPbBr; and MAPbBr,
NCs maintain their initial optoelectronic properties even after
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several washing cycles. The surface characterization of purified
NCs of different A-site cation systems revealed that the ligand
density is higher in hybrid systems, whereas CsPbBr, not only
shows lower ligand density but also a reduction of the Br/Pb ratio.
We attribute this to the stronger binding of the FA to the neigh-
boring bromide ions through hydrogen bonds, which prevents
the desorption of FA and Br ions and the consequent ligand de-
tachment. Surprisingly, the CsPbBr; NCs exhibit the same sur-
face stability as the hybrid systems upon the incorporation of a
small amount (~15%) of organic A-cation into the lattice. This is
due to the accumulation of the added organic cations on the sur-
face of CsPbBr; NCs, leading to a stabilization of the surface that
mimics the case of pure hybrid systems. The XRD analysis af-
ter several washing cycles confirms that the mixed A-site cation
LHP NCs do not suffer from cation segregation during the pu-
rification process, and the composition and crystallinity remain
unchanged. Thus, the mixed A-cation systems possess the com-
bined features, that is, higher stability against temperature and
moisture that comes from the inorganic part and an improved
surface stability stemming from the organic part. Therefore, we
anticipate that there is a huge room for improving optoelectronic
performance along with higher stability by A-cation engineering.

4. Experimental Section

Materials:  Cesium carbonate (Cs,COj3, 99,9%), formamidine acetate
salt (CH4N,-C,H40,, 99%), methylamine (CH3NH,, 2 M solution in
tetrahydrofuran, THF), lead (I) bromide (PbBr,, >98%), benzoyl bromide
(97%), 1-octadecene (CygH3q, 90%) oleic acid (CigH3,0,, 90%), oley-
lamine (Cyg3H37N, 70%), methyl acetate (CH;COOCH;, 99%), toluene
(C;Hg, <99.8%), deuterated dimethyl sulfoxide-dg ((CD3),SO,) and
deuterated toluene-dg (C4D5CD3, 99.95%) were purchased from Merck.
All chemicals were used without further purification.

Nanocrystals ~ Synthesis:  CsPbBr;, FAPbBry and MAPbBr; NCs
were synthesized following previously reported procedures with slight
modifications.[240:61]

Preparation of a Stock Solution of Cesium-Oleate (Cs-OL): In a typi-
cal synthesis, 407 mg of Cs,CO5 (1.25 mmol) and 1.25 mL of oleic acid
(3.5 mmol) were added to 20 mL of 1-octadecene in a 50 mL sample vial.
The resulting mixture was heated at 150 °C under stirring until the salt
was completely dissolved. The Cs-oleate complex generally precipitates at
room temperature, however, it could be easily dissolved again by continu-
ous stirring at 120 °C.

Preparation of a Stock Solution of Formamidinium-Oleate (FA-OL): Ina
typical synthesis, 521 mg of formamidinium acetate (5 mmol) was mixed
with 20 mL of oleic acid (56 mmol). The resulting mixture was heated at
150 °C under stirring until the salt was completely dissolved.

Preparation of Lead Halide Stock Solution (PbBr,): In a typical synthe-
sis, the lead halide salt 345 mg of PbBr, (0.94 mmol) was added to a mix-
ture of 2.5 mL of OLA, 2.5 mL of oleic, and 25 mL of 1-octadecene in a
50 mL sample vial. The resulting mixture was heated at 150 °C under con-
tinuous stirring until the salt was completely dissolved.

Synthesis of CsPbBr; Perovskite NCs (Stock Solution): In a typical syn-
thesis, 6 mL of the PbBr, precursor solution was loaded in a 20 mL glass
vial and it was heated on a hot plate until the temperature of the precursor
solution reached 175 °C. Then, 400 uL of the pre-heated Cs-OL stock solu-
tion was swiftly injected into it under vigorous stirring (1000 rpm). After 5
s, the vial cooled in an ice-water bath to quench the reaction. Subsequently,
the thus obtained colloidal dispersion was purified without the use of an-
tisolvent by centrifugation at 6 000 rpm for 10 min. The supernatant was
discarded to remove the unreacted precursors and ligands and the sed-
iment was redispersed in 1 mL of toluene. The colloidal dispersion was
centrifuged again at 5 000 rpm for 8 min to remove the largest particles in
the sediment.
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Synthesis of FAPbBr; Perovskite NCs (Stock Solution): In a typ-
ical synthesis, 6 mL of the PbBr, precursor solution was loaded
in a 20 mL glass vial and it was heated on a hot-plate until
the temperature of the precursor solution reached 175 °C. Then,
2.5 mL of the pre-heated FA-OL stock solution was swiftly in-
jected into it under vigorous stirring (1 000 rpm). After 5 s,
the vial was removed from the hot-plate and placed in an ice-water bath to
quench the reaction. FAPbBr;The crude solution was purified without the
use of antisolvent following the same procedure as described for CsPbBr;.

Synthesis of MAPbBr; Perovskite NCs (Stock Solution): In a typical syn-
thesis, lead oxide (44 mg), 2.5 mL of oleic acid, 0.025 mL of oleylamine,
and 5 mL of octadecene were mixed in a 20 mL vial and dried under vac-
uum for 1 h at 125 °C. Then, the temperature was lowered to 65 °C under
N,. Subsequently, 170 uL of methylamine was injected, followed by the in-
jection of a solution of benzoyl bromide (50 uL) in toluene (500 uL). After 5
s, the vial was removed from the hot plate and placed in an ice-water bath
to quench the reaction. MAPbBr;The crude solution was purified with-
out the use of antisolvent following the same procedure as described for
CsPbBr;.

Note. In order to keep the same conditions in all the experiments de-
scribed below, after the purification of the colloidal solutions, the absorp-
tion spectra of the samples were measured, and the concentration was
adjusted (keeping the maximum concentration as possible) so that each
solution had a similar optical density near the band edge.

Synthesis of FA,Cs;.,PbBrs NCs by Interparticle A-Cation Exchange (Stock
Solution):  Mixed A-site cation NCs were obtained by interparticle A-site
cation exchange reaction.[*°] In a typical synthesis, colloidal solutions of
CsPbBry and FAPbBr; NCs dispersed in toluene were mixed in different
ratios to produce the desired Cs/FA stoichiometry. Before mixing, the ab-
sorption spectra of the individual samples were measured, and the con-
centration was adjusted so that each solution had a similar optical density
near the band edge. The mixture was kept stirring (500 rpm) for 5 min at
room temperature and the reaction was monitored by photoluminescence
spectroscopy.

Synthesis of FA,Cs;,,PbBr; NCs by A-Cation Exchange (Stock Solution):
Mixed A-site cation NCs were obtained by A-site exchange reaction in air
conditions. In a typical synthesis, 1 mL of the FA-OL precursor solution
was diluted in 9 mL of toluene to obtain a FA-OL solution ~25 mm. To
obtain the mixed A-site cation NCs, different volumes (0.1 -1 mL) of the
resulting FA-OL solution 25 mm were added to 1 mL of CsPbBr; NCs stock
solution. The solution was kept under stirring (500 rpm) for 5 min at room
temperature and the reaction was monitored by photoluminescence spec-
troscopy to confirm the A-site cation exchange.

Washing with Antisolvents: The washing process was performed sys-
tematically for the different A-site cation compositions. In each cycle of
washing, certain volume of the different stock solutions was mixed with
MeOAc (antisolvent) keeping always a constant volume ratio (2:1). After
the addition of the antisolvent, the solutions became turbid and they were
centrifuged at 6 000 rpm, 5 min. The supernatant was discarded, and the
sediment was redispersed in toluene using the same starting volume.

Optical Characterization: UV-vis extinction spectra were carried out
using a Cary-60 UV-vis spectrophotometer (Agilent). Photoluminescence
spectra were obtained with a Cary Eclipse Fluorescence Spectrophotome-
ter (Agilent). Time-resolved photoluminescence spectra were obtained us-
ing a FluoroMax-3 (Horiba Jobin Yvon) spectrophotometer and the PL de-
cay traces were measured by exciting the samples at 287 nm using <1.2 ns
laser diode. Quantum yield measurements were acquired using a cali-
brated integrating sphere with a spectrophotometer JASCO FP-8550 using
an excitation wavelength dex = 350 nm for all of the measurements. All so-
lutions were diluted to an optical density of 0.1 or lower at the excitation
wavelength in order to minimize the reabsorption of the fluorophore.

Quartz cuvettes with an optical path length of 1 cm were used for all
optical analyses.

Transmission Electron Microscopy (TEM) Characterization: Transmis-
sion electron microscopy (TEM) images were obtained with a JEOL JEM
1010 transmission electron microscope operating at an acceleration volt-
age of 100 kV.
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Nuclear Magnetic Resonance (NMR) Characterization: NMR measure-
ments were performed at 298 K, on a Bruker Avance Ill 600 MHz
(600.13 MHz) spectrometer, equipped with a 5 mm QClI cryoprobe. Before
each acquisition, matching and tuning and, resolution, were automatically
adjusted, the 90° pulse was calculated on each tube by using Bruker’s au-
tomatic routines.[®2] TH NMR spectra in toluene-D were recorded with 128
scans, without dunny scan, by using 65 536 digit points, a relaxation delay
of 30 s, over a spectral width of 20.83 ppm with the offset at 6.18 ppm.

"H quantitative NMR spectra for PULCON method in DMSO were
recorded with 32 transients without dunny scans, 65 536 points of digi-
talization, 30 s of inter pulses delay, over a spectral width of 20.83 ppm
with offset at 6.18 ppm. An exponential apodization function of 0.3 Hz
was applied to FIDs to smooth the noise, prior to the Fourier transform
to be applied. "H NMR spectra were manually phased and automatically
baseline corrected.

2D "H-"H NOESY experiments in toluene-dg were recorded after 32
dunny scans, by accumulating 16 transients, with 2048 digits and 256 in-
crements, with 300 ms of mixing time, over a spectral width of 15 ppm
(offset at 7.49 ppm).

Sample Preparation:  For the NMR characterization, the different A-site
cation samples washed 2 times with MeOAc were then dried and redis-
persed in deuterated toluene (500 uL). 5 mm samplejet tubes were used
for NMR measurement. The colloidal solution was loaded into a 5 mm
disposable sample Jet tubes. For the ligand quantification, the colloidal
solutions already characterized in deuterated toluene, where dried using
a N2 flow, and the resulting material was dissolved in deuterated DMSO
(200 pL) and loaded into a 3 mm disposable sampleJet tube.

Ligand Quantification: The concentration of both ligands ([OLAmM &
OL]) was quantified using quantitative NMR spectrum, by comparing the
integrated peak intensity of ligand signals, each normalized for the number
of protons generating the peak (2H), to that of standard external solution
of dimethylsulfone (5 mm, TraceCERT) in DMSO-dg, the latter normalized
to 6 H. The concentration of OLAm was obtained selectively by the inte-
grated peak ratio between the pseudo triplet at 2.75 ppm to that of exter-
nal standard solution through the PULCON (PUlse Length-based CON-
centration determination) method.[*4] Whereas the OL concentration was
calculated by difference, measuring directly with PULCON the concentra-
tion of all the species containing the double bound (signal at 5.3 ppm),
that is, both OLAm and OL and subtracting to that value the concentra-
tion of OLAm previously measured (signal at 2.75p pm), according to the
following formula:

([OL]calc = [OLAm + OL]measured by PULCON — [OLAm]measured by PULCON)
1)

Inductively Coupled Plasma—Optical Emission Spectroscopy (ICP-OES):
After the ligand quantification, the Pb concentration of the NCs dissolved
in deuterated DMSO was obtained by ICP-OES on an aiCAP 6000 spec-
trometer (Thermo Scientific). Prior the measurement, 50 uL of the DMSO
— dg sample were diluted to 10 mL in an aqueous solution of aqua regia
(1:10) and subjected to an acid digestion overnight.

Ligand density:  The ligand density of the samples was obtained by cal-
culating the ratio of the ligand concentration and NC surface in the DMSO-
dg solution:

Ligand density (nm’z) = Ligands per NC/NC surface (nmz) (2)

The total NC surface was determined through the Pb concentration in
the DMSO-dg sample and the size distribution of the NCs considering a
unit cell size of 0.589 nm:

NC surface (nmz) = [NCsize (nm)]2 X 6 (3)

Ligands per NC = total ligands concentration (mmol/mL™") /

NC concentration (mmol/mL™") *)
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. . Total concetration of Pb(mL™")
NC concentration(mL™") = (5)
Pb atoms/NC
NC size (nm) 3
Pb at NC=|———F+"—""— 6
avoms/ [0.589 nm/unit cell] (©)

X-Ray Photoemission Spectroscopy: The samples were prepared by
drop-casting 200 uL NC solutions (similar concentration) onto spectro-
scopic glass substrates inside an N,-filled glovebox. Then the dried films
were sent for XPS measurement. XPS data was acquired using a Kratos
Axis SUPRA using monochromated Al Ka (1 486.69 eV) Xrays at 12 mA
emission and 15 kV HT (180 W), with an analysis area of 700 um x 300 pum.
The instrument was calibrated to the gold metal Au 4f core level (83.95 eV)
and dispersion-adjusted to give a binding energy (BE) of 932.6 eV for the
Cu 2p3/2 line of metallic copper. Ag 3d5/2 line FWHM at 10 eV pass en-
ergy was 0.544 eV. The source resolution for monochromatic Al Ka X-rays
is ~0.3 eV. The instrumental resolution was determined to be 0.29 at 10 eV
pass energy using the Fermi edge of the valence band for metallic sil-
ver. The resolution with the charge compensation system was <1.33 eV
FWHM on PTFE. High-resolution spectra were obtained using a pass en-
ergy of 20 eV, step size of 0.1 eV, and sweep time of 60 s, resulting in
a line width of 0.696 eV for Au 4f7/2. Survey spectra were obtained us-
ing a pass energy of 160 eV. Charge neutralization was achieved using
an electron flood gun with a filament current of 0.38 A, a charge bal-
ance of 2 V, and a filament bias of 4.2 V. Successful neutralization was
adjudged by analyzing the C 1s region wherein a sharp peak with no
lower BE structure was obtained. The spectra were charged and corrected
to the main line of the carbon Ts spectrum (adventitious carbon) set to
284.8 eV. All data was recorded at a base pressure of below 9 x 10~° Torr
and at room temperature (294 K). Data was analyzed using the software
CasaXPS v2.3.18PR1.0.

X-Ray Diffraction: XRD analysis was performed on a PANanalytical
Empyrean X-ray diffractometer, equipped with a 1.8 kW Cu Ka ceramic
anode and a PIXcel3D 2 x 2 area detector, operating at 45 kV and 40 mA.
The samples were analyzed in the form of dried powders on a silicon sub-
strate prepared after washing them previously with MeOAc between once
and three times.
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the author.
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