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ABSTRACT: Doping and compositional tuning of Cs2AInCl6 (A = Ag, Na) double
perovskite nanocrystals (PNCs) is considered a promising strategy toward the
development of light-emitting sources for applications in solution-processed
optoelectronic devices. Oleic acid and oleylamine are by far the most often used
surface capping ligands for PNCs. However, the undesirable desorption of these ligands
due to proton-exchange reaction during isolation and puriﬁcation processing results in
colloidal and structural instabilities. Thus, the improvement of colloidal and optical
stability of PNCs represents one of the greatest challenges in the ﬁeld. Here, we report a
trioctylphosphine-mediated synthesis and puriﬁcation method toward Sb-alloyed
Cs2NaInCl6 PNCs with excellent stability and optical features. Nuclear magnetic
resonance spectroscopy enabled one to explain the role of trioctylphosphine and to
reveal the reaction mechanism during crystal nucleation and growth. Under the optimized reaction conditions, in situ-generated
trioctylphosphonium chloride and benzoyl trioctylphosphonium chloride serve as highly reactive halide sources, while benzoyl
trioctylphosphonium and oleylammonium cations together with the oleate anion serve as surface capping ligands, which are bound
strongly to the PNC surface. The tightly bound ionic pair of oleylammonium oleate and benzoyl trioctylphosphonium chloride/
oleate ligands allows one to obtain monodispersed bright-blue-emitting PNCs with high photoluminescence quantum yields
exceeding 50% at an optimum Sb content (0.5%), which also exhibit long-term colloidal stability. The approach based on dual
cationic ligand passivation of double PNCs opens the doors for applications in other systems with a potential to achieve higher
stability along with superior optical properties.
KEYWORDS: double perovskite nanocrystals, Cs2NaInCl6, cationic ligand, colloidal stability, photoluminescence
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eﬃcient luminescent solar concentrators.6,7 However, both
stability and toxicity of lead-based PNCs are two major
obstacles limiting their practical applications.8 Therefore, it is
highly desirable to ﬁnd stable and lead-free alternative
materials possessing optical and electronic properties comparable to lead-based perovskites. To date, various strategies
have been proposed to replace lead by either homovalent or
heterovalent elements;9−11 unfortunately, none of these
materials provided the desired optical and electronic properties
required for application in optoelectronic devices. Recently, a
promising strategy to replace toxic lead has been realized by
heterovalent substitution of a Pb2+ cation with a pair of
monovalent (M+ = Na+, K+, Ag+) and trivalent (M3+ = Bi3+,
Sb3+, In3+) cations, resulting in materials represented by the
general formula A2M+M3+X6 (where A = Cs+ and X = Cl−, Br−,

INTRODUCTION
All-inorganic lead halide perovskite nanocrystals (PNCs) have
emerged as one of the most promising materials owing to their
exceptional optical and electronic properties that make them
highly suitable for application in optoelectronic devices.1−5
The structural tunability of lead halide perovskites enabled by
various arrangements of lead halide octahedra led to the
development of materials with diﬀerent dimensionalities,
exhibiting structurally dependent optical and electronic
properties. In particular, three-dimensional (3D) lead halide
perovskites characterized by interconnected lead halide
octahedra exhibiting high photoluminescence quantum yield
(PL QY), narrow emission band with a small Stokes shift,
tunable absorption in the entire visible spectrum with a high
optical absorption coeﬃcient, and high charge carrier mobility
are promising for application in solar cells and light-emitting
devices.3,4 On the other hand, low-dimensional perovskites
such as zero-dimensional (0D), one-dimensional (1D), and
layered perovskites (two-dimensional, 2D), in which lead
halide octahedra are isolated (0D), connected in a chain (1D),
or connected along the 2D layer, possess optical properties
with a large Stokes shift that is advantageous for application in
© 2021 The Authors. Published by
American Chemical Society
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Scheme 1. Illustration of the Colloidal Syntheses of Unalloyed Cs2NaInCl6 and Sb-Alloyed Cs2NaIn1−xSbxCl6 NCs

I−),12−16 which crystallize in a double perovskite structure with
a 3D corner-sharing framework of alternating [M+X6] and
[M3+X6] octahedra. Due to superior stability in ambient
conditions and being composed of less toxic elements, they are
considered the most promising lead-free perovskite systems.
Several composition variations of these materials have been
explored, including Cs2AgBiX6 (X = Br, Cl), Cs2NaBiCl6,
Cs2NaInCl6, Cs2AgInCl6, Cs2AgSbCl6, and Cs2AgInCl6.14−19
Among them, Cs2AgBiBr6, Cs2AgInCl6, and Cs2NaInCl6 have
been extensively investigated and identiﬁed as promising for
applications in either solar cells or light-emitting devices.18,20,21
In particular, Cs2AgInCl6 and Cs2NaInCl6 have gained
signiﬁcant interest due to their direct band gap and superior
stability against moisture, heat, and light. Unfortunately, both
of them only demonstrated very weak emission due to the
presence of inversion-symmetry-induced parity-forbidden
transitions (Cs2AgInCl6) or parity-allowed transitions with a
weak oscillator strength (Cs2NaInCl6).18
Recent studies have shown that doping and/or alloying with
homovalent elements are straightforward strategies to improve
the optical properties of double perovskites. Tang and coworkers have reported a remarkable photoluminescence
quantum yield (PL QY) of 86% for Cs2AgInCl6 through
simultaneous Bi doping along with Na alloying, which was
attributed to the transformation of parity-forbidden dark
transition into emissive parity-allowed transitions.18 Wei and
co-workers achieved even higher PL QYs exceeding 98% for
Cs2Ag0.4Na0.6InCl6:1% Bi by codoping with 1% Ni and 1% Ce,
respectively.22 Recently, high PL QYs have been reported for
bulk powder and single crystals of Sb3+-doped Cs2NaInCl6 and
Cs2KInCl6.23−25 For example, Kovalenko and co-workers
successfully improved the light emission eﬃciencies of
Cs2NaInCl6 and Cs2KInCl6 with PL QYs of 82 and 93% via
Sb3+ doping, respectively.24 Moreover, the optical properties of
Sb3+-doped Cs2NaInCl6 NCs are characterized by a large
Stokes shift, a feature that could be promising for application
as photon management and scintillator devices.24 At the same
time, parallel to the mentioned synthetic eﬀorts toward bulk/
microcrystals of double perovskites, several research groups
have attempted to produce their nanocrystal version.26−32
Unfortunately, the PL QYs of the reported PNCs even after

doping and/or alloying were far below those of corresponding
bulk materials or microcrystals.
Moreover, thin-ﬁlm processing and optoelectronic applications of both lead-based and lead-free PNCs may be hampered
by the loss of their colloidal stability and structural integrity
due to facile desorption of surface capping ligands in polar
environments during isolation and puriﬁcation.33−35 In general,
colloidal syntheses of PNCs often utilize long-chain organic
capping ligands such as oleic acid (OA) and oleylamine (OLA)
to control the nucleation and growth processes and to endure
nanoparticles with colloidal stability. De Roo et al. identiﬁed
that due to the highly ionic nature of PNCs, their surface is
also terminated by an ionic pair of protonated oleylamine
(RNH3+) and deprotonated oleic acid (RCOO−), so-called
oleylammonium oleate.33 They suggested that the ionic ligand
binding to the surface of PNCs is highly dynamic because of
the facile proton-exchange reaction (RCOO− + RNH3+ ⇋
RCOOH + RNH2), causing rapid desorption of ligands during
postsynthetic puriﬁcation using polar solvents. To overcome
the instability issue associated with the proton-exchange
reaction, various synthesis approaches have been proposed to
suppress the ligand desorption and to improve the colloidal
and emission stability of lead-based PNCs. Sargent’s group
adopted an amine-free environment for the synthesis of solely
carboxylate capped CsPbX3 NCs with improved colloidal
stability against polar solvents.34 Kovalenko and co-workers
further utilized zwitterionic capping ligands to improve the
long-term colloidal and emission stability of PNCs against
postsynthetic washing by polar solvents.35 Manna’s group used
a mixture of OA and trioctylphosphine oxide (TOPO) for the
synthesis of amine-free CsPbBr3 NCs, and Snaith’s group used
it for the synthesis of formamidinium cation-based FAPbBr3
NCs.36,37 Moreover, trioctylphosphine (TOP) was also used to
improve the PL QY and stability of PNCs.38−40 However, none
of these previous studies have reported the presence of
TOPO/TOP molecules on the surface of puriﬁed NCs, and in
some cases, additional free OA was required during the
isolation process to preserve the PL QY and the colloidal
stability of PNCs.36 At the same time, only a few reports have
addressed the nature of the capping ligands bound to the
surface of double perovskite NCs. Zhang et al. have identiﬁed
47846
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that only OLA remained attached to the surface of Cs2AgBiBr6
NCs, which were fully precipitated from solution within 24 h,
indicating that OLA binding only is not suﬃcient to provide
the desirable colloidal stability.41 Another report by Zhang et
al. has shown that both amine and carboxylic acid bind to the
surface of Bi-doped Cs2Ag0.4Na0.6InCl6 NC.42 Thus, the
development of an advanced synthetic approach yielding
stable, strongly emitting double perovskite NCs, which can
sustain multiple puriﬁcation steps, is highly desirable in view of
their future optoelectronic applications.
In this paper, we have developed a TOP-mediated approach
for the synthesis of Sb-alloyed Cs2NaInCl6 NCs. It utilizes
metal acetate precursors alongside OA and OLA ligands and
uses benzoyl chloride as the halide source for the preparation
of Sb-alloyed Cs2NaInCl6 NCs. TOP was introduced as an
additional coligand to improve the surface passivation and
colloidal stability of these double perovskite NCs. While the
same Sb-alloyed Cs2NaInCl6 NCs synthesized by the conventional OA/OLA route without using TOP resulted in
nonluminescent and aggregated NCs upon an analogous
one-step washing treatment, NCs synthesized with TOP
demonstrated high tolerance against antisolvents during
puriﬁcation, which we ascribed to the strong attachment of
ligands to the surface of NCs. The puriﬁed NCs exhibited
excellent optical properties such as high PL QY and structural
and colloidal stability in ambient conditions. NMR studies
conﬁrmed that in situ-generated trioctylphosphonium chloride
and benzoyl trioctylphosphonium chloride acted as highly
reactive and coordinated halide sources, while dual cationic
ligands of benzoyl trioctylphosphonium and oleylammonium
together with the oleate anion rigidly anchored to the surface
of NCs. This approach provides an example of dual cationic
ligand passivation of double perovskite NCs, which can be
further extended to other systems to achieve higher stability
along with excellent optical properties.

NCs upon analogous one-step washing treatment. Moreover,
due to the loss of colloidal stability, these NCs immediately
sedimented due to the stripping of capping ligands from the
surface of NCs.
Crystal Structure, Morphology, and Elemental Composition. Cs2NaInCl6 NCs crystallize in a double perovskite
structure, also known as elpasolite, with a 3D corner-sharing
framework of alternating [NaCl6]5− and [InCl6]3− octahedra.
Alloyed Cs2NaIn1−xSbxCl6 NCs were synthesized via the hot
injection method (Scheme 1) by the substitution of In3+ ions
with homovalent Sb3+. X-ray diﬀraction (XRD) patterns of
unalloyed Cs2NaInCl6 NCs and Sb-alloyed Cs2NaIn1−xSbxCl6
NCs with various Sb contents (x = 0.5, 0.75, 1, 1.5, 2.5, 5, 10,
15, 25, and 50%) are presented in Figure 1, revealing that all of

Research Article

Figure 1. XRD patterns of Cs2NaIn1−xSbxInCl6 (x = 0−50%) NCs,
with the reference line pattern of bulk Cs2NaInCl6 shown in black.
The right panel displays a zoomed-in view of the (044) diﬀraction
peak.

the observed diﬀraction peaks match well with the facecentered cubic structure with a space group of Fm3̅ m
corresponding to bulk Cs2NaInCl6. The intense peak near 2θ
≈ 14.5° corresponds to (111) reﬂection and indicates the
presence of the highly ordered arrangement of Na+ and In3+
sites in a 3D double perovskite structure. Similar to previous
reports for bulk perovskite materials,23,24 all of the observed
diﬀraction peaks of alloyed NCs gradually shifted toward lower
2θ angles with increasing Sb3+ composition without any
noticeable impurity-related peak, indicating signiﬁcant lattice
expansion in the alloyed NCs. The lattice expansion in alloyed
NCs is attributed to the larger ionic radius of Sb3+ (0.92 Å)
than that of In3+ (0.81 Å), suggesting successful substitution of
Sb3+ with In3+ ions.
The stoichiometry and actual chemical composition of Sb in
alloyed Cs2NaInCl6 NCs were determined by inductively
coupled plasma mass spectrometry (ICP-MS). The detailed
calculations for the actual chemical composition of Sb along
with Cs, Na, and In are presented in Table S1 in the SI. The
actual composition of Sb in the alloyed Cs2NaIn1−xSbxCl6 NCs
followed an almost similar trend with the amount of Sb
precursor that was designed during the reaction (Table S1).
Moreover, the estimated chemical compositions of Cs, Na, In,
and Sb elements in alloyed Cs2NaIn1−xSbxCl6 NCs are close to
the expected stoichiometry of this double perovskite.
The morphology of the puriﬁed Cs2NaInCl6 NCs and the
series of Sb-alloyed Cs2NaIn1−xSbxCl6 NCs with a Sb
concentration ranging from 0.5 to 50% (x% Sb with respect
to In) was investigated by transmission electron microscopy
(TEM). Bright-ﬁeld TEM images shown in Figure S2a−i
conﬁrmed the formation of monodisperse and cubic shapes of
both unalloyed and Sb-alloyed Cs2NaIn1−xSbxCl6 NCs (x = 0−

■

RESULTS AND DISCUSSION
Synthesis and Puriﬁcation of Double Perovskite
Nanocrystals. Sb-alloyed Cs2NaInCl6 NCs were synthesized
via a hot injection method (Scheme 1). In a typical synthesis,
cesium carbonate, indium(III) acetate, and antimony oleate
together with OA, OLA, and octadecene were heated at 110
°C under a N2 atmosphere until the precursors were fully
dissolved and turned clear and transparent. Then, 300 μL of
TOP was injected into the hot reaction mixture and kept at
110 °C under a continuous ﬂow of N2 for another 10 min.
Subsequently, the temperature of the reaction mixture was
increased to 140 °C. At this stage, 300 μL of neat benzoyl
chloride was injected into the hot reaction mixture, triggering
the prompt nucleation and growth of the NCs. After 5 s, the
mixture was cooled down in an ice-cooled water bath. All of
the prepared samples were washed with methyl acetate to
remove the unreacted precursors and excess ligands from the
crude solution. Monodispersed and shape-uniform NCs
without loss of colloidal stability and structural integrity
along with high PL QY were successfully extracted from the
crude reaction product through at least three rounds of
washing. The details of the synthesis method and the
postsynthetic washing procedure along with photographs of
each washing step are presented in the Experimental Section
and in Figure S1 in the Supporting Information (SI). In
contrast, NCs synthesized by the conventional OA/OLA route
without using TOP resulted in nonluminescent and aggregated
47847
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Figure 2. TEM images of (a−i) Cs2NaIn1−xSbxCl6 (x = 0−50%) NCs with corresponding size distribution histograms; Sb content (in %) is
provided on each frame.

Figure 3. (a) Large-area HAADF image of Cs2NaIn0.5Sb0.5Cl6 NCs. (b−f) STEM-EDS elemental mappings of Cs2NaIn0.5Sb0.5Cl6 NCs for Cs, Na,
In, Sb, and Cl elements, respectively.

50%) and still retained their cubic morphology up to 50% of
the Sb content. Large-area TEM images (Figure 2a−i) revealed
that all of the alloyed NCs maintained their narrow size
distribution without any loss of structural integrity. The
average edge length L of the cubic-shaped NCs is in the range

from 8.4 to 10.8 nm, and they typically exhibit narrow size
distributions.
The morphology and elemental analysis of
Cs2NaIn0.5Sb0.5Cl6 NCs were also studied by high-angle
annular dark-ﬁeld scanning TEM (HAADF-STEM) imaging
47848

https://doi.org/10.1021/acsami.1c10782
ACS Appl. Mater. Interfaces 2021, 13, 47845−47859

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Figure 4. Optical properties of (a−c) Cs2NaInCl6 NCs and (d−f) Cs2NaInCl6:Sb3+ (0.5%) NCs. (a, d) Absorption (black), PLE (red), and PL
(blue) spectra of the PNCs dispersed in toluene; insets show respective photographs of weakly emitting Cs2NaInCl6 NCs and strongly blueemitting Cs2NaInCl6:Sb3+ (0.5%) NCs under UV excitation (λ = 365 nm). (b, e) Excitation−emission color maps of the PNCs. (c, f) Timeresolved PL spectra (gray dots) of the PNCs collected at the corresponding PL maxima; solid blue and green lines are stretched exponential and
two-exponential ﬁts, respectively.

allowed, spin-forbidden 1S0 → 3P1 transition. The split in the
absorption band can be attributed to a dynamic Jahn−Teller
distortion of the excited state. Moreover, the absorption of
alloyed NCs (Figure S5) continuously increases with the
increase of Sb content, while the peak positions remain
unchanged. The PL spectra of weakly emitting pristine
Cs2NaInCl6 NCs are shown in Figure 4a. The PL of the
sample is centered at 427 nm when the sample was excited
with an optimal excitation wavelength (λex = 354 nm). We
note that to date optical properties of Cs2NaInCl6 double
perovskites are not fully understood, and therefore, diﬀerent
research groups have reported diverse emission properties. In
some cases no emission was observed, while others reported
either blue emission or broadband white-light emission,
arguing that it could be attributed to recombination of selftrapped excitons.18,23,24,44 To understand the origin of the
observed blue emission in our Cs2NaInCl6 NCs, we measured
their excitation−wavelength-dependent PL spectra. The
excitation−emission map measured over a wide range of
excitation wavelengths is shown in Figure 4b. It reveals that the
PL peak position continuously shifted to higher wavelengths
over a wide range of excitation wavelengths. Excitationwavelength-dependent PL spectra can be attributed to the
distribution of emissive states, which emit light at diﬀerent
energies when excited with diﬀerent energies. The excitationdependent PL and fast nanosecond PL lifetime (1.3 ns, Figure
4c) of Cs2NaInCl6 NCs indicate that the observed blue
emission cannot originate from the recombination of selftrapped excitons.
The eﬀect of Sb alloying on the emission properties of
Cs2NaInCl6 NCs was investigated by PL spectroscopy. The
PLE spectra of the sample with 0.5% Sb content (Figure 4d)
display similar features as observed in absorption spectra,
indicating direct transition of photoexcited electrons from the
ground state to the excited state of Sb3+ ions in the host

and STEM-dispersive X-ray spectroscopy (EDS) elemental
mapping. Large-area low-magniﬁcation (Figure 3a) and highmagniﬁcation (Figure S3) HAADF-STEM images conﬁrm the
cubic shape of the alloyed NCs. The low-magniﬁcation (Figure
3b−f) and high-magniﬁcation (Figure S3b−f) STEM-EDS
elemental mappings of Cs2NaIn0.5Sb0.5Cl6-alloyed NCs conﬁrmed the homogeneous distribution of each constituent
element across the cubic NCs.
Optical Properties. Optical properties of unalloyed and
Sb-alloyed Cs2NaInCl6 NCs were investigated by UV−vis
absorption and PL spectroscopy. As shown in Figure 4a, the
pristine Cs2NaInCl6 NCs demonstrate a featureless absorption
with the onset starting near 370 nm. The optical band gap of
Cs2NaInCl6 NCs was estimated from the Tauc plot to be 4.2
eV (Figure S4), which is in close agreement with a previously
published work.43 Despite the direct band gap, the featureless
absorption is consistent with the parity-forbidden nature,
which results in a weak oscillator strength of band edge
transition. Alloyed Cs2NaIn1−xSbxCl6 NCs with 0.5% Sb
content (Figure 4d) showed a distinct absorption feature
with the sharp excitonic absorption peak centered at 320 nm
and the shoulder at 335 nm, indicating that a trace amount of
Sb signiﬁcantly modiﬁed electronic transitions of pristine
Cs2NaInCl6 NCs. They can be assigned to the characteristic
5s2 → 5s1p1 absorption transitions of the [SbCl6]3− octahedra.
In the case of the Sb3+ ion with a 5s2 outer electronic
conﬁguration, the electronic transition (5s2 → 5s1p1) occurs
via ﬁve diﬀerent energy levels, which involve the ground state
(1S0) and the excited state (sp), which is further split into four
energy levels, i.e., singlet (1P1) and triplet (3P0, 3P1, and 3P2)
states.24,25 According to the selection rule, the 1S0 → 1P1
transition is allowed, the 1S0 → 3P1 transition is parity-allowed
due to spin−orbit coupling, while the 1S0 → 3P0 and 1S0 → 3P2
transitions are forbidden. Thus, the doublet absorption peaks
centered at 320 and 335 nm can be assigned to the parity47849
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Cs2NaInCl6 NCs. Upon optimal excitation (λex = 320 nm), the
sample exhibited bright-blue emission with the PL maximum
centered at 448 nm, which can be attributed to the relaxation
of photoexcited electrons via spin-forbidden parity-allowed
transition from the triplet state to the ground state (3P1 →
1
S0). Notably, the Stokes shift for Sb3+-induced emission,
deﬁned by the energy diﬀerence between PLE and PL maxima,
was calculated to be 130 nm, which is nearly doubled as
compared to Cs2NaInCl6 NCs (70 nm). Upon gradual increase
in content of Sb3+ ions along with partial replacement of In3+ in
the Cs2NaInCl6 NCs, PLE and PL maxima remained almost
unchanged for all of the samples except for a slight red shift
(∼15 nm) in the PL maxima of Cs2NaInCl6:25%Sb NCs
(Figure S6). In contrast, the PL QY of Sb-alloyed Cs2NaInCl6
NCs was found to be strongly composition-dependent. Just a
trace amount of Sb alloying (0.5% Sb) led to a remarkable
improvement of PL QY of blue emission up to 50.7%, but it
subsequently dropped to 6% when the Sb content was further
increased to 25% (inset of Figure S6, middle panel). The sharp
decrease in PL QY with increasing Sb content can be
attributed to the concentration quenching process, which
was previously observed for bulk double perovskite materials. 23,24 Moreover, the excitation−emission map of
Cs2NaInCl 6:Sb (0.5%) NCs (Figure 4e) revealed the
excitation-independent PL (i.e., the emission peak remains at
the same spectral position over a range of excitation
wavelengths) and the narrow range of excitation wavelengths
(305−350 nm), indicating that their emission originates from
the relaxation of the same excited state.
To understand the underlying mechanism of charge
recombination dynamics in the Sb3+-induced emission in
Cs2NaInCl6:Sb (0.5%) NCs, time-resolved PL measurements
were carried out. The PL decay spectra of Cs2NaInCl6:Sb
(0.5%) NCs (Figure 4f) could be ﬁtted well with a twoexponential function: I(t) = B1 exp(−t/τ1) + B2 exp(−t/τ2),
where τ1 and τ2 denote decay time constants and B1 and B2 are
the normalized amplitudes of each component. The initial fast
component (τ1) has a PL lifetime of 2.6 μs with an amplitude
(B1) of 92.8%, while the slow component (τ2) has a PL lifetime
of 12.6 μs with an amplitude (B2) of 7.2%. The amplitude
weighted average decay lifetime of the entire PL decay process
was calculated from τave = ∑Biτ2i /∑Biτi, which yielded an
average PL lifetime of 5.3 μs. The extracted PL lifetime
parameters along with the corresponding errors for diﬀerent
contents of Sb are presented in Table S2. Despite highly
composition-dependent PL QY, a very weak dependence on
the Sb content of PL decays was observed, which is consistent
with previous reports for bulk Sb-doped Cs2NaInCl6.23,44
According to previous reports, the triplet excited state of the
trivalent Sb3+ ion has two possible recombination pathways,
spin-triplet excited-state transitions of 3P1 → 1S0 and 3P0 →
1
S0, which correspond to the fast and slow decay rates,
respectively.45,46 Therefore, the short and long PL lifetime
components could be attributed to two possible excited-state
relaxation pathways via 3P1 → 1S0 and 3P0 → 1S0, respectively.
Moreover, the microsecond recombination lifetime is in
agreement with the previous reports for bulk Sb-doped
Cs2NaInCl6.23,24,44 In the case of double perovskites, usually
the electron−phonon interaction is quite strong and therefore
the excited-state electrons can induce large elastic lattice
distortion. Thus, in the case of double perovskites with a
slightly distorted crystal structure, the photogenerated charge
carriers preferentially form self-trapped excitons rather than

free excitons, which leads to a complex photogenerated carrier
relaxation process, yielding the longer PL lifetime in the
microsecond time scale.18,23
Next, temperature-dependent PL measurements were
performed to obtain a deeper insight into the exciton dynamics
of Cs2NaInCl6:Sb3+ (0.5%) NCs. The temperature-dependent
PL spectra of Cs2NaInCl6:Sb3+ (0.5%) NCs in the range from
80 to 300 K are shown as a color plot in Figure 5a. The shape
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Figure 5. (a) Temperature-dependent pseudo-color mapping of PL
wavelength and intensity of Cs2NaInCl6:0.5%Sb NCs in the range
from 80 to 300 K. (b) PL peak position (blue dots) vs temperature.
The solid line is a guide for the eyes. (c) Experimental integrated PL
intensity (red dots) as a function of temperature and corresponding
ﬁtted curve (solid line) obtained from eq 1, which gives the binding
energy of 91.2 meV. (d) Temperature-dependent PL FWHM (green
dots); the solid line represents the model ﬁt of experimental data
obtained from eq 2, which gives the electron−phonon coupling
strength (ΓLO) and optical phonon energies (ℏϖLO).

of PL spectra and PL peak position remained fairly unchanged
within the measured temperature range (Figure 5b). However,
the PL intensity strongly depended on temperature and
gradually decreased with the temperature increasing (Figure
5c), suggesting a thermally activated nonradiative recombination process at higher temperatures. Moreover, PL FWHM
gradually increased over the same temperature range (Figure
5d), which can be attributed to strong electron−phonon
coupling.
To gain more information about the recombination
dynamics in Cs2NaInCl6:Sb3+ (0.5%) NCs, the exciton binding
energy of NCs (Eb) was calculated from the integrated PL
intensity vs temperature curve (Figure 5b), which can be ﬁtted
by the Arrhenius equation47
I0
I (T ) =
E
1 + A exp − k Tb

( )
B

(1)

where I(T) and I0 are the integrated PL intensities at
temperature T and 0 K, kB is the Boltzmann constant, and A
is the pre-exponential function. The calculated value of Eb of
91.2 meV was remarkably higher than that of the thermal
ionization energy (∼26 meV), indicating that the excitons can
easily survive above room temperature, which can be beneﬁcial
for the application of this material in light-emitting devices.
The line width of the PL peak plays an essential role in
applications in light-emitting devices and is generally
associated with homogeneous and inhomogeneous broadening.48 Temperature-dependent homogeneous broadening of
the PL line width is strongly inﬂuenced by various types of
exciton−phonon interactions such as Fröhlich interactions
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Figure 6. Colloidal, photophysical, and structural stability of Cs2NaInCl6:Sb3+ (0.5%) NCs. (a) DLS number distribution measurement for fresh
and aged samples of toluene dispersion of puriﬁed NCs with an average edge length of 8.7 nm, which gives a solvodynamic diameter (dsd) of 11 nm.
Photographs of fresh and aged Cs2NaInCl6:0.5% Sb3+ NC dispersion in toluene are presented in the respective insets. (b) Large-area TEM image of
NCs aged over 70 days. (c) Absorption and (d) PL spectra of fresh and aged samples. (e) Photostability test performed by continuous illumination
of the NC solution with a broadband light source (20 W white LED lamp) and a monochromatic UV light source (6 W UV lamp, λex = 365 nm) for
up to 50 h. (f) XRD patterns of NC ﬁlms measured over diﬀerent time periods (day 1, day 40, and day 70) when stored at ambient conditions.

antisolvent washing treatment.41 Our puriﬁed Cs2NaInCl6:Sb3+
(0.5%) NCs dispersed in toluene exhibited excellent colloidal
stability when stored for the long term at ambient conditions.
To monitor the colloidal stability of the puriﬁed NCs, we
performed dynamic light scattering (DLS) measurements on
fresh and aged NC solutions. The DLS spectrum (Figure 6a)
of 8.7 nm-size (as determined by TEM) Cs2NaInCl6:Sb3+
(0.5%) NCs shows a single narrow peak with a solvodynamic
size of 11 nm and a narrow size distribution, which is in
agreement with the corresponding TEM image (Figure 2b).
The DLS spectrum of the same sample aged over the 70 days
displays an identical single narrow peak, indicating that there is
no diﬀerence in the shape, size, and size distribution of NCs.
Moreover, the large-area TEM image of the aged sample
(Figure 6b) shows highly monodispersed and perfect cubicshaped NCs without any noticeable aggregation even after the
sample was kept for over 70 days at ambient conditions, which
further demonstrates the excellent long-term colloidal stability
of the puriﬁed NCs. Furthermore, to estimate the stability of
optical characteristics, we monitored the absorption and PL
QY of this sample over time. The shape and position of the
absorption peak (Figure 6c) and PL spectra (Figure 6d)
remained unchanged during the 70 days of storage under
ambient conditions, while the PL QY dropped to 37.1%
(retaining ∼73% of its initial PL QY). The photostability of the
Cs2NaInCl6:Sb3+ (0.5%) NC solution was tested under
continuous irradiation of a broadband light source (20 W,
LED lamp) and UV light (6 W, 365 nm), separately (Figure
6e). A slight increase of PL intensity at the initial time was
observed in both cases, which could have originated from the
photoinduced surface repairing due to either removal of
dangling bonds or other surface defects as was reported
earlier.51 After 50 h of continuous irradiation, over 85% of the

with longitudinal optical (LO) phonons, piezoelectric interactions with acoustic phonons, and impurities.49 Inhomogeneous broadening of the PL line width can be due to the shape,
size distribution, and composition of the NCs. Fröhlich
interactions between electrons and LO phonons are the
strongest and dominantly inﬂuence the optical and electrical
properties of semiconductors. To elucidate the inﬂuence of
exciton−phonon coupling, we investigated temperaturedependent PL line broadening. The temperature-dependent
PL full width at half-maximum (FWHM), shown in Figure 5d,
was ﬁtted with the independent boson model represented by
the following equation48,50
Γ(T ) = Γ0 + σT +

ΓLO

( )−1

exp

ℏ ϖLO
kBT

(2)

where Γ0 represents the inhomogeneous broadening, while σ
and ΓLO describe the strength of exciton interactions with the
acoustic phonon and the optical phonon, respectively, and
ℏϖ LO is the optical phonon energy involved in the
homogeneous PL broadening. The extracted values of ℏϖLO
and ΓLO are 10.1 and 90.6 meV, respectively. Interestingly, the
exciton−phonon interaction strength (ΓLO) of Sb-doped
Cs2NaInCl6 NCs is higher as compared to the corresponding
bulk material, which indicates that the probability of excitons
self-trapping is higher in the case of NCs compared to the bulk
analogous one.24
Colloidal, Structural, and Photostability of NCs. The
use of colloidal NCs in solution-processed optoelectronic
devices requires a stable solution of puriﬁed NCs. Previous
ﬁndings pointed out that perovskite NCs synthesized by a
traditional OA/OLA route possess rather poor colloidal
stability due to the loss of surface capping ligands during
47851
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Figure 7. (a) 31P NMR spectra of TOP (black curve); precursor solution containing TOP, metal salts, OA, and OLA (red curve); reaction between
TOP and benzoyl chloride in the presence of OA and OLA (green curve). All samples were measured in toluene-d8. (b,d,f) 1H NMR spectra of
Cs2NaInCl6:Sb3+ (0.5%) NCs in toluene-d8 recorded after each washing step. The characteristic resonance peaks of diﬀerent protons from OA and
OLA are labeled with numbers; peaks for solvent toluene-d8 (*), methyl acetate (σ) used for washing of NCs, and the resonance signals of residual
ODE (#) are marked with symbols. The presence of a unique broadened signal from proton (1) of OA closest to the carboxylic group at ∼2.2 ppm
and broadened peaks of α and β protons of OLA suggest that both OA and OLA are bound to the NC surface. (c,e,g) 1H NMR spectra of the
alkenyl region of OA and OLA with the sharp and broadened peaks labeled as free and bound ligands, respectively. (h) NOESY spectrum of the
Cs2NaInCl6:Sb3+ (0.5%) NCs puriﬁed three times with methyl acetate and dispersed in toluene-d8. The negative cross-peaks (red) correspond to
the broadened features of bound ligands, and the positive cross-peaks (green) correspond to the solvents. (i) 31P NMR spectra of Cs2NaInCl6:Sb3+
(0.5%) NCs in toluene-d8 recorded after each washing step (1, 2, or 3). (j,k,l) Zoomed-in view corresponding to the benzoyl trioctylphosphonium
species. This region contains a sharp signal along with a broadened signal at a relatively higher ppm, suggesting the presence of free/physisorbed
(sharp) and bound (broadened) ligands.

TOP (Figure S7) evidenced their irregular morphology with
large aggregates. We attribute this immediate loss of colloidal
stability and structural integrity to desorption of surface
capping ligands. Moreover, even after increasing the Sb3+
content, these NCs did not exhibit any visible emission. The
absorption spectrum (Figure S8) of Sb-alloyed Cs2NaInCl6
NCs (with diﬀerent contents of Sb) synthesized without TOP
displayed distinct features compared to the NCs synthesized
with TOP and did not show any Sb-induced absorption peaks
even for the sample with 10% Sb3+ content. Moreover, all of
the observed diﬀraction peaks in their XRD pattern (Figure
S9) appeared exactly at the same positions as the bulk
Cs2NaInCl6, conﬁrming the absence of Sb3+ ions in the
Cs2NaInCl6 NC host. These results suggest that the
incorporation of Sb3+ into the Cs2NaInCl6 host lattice is
rather challenging and could be achieved either in a speciﬁc
reaction condition, by utilization of higher Sb loading, or at

initial PL intensity was retained, indicating superior photostability against both broadband and UV light. The phase
stability of the Cs2NaInCl6:Sb3+ (0.5%) NC ﬁlm was
monitored by measuring XRD patterns at diﬀerent time
intervals. The XRD patterns of fresh and aged ﬁlms stored at
ambient conditions are presented in Figure 6f and show
identical diﬀraction patterns without any noticeable impurity
peaks after storage for 70 days.
Synthesis of NCs by the Traditional OA/OLA Route
without TOP. To demonstrate the role of the TOP ligand in
formation of highly stable double perovskite NCs with
remarkable optical properties, which we introduced above,
we also synthesized Sb-alloyed Cs2NaInCl6 NCs via a similar
approach but without using the TOP ligand. It was observed
that once washed, NCs synthesized without TOP immediately
sedimented as a white precipitate. The TEM image of oncewashed Cs2NaInCl6:Sb3+ (2.5%) NCs synthesized without
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optimized reaction temperature. Moreover, high and wellbalanced reactivity of precursors during nucleation and growth
is critical to achieve monodispersed NCs with the desired
stoichiometry and eventually determine the physical and
optoelectronic properties of the resulting NCs. In this context,
the utilization of a highly reactive halide source could be
advantageous in initiating prompt nucleation and growth to
achieve NCs with the desired chemical composition.
Interestingly, our TOP-mediated synthetic approach enabled
us to achieve the desired concentration of Sb incorporation
into host Cs2NaInCl6 NCs. Thus, we presume that TOP can
facilitate the fast nucleation and growth of NCs upon halide
injection, allowing the formation of Sb-alloyed Cs2NaInCl6
NCs.
Role of TOP in Nucleation and Growth of Sb-Alloyed
Cs2NaInCl6 NCs. The successful synthesis of Sb-alloyed
Cs2NaInCl6 NCs with remarkable optical properties and
superior stability enabled by the TOP ligand inspired us to
investigate their role in the nucleation and growth processes.
Nuclear magnetic resonance (NMR) spectroscopy was
employed to provide a clear insight into the interactions
between reaction precursors and the TOP ligand and to
identify the intermediates formed during nucleation and
growth. The 31P NMR spectrum of reaction precursors
synthesized at 140°C containing cesium carbonate, sodium
acetate, indium acetate, and Sb-oleate along with OA and OLA
in octadecene (Figure 7a, red line) shows a narrow
characteristic peak of free TOP at −31.7 ppm without any
shift, indicating that none of these precursors interacted with
the TOP ligand. Next, we analyzed the reaction intermediate
formed between TOP and benzoyl chloride. The reaction
between TOP and benzoyl chloride in the presence of OA and
OLA was performed under the same conditions used in the
synthesis of NCs without the presence of metal precursors.
The 31P NMR spectra of the reaction product formed in this
case are shown in Figure 7a (green line). The characteristic
NMR peak of the free TOP completely disappeared, while
several new characteristics peaks were detected that could
belong to the products formed by the reaction between TOP
and benzoyl chloride. The intense peak at ∼10.8 ppm can be
assigned to trioctylphosphonium chloride [R3′ PH]+ [Cl]−,
whose position is close to the characteristic peak of
tributyltylphosphonium chloride.52 On the other hand, two
distinct peaks with comparable intensities centered at 28.9 and
32.8 ppm, whose position is close to acyl trialkylphosphonium
chloride and can be attributed to benzoyl trioctylphosphonium
oleate and benzoyl trioctylphosphonium chloride, respectively.53,54 These results suggest that benzoyl trioctylphosphonium oleate was formed by anion exchange between oleic acid
and benzoyl trioctylphosphonium chloride. Based on NMR
data, we propose the following overall reaction scheme for this
process. Benzoyl chloride is well known for its strong reactivity
toward nucleophilic molecules, i.e., amines, carboxylic acids,
and phosphines.55 In particular, when benzoyl chloride reacts
with OLA and/or OA, they immediately form amide and ester,
followed by the release of hydrochloric acid, as shown in eqs 1
and 2, respectively.
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Hydrochloric acid produced during the nucleophilic reaction
between benzoyl chloride and OLA and/or OA further
protonated the TOP present in the reaction medium, forming
trioctylphosphonium chloride, which can be represented by
the following reaction:
R′3P + HCl → [R′3PH]+ [Cl]−

(3)

Moreover, the nucleophilic reaction between acyl halide and
trialkylphosphine is well established. This reaction results in
formation of the acyl trialkylphosphonium chloride intermediate, which has been extensively utilized in the synthesis of
various organic compounds.53,54 In a similar way, benzoyl
chloride reacted with TOP and formed benzoyl trioctylphosphonium chloride, which can be represented by the following
equation
C6H5COCl + R′3P → [R′3PC6H5CO]+ [Cl]−

(4)

The 31P NMR spectrum of the reaction product formed
between TOP and benzoyl chloride in the presence of OA and
OLA (Figure 7a, green line) conﬁrms the in situ formation of
trioctylphosphonium chloride and benzoyl trioctylphosphonium chloride, which serves as highly reactive and coordinated
chloride sources, which facilitated the prompt nucleation and
growth of NCs and enabled the formation of Sb-alloyed
Cs2NaInCl6 NCs. The phosphine-based coordinated chloride
species, formed in situ during the nucleation and growth
processes, resemble amine-based halide sources such as
alkylammonium halide and oleylammonium halide, which
have been widely used as halide precursors for the synthesis of
lead-based PNCs.34,56−59 Based on these results, we propose
the following reaction mechanism for the synthesis of PNCs.
Metal precursors react with OA, forming the metal−oleate
complex (eqs 5−8). The nucleation and growth are triggered
by injection of benzoyl chloride into the reaction mixture at
140 °C. Benzoyl chloride reacts with OLA and OA to release
HCl, amide, and anhydride byproducts (eqs 1 and 2). HCl
further reacts with TOP to form trioctylphosphonium chloride
(eq 3), which ultimately reacts with metal−oleate to produce
Cs2NaInCl6 or Sb-alloyed Cs2NaInCl6 NCs (depending on the
metal precursor used during synthesis), and trioctylphosphonium oleate as a byproduct (eqs 9 and 11). On the other hand,
benzoyl trioctylphosphonium chloride produced by the
reaction between TOP and benzoyl chloride also reacts with
metal−oleate in a similar manner to produce NCs along with
benzoyl trioctylphosphonium oleate as a byproduct (eqs 10
and 12).
1. Formation of metal−oleate:
Cs 2CO3 + 2RCOOH
→ 2Cs(RCOO) + CO2 + H 2O

(5)

Na(OOCCH3) + RCOOH
→ Na(RCOO) + CH3COOH
47853
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bound ligands can be distinguished through the positive and
negative NOE signals, respectively.33,60 NOESY spectra of
NCs are shown in Figure 7h and feature negative cross-peaks
for OLA/OA (red), conﬁrming their interactions with the
surface of NCs. To obtain more evidence on the surface-bound
species of NCs, we followed a similar strategy to previously
published reports where NCs were dissolved in deuterated
dimethyl sulfoxide (DMSO-d6) to detach the bound ligands
from the NC surface.35,61 The NMR spectra of puriﬁed NCs
suspended in DMSO-d6 and a mixture of DMSO-d6 along with
the protonating agent triﬂuoroacetic acid (TFA) conﬁrm the
presence of oleylammonium and oleate species as the surfacebound ligands (Figure S10).
To distinguish whether it is OA or OLA that is bound to the
surface of PNCs is a challenging task since both of them share
almost identical resonance features in the 1H NMR spectrum.
According to several previous reports, both OA and OLA
could simultaneously bind to the surface of PNCs, while other
works stated that only OLA remains attached to the surface of
PNCs.33,41,42,62 The presence or absence of OLA at the surface
of PNCs can be distinguished through the unique resonance
signature of protonated OLA corresponding to the α-proton of
the NH3+ group and the β-proton closest to the amine group,
respectively. On the other hand, proton (1) of OA closest to
the carboxyl group gives a unique signature for OA. However,
previous reports showed that the detection of these protons
from 1H NMR spectra is very challenging because the chemical
shifts of these protons depend on the relative concentrations of
both OLA and OA.63 In our case, the presence of these peaks
even after extensive washing of PNCs suggests that
oleylammonium together with oleate ligands is rigidly bound
to the PNC surface.
To further conﬁrm the binding of oleylammonium to PNCs,
we synthesized Cs2NaInCl6 NCs using a combination of OLA,
TOP, and stearic acid instead of OA, which does not contain
the double bond and hence any alkenyl protons. This approach
allowed us to distinguish the binding of oleylammonium to the
NC surface from the oleate ligands. For this purpose, NCs
were extracted from a crude solution by four rounds of
extensive washing to remove the excessive free ligands and
ODE. The 1H NMR spectra of such washed NCs shown in
Figure S11 do not contain any signals from free ligands and
ODE but feature several broadened characteristic signals from
both OLA and stearic acid bound to the NC surface. We
assigned the broadened alkenyl proton resonance signal at 5.58
ppm to the bound OLA without interference with the
saturated stearic acid ligand. In a similar way, to further verify
the binding of the oleate ligand, Cs2NaInCl6:Sb3+ (0.5%) NCs
were synthesized using a combination of OA, TOP, and
hexadecylamine, which provided a unique alkenyl feature only
from OA. The presence of a broadened resonance feature of
the alkenyl proton and proton (1) of OA at 5.5 and 2.35 ppm,
respectively, conﬁrms the binding of OA to the NC surface
(Figure S12).
Our attempts to synthesize Sb-alloyed Cs2NaInCl6 NCs
based on the traditional OA/OLA route without the use of
TOP demonstrated that only OA/OLA ligands are not
suﬃcient to provide suﬃcient colloidal stability and structural
integrity of the resulting NCs. Therefore, we turn to investigate
the possible presence of phosphorous species on the surface of
puriﬁed NCs. The 31P NMR spectra of the once-washed
sample (Figure 7i,j, black lines) show an intense resonance
signal of benzoyl trioctylphosphonium species at 33.45 ppm,

In(OOCCH3)3 + 3RCOOH
→ In(RCOO)3 + 3CH3COOH

(7)

Sb(OOCCH3)3 + 3RCOOH
→ Sb(RCOO)3 + 3CH3COOH

(8)

2. Formation of perovskite NCs and byproducts:
2Cs(RCOO) + Na(RCOO) + In(RCOO)3 + 6R′3PHCl
→ Cs2NaInCl 6 + 6R′3PHOOCR

(9)

2Cs(RCOO) + Na(RCOO) + In(RCOO)3 + 6R′3PC6H5
OCl → Cs2NaInCl 6 + 6R′3PC6H5COOOCR

(10)

2Cs(RCOO) + Na(RCOO) + (1 − x)In(RCOO)3
+ xSb(RCOO)3 + 6R′3PHCl
→ Cs2NaIn1 − xSbx Cl 6 + 6R′3PHOOCR

(11)

2Cs(RCOO) + Na(RCOO) + (1 − x)In(RCOO)3
+ xSb(RCOO)3 + 6R′3PC6H5OCl
→ Cs2NaIn1 − xSbx Cl 6 + 6R′3PC6H5COOOCR
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(12)

Surface Chemistry and Ligand Identiﬁcation. As we
discussed earlier, the synthesized and antisolvent-washed NCs
exhibited excellent long-term colloidal, structural, and photophysical stability at ambient conditions, which can be ascribed
to the strong binding of capping ligands to the surface of NCs.
NMR spectroscopy has been widely used to identify the nature
of surface-bound and free ligands along with residual organic
species via the chemical shift or broadening of the characteristic NMR signals.33,38 Therefore, we collected 1H and 31P
NMR spectra of the puriﬁed NCs after each washing step to
examine the nature of the surface-bound ligands and their
extent of binding to the surface of puriﬁed NCs. The 1H NMR
spectra of once-washed NCs presented in Figure 7b,c contain
several characteristic resonance peaks: (i) the resonances of 1octadecene (ODE) centered at 4.95 and 5.74 ppm; (ii) a sharp
resonance signal at 5.41 ppm along with a weak broad peak at
5.53 ppm originating from free and bound alkenyl protons of
OA, OLA, or both ligands, respectively; and (iii) a broad
resonance signal at 2.2 ppm from proton (1) of OA closest to
the carboxyl group. The presence of broadened and shifted
peaks compared to the ones of free ligands suggests that OA,
OLA, or both are attached to the surface of NCs. The 1H
NMR spectrum (Figure 7d,e) of twice-washed NCs shows
signiﬁcant reduction of the sharp resonance signals from ODE
and free ligands, while broadened signals of bound alkenyl
protons appeared with a higher intensity. Moreover, broadened
resonance signals from the amine group (α-proton) and
methylene proton (β) close to the amine group are clearly
visible at 7.4 and 4.1 ppm, respectively. After the third washing
step, resonance signals from free ligands almost completely
disappeared, while the broadened resonance from the bound
oleylammonium/oleate species remained preserved, suggesting
strong interactions of bound ligands with the surface of NCs.
To further probe the presence of bound oleylammonium/
oleate species, we employed nuclear Overhauser eﬀect NMR
(NOESY) spectroscopy. In NOESY spectroscopy, free and
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which is only slightly shifted as compared to the signal of free
benzoyl trioctylphosphonium chloride (32.8 ppm). This
resonance signal displays a sharp feature and appeared in
close proximity to the signal of free benzoyl trioctylphosphonium chloride, in contrast to the nature of the bound ligands,
which are characterized by broadened and slightly shifted
resonances. We attribute this to the presence of a large excess
of either free or physisorbed phosphonium species, which are
in dynamic equilibrium with bound phosphonium ligands.
When the sample was washed twice, the intensity of the sharp
resonance signal was dramatically reduced. Furthermore, we
found that the twice-washed sample features a relatively sharp
resonance signal along with a broadened signal that appeared
at higher ppm values. The sharp resonance signal is attributed
to the free or physisorbed phosphonium ligands, while the
broadened peak located at ∼35 ppm can be assigned to the
phosphonium ligands bound to the Cl atoms of the NC
surface. After the third washing step, the intensity of the
broadened signal from bound ligands dominated over free/
physisorbed ligands, indicating that a large fraction of the latter
was washed out, while bound ligands rigidly anchored to the
surface of NCs. De Roo and co-workers described the
mechanism of ligand binding to the ionic surface of PNCs.33
They declared that either OA or OLA alone cannot provide
suﬃcient surface passivation, while the ionic pair of
oleylammonium oleate binds the surface of NCs. It was
observed that a large excess of oleylammonium cation was
needed to improve the binding of carboxylic acid, and thus, an
additional amount of OA and OLA was required during the
puriﬁcation process to maintain the colloidal stability of the
puriﬁed NCs. In contrast, our dual cationic ligands, i.e., benzoyl
trioctylphosphonium and oleylammonium, remarkably improve the binding of the oleate anion to the surface of NCs,
which ensured high tolerance of synthesized NCs against the
antisolvent without using any additional free ligands.

promising for designing versatile less toxic light-emitting
sources for application in displays, scintillators, and reabsorption-free luminescent solar concentrators.

■
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EXPERIMENTAL SECTION

Materials. Cesium carbonate (99.99%), indium(III) acetate
(99.99%), antimony(III) acetate (99.99%), 1-octadecene (ODE,
90%), oleic acid (OA, 90%), oleylamine (OLA, 90%), trioctylphosphine (TOP, 90%), stearic acid (95%), hexadecylamine (98%),
benzoyl chloride (98%), and methyl acetate anhydrous (99.5%) were
purchased from Sigma Aldrich; sodium acetate (99%) was purchased
from Alfa Aesar. All chemicals were used without any further
puriﬁcation.
Synthesis of Antimony-Oleate (Sb-Oleate) Precursor Solution. Antimony(III) acetate (1.25 mmol) and oleic acid (15 mL)
were added to a 50 mL round-bottom ﬂask, and the mixture was
heated for 30 min at 85 °C under nitrogen. The obtained clearyellowish Sb-oleate solution was kept for further use.
Synthesis of Cs2NaInCl6 NCs. Cs2CO3 (0.3 mmol), sodium
acetate (0.3 mmol), indium(III) acetate (0.3 mmol), ODE (10 mL),
OA (1 mL), and OLA (0.5 mL) were loaded in a 50 mL roundbottom ﬂask, vigorously stirred, and heated for 30 min at 110 °C
under nitrogen. When the solution became clear, TOP (0.3 mL) was
injected into the hot reaction mixture and the solution was kept for
another 10 min under ﬂowing N2. Next, the temperature of the
solution was set to 140 °C, and benzoyl chloride (300 μL, 2.54 mmol)
was swiftly injected into the hot reaction mixture, which resulted in
the prompt nucleation and growth process, indicating the formation
of Cs2NaInCl6 NCs. After 5 s, the reaction mixture was rapidly cooled
down in an ice-water bath.
Synthesis of Sb-Alloyed Cs 2 NaInCl 6 NCs. Sb-alloyed
Cs2NaInCl6 NCs were synthesized by the same procedure mentioned
above with the additional variation of the molar ratio of indium(III)
acetate and Sb-oleate to achieve the desired composition. The total
amount of indium(III) acetate and Sb-oleate precursors was ﬁxed at
0.3 mmol, and the ratio of the indium and antimony precursors was
varied to achieve the desired composition of alloyed NCs.
Synthesis of Cs2NaInCl6 NCs with Stearic Acid as a Ligand.
Cs2NaInCl6 NCs were synthesized by the same procedure mentioned
above by substituting oleic acid with an equimolar amount of stearic
acid.
Synthesis of Cs2NaInCl6:Sb3+ (0.5%) NCs with Hexadecylamine. Cs2NaInCl6:Sb3+ (0.5%) were synthesized by the same
procedure mentioned above by substituting oleylamine with an
equimolar amount of hexadecylamine.
Extraction and Puriﬁcation of NCs. The as-synthesized crude
PNC solution was ﬁrst centrifuged at 5000 rpm for 5 min to remove
larger aggregates and unreacted solid precursors. The precipitated
solid was discarded, and the supernatant solution containing NCs was
collected. The extraction and puriﬁcation of NCs from the
supernatant solution were carried out by adding 6 mL of methyl
acetate (MA) into 2 mL of a crude solution (3:1 vol). The resulting
turbid mixture was shaken and kept for a few minutes until the
precipitated NCs were suspended at the bottom of the centrifuge
tube. After that, 90% of the top of the supernatant was pipetted out,
and then, again 6 mL of MA was added to the suspended NCs. The
above procedure was repeated at least three times to ensure that all of
the free ligands and ODE were successfully removed, which was
indicated by the clear and colorless supernatant of the ﬁnal mixture
(Figure S1). Finally, the puriﬁed NCs were collected by centrifugation
at 3000 rpm for 5 min and then dissolved in 2 mL of toluene.
Powder X-ray Diﬀraction (XRD). XRD was recorded using an
X’Pert PRO MPD powder diﬀractometer (PANalytical) with ironﬁltered Co Kα radiation (40 kV, 30 mA, λ = 0.1789 nm). Samples
were prepared by drop-casting of concentrated NC suspensions in
toluene onto a zero-diﬀraction silicon single-crystal substrate and
allowing the solvent to evaporate naturally in air.
Inductively Coupled Plasma Mass Spectroscopy (ICP-MS).
Elemental compositions of NCs were analyzed by an Agilent 7700x

■

CONCLUSIONS
In this work, we demonstrated the TOP-mediated synthesis of
highly emissive and stable Sb-alloyed Cs2NaInCl6 NCs. We
found that the incorporation of Sb into the Cs2NaInCl6 host
NCs was challenging and could only be achieved through
speciﬁc reaction conditions. While our initial attempt to
synthesize Sb-alloyed Cs2NaInCl6 NCs through the common
OA/OLA route was unsuccessful, by utilizing the TOP ligand
alongside OA/OLA, we successfully produced highly emissive
and monodisperse NCs, which demonstrated long-term
colloidal, structural, and photophysical stability. NMR spectroscopy was employed to identify the role of TOP and
intermediates formed during the nucleation and growth
processes. In situ-generated trioctylphosphonium chloride
and benzoyl trioctylphosphonium chloride were found to
serve as highly reactive chloride sources, promoting rapid
nucleation and growth, which resulted in the formation of
high-quality NCs. In addition, the high robustness of Sballoyed Cs2NaInCl6 NCs during antisolvent washing was
attributed to the tight binding of capping ligands to the NC
surface. The surface of Sb-alloyed Cs2NaInCl6 NCs is
protected by dual cationic ligands through the ionic pair of
oleylammonium oleate and benzoyl trioctylphosphonium
chloride/oleate rigidly attached to the NC surface, which
further corroborated the high tolerance of the NCs against the
antisolvent. Thus, we anticipate that the highly stable and
brightly emitting Sb-alloyed Cs2NaInCl6 NCs could be
47855
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ICP-MS spectrometer. A total of 5 mg of dried NC powder was
digested in 1 mL of HNO3 with the aid of sonication followed by
dilution with deionized water.
Transmission Electron Microscopy (TEM). TEM images of
puriﬁed NCs were acquired using a JEOL microscope equipped with a
LaB6 emission gun operating at an accelerating voltage of 200 kV.
Samples were prepared by drop-casting of a diluted NC suspension in
toluene onto a carbon-coated copper grid and drying the samples
naturally in the air. The average size of NCs was calculated by
measuring the edge length of nearly 100 NCs. High-angle annular
dark-ﬁeld scanning TEM (HAADF-STEM) images and STEM
energy-dispersive X-ray spectroscopy (STEM-EDS) elemental mapping were acquired on an FEI Titan G2 HRTEM equipped with an XFEG electron gun operating at 80 kV.
Optical Characterization. Absorption spectra were collected on
a Specord S600 UV−vis spectrophotometer (Analytik Jena). Steadystate photoluminescence (PL) spectra were acquired on an FLS980
ﬂuorescence spectrometer (Edinburgh Instruments) equipped with a
450 W xenon arc lamp as the excitation source. Time-resolved PL
spectra were collected by the time-correlated single-photon counting
(TCSPC) technique using the same spectrophotometer equipped
with an EPL-375 picosecond pulsed diode laser (λem = 372 nm) with
pulse width 66.5 ps and pulse repetition rate of 10 MHz with an
average power of 75 μW in the nanosecond range or with a μF920H
Xenon ﬂash lamp in the microsecond range. Alternatively, PL decay
curves for undoped Cs2NaInCl6 were ﬁtted by a stretched exponential
function: I(t) = I0e−(t/τ)β, where τ and β are the PL lifetime and
stretch parameters, respectively. The PL QY was determined by an
absolute method using the same spectrometer with an attached
integrating sphere (with its inner face coated with BENFLEC).
Spectral correction curves were provided by Edinburgh Instruments.
The accuracy of the integrating sphere apparatus was veriﬁed against a
few reference dyes. Temperature-dependent PL measurements were
performed using a variable-temperature liquid nitrogen optical
cryostat OptistatDN2 controlled via a cryogenic programmable
temperature controller MercuryiTC (Oxford Instruments) with a
temperature stability of ±0.1 K (measured over 10 min).
Dynamic Light Scattering (DLS) Measurements. The size of
NCs was determined by DLS measurements on a Zetasizer Nano-ZS
(Malvern Instruments) as the solvodynamic diameter using a 633 nm
laser source and backscattering geometry. For each sample, three
measurements were taken with 15−20 acquisitions.
Nuclear Magnetic Resonance. 1H and 31P NMR spectra of NC
solutions were recorded on a 400 MHz NMR JEOL spectrometer.
Two-dimensional NOESY experiments were performed using a
gradient-enhanced NOESY pulse sequence, with a mixing time of
500 ms and a delay time of 5 s. Two-dimensional NOESY data were
typically collected by 24 h acquisition time to obtain high-quality
spectra.
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VŠ B−Technical University of Ostrava, 708 00 Ostrava,
Czech Republic; orcid.org/0000-0002-6381-5093;
Email: stepan.kment@upol.cz

Authors
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Institute, Palacký University Olomouc, 783 71 Olomouc,
Czech Republic; Nanotechnology Centre, CEET,
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