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ABSTRACT: Lead-free double perovskite (DP) nanocrystals
(NCs) have emerged as a promising class of perovskite
nanomaterials with potential applications in various optical and
optoelectronic domains. Meanwhile, doping impurity ions into
perovskite structures represents a unique and effective means to [l

tailor and optimize the properties of perovskite materials. Herein,

we introduce a postsynthetic doping approach to the fabrication of °
Mn?*-doped Cs,AgInCl; DP NCs with enhanced optical character- o e , 9
istics. We demonstrate that, in the postsynthetic reaction, the initial ‘
surface-doped Mn** ions undergo a gradual inward migration
process within the NCs, resulting in homogeneous Mn** doping
with a maximum photoluminescence (PL) quantum yield (QY) of
5.2%. This PL QY value can be further improved to 8.2% through
codoping with Na* ions and careful engineering of the NC surface state. In-depth studies involving conventional one-dimensional
proton and two-dimensional NMR spectroscopic techniques unveil the pivotal role played by the surface ligands and their states.
Based on our findings, we propose a comprehensive postsynthetic doping mechanism. Our study not only presents an accessible
doping technique for lead-free perovskite NCs but also offers valuable insights into the dopant dynamics and ligand engineering for
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perovskite-type nanomaterials in a broader context.

B INTRODUCTION

Lead-free double perovskite nanocrystals (DP NCs, with a
chemical formula of Cs,M(I)M(III)X,, where M(I) = Ag",
Na*, Cu*, etc; M(III) = Bi**, In**, Sb**, lanthanides, etc.; and
X = CI7, Br, I") have attracted an extensive amount of
research attention in recent years due to their reduced toxicity
while maintaining a charge-neutral three-dimensional (3D)
crystal structure with unique optoelectronic properties and
enhanced stability.'~* The transition from a single, divalent, B-
site metal (i.e., Pb**) in the conventional lead-halide perovskite
to heterovalent dual B-sites (i.e., M(I) and M(III)) containing
DP structure greatly expands compositional space and
expedites the development of new perovskite materials.””""
In particular, Cs,AgInClg DP NCs possess a direct band gap
and long photocarrier lifetimes with excellent light, thermal,
and moisture stability, making them one of the most promising
lead-free perovskite-type alternatives.'”~"> However, the low
absorption extinction coefficient and weak, broad emission
exhibited by the self-trapped excitons (STEs) of Cs,AgInCly
DP NCs installed by the intrinsic parity-forbidden band gap
transition significantly hinder their potential implementation
into a wide variety of commercial applications.'*'®"”
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In this context, the doping of metal impurity ions into the
DP crystal structure is one effective means to tune and enhance
the physical and optoelectronic properties of the Cs,AgInClg
DP NCs."*7*" As such, reports indicate that the incorporation
of transition metals (e.g,, Cu®*, Mn®") or lanthanide ions (e.g,,
Ce*, Tb*, Yb’*) can modulate the band gap of the
Cs,AgInCly DPs to exhibit additional strong and narrow
absorption peaks in the visible light range or provide a more
efficient radiative recombination pathway.”>~> As one of the
most studied systems, doping Mn*" cations into Cs,AgInCly
DP NCs can result in photoexcited energy transfer from the
DP NC hosts to Mn*" dopants, leading to a signature orange
emission (~620 nm) through d—d transitions (ie., 4T1g -
6A1g) of the incorporated Mn>" ion centers.”*”* Such unique
Mn-dopant-induced emission exhibits characteristic long
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photoluminescence (PL) lifetimes, relatively high PL quantum
yields (QYs), and large Stokes shifts with a minimized self-
absorption behavior, which are all beneficial to applications
including solid-state lighting, displays, or luminescence solar
concentrators.”’

Recently, we have developed a postsynthetic doping and
transformation strategy to engineer and optimize presynthe-
sized perovskite-type NCs in solid, liquid, or a combination of
phases under ambient conditions.””***” Unlike direct
synthetic reactions with fast reaction dynamics, the post-
synthetic doping and transformation of perovskite NCs
typically exhibit relatively slow kinetics with a stop-on-demand
feature, allowing for detailed studies of composition—
structure—property relationships of the materials.”**>**
For example, we previously reported a facile fabrication of
Mn?*-doped CsPbCl; perovskite NCs through a postsynthetic
quasi-solid—solid cation exchange reaction in which the doping
reaction occurred at the interface between the Mn-containing
solid precursor and the surface of presynthesized CsPbCl,
perovskite NCs. Enabled by this postsynthetic reaction,
detailed doping mechanistic insights were obtained, demon-
strating an initial surface doping reaction followed by a slow
inward dopant diffusion process. Consequently, the dopant
concentration/distribution and thus the optical properties of
the resulting Mn**-doped CsPbCly perovskite NCs can be
precisely controlled and systemically optimized.*>*’

In this work, we, for the first time, apply the postsynthetic
doping strategy to a lead-free DP NC system. We investigate a
liquid—solid cation exchange reaction that allows doping Mn**
impurity ions into presynthesized Cs,AgInClg DP NCs. Similar
to lead-halide perovskite NCs, an initial heterogeneous surface
doping followed by a Mn-dopant inward diffusion reaction was
observed and described. Moreover, given the versatility of the
applied postsynthetic cation exchange reaction, we demon-
strate that Na* ions can be concurrently doped with Mn** ions
to not only aid the Mn-doping process but also enhance the PL
QY of the resulting Na*/Mn** codoped DP NCs by relaxing
the intrinsic parity-forbidden electronic transition. Detailed
studies on the doping mechanism, dopant-precursor, and NC
ligand effect were carried out using various characterization
techniques. Our studies presented here can not only shed light
on the doping mechanism and dopant diffusion dynamics for
both single-dopant and codopant systems but also highlight
the impacts of surface ligand engineering on particle
stabilization especially for lead-free perovskite-type NCs.

B METHODS AND MATERIALS

Chemicals. The following reagents were used: cesium
carbonate (Cs,CO,, Aldrich Chemicals, 99%), silver acetate
(Ag(Ac), Acros Organics, 99.99%), indium(III) acetate
(In(Ac);, Sigma-Aldrich, 99.99%), diphenyl ether (DPE, Alfa
Aesar, 99.5%), oleic acid (OA, Sigma-Aldrich, 90%), oleyl-
amine (OAm, Sigma-Aldrich, 70%), benzoyl chloride (Bz-Cl,
Alfa Aesar, 98%), manganese(II) chloride tetrahydrate
(MnCl,-4H,0, Strem Chemicals, 98%), sodium carbonate
(Na,CO;, Fisher Scientific, 99.8%), octanoic acid (Oct, Sigma-
Aldrich, >98%). Hexanes and ethyl acetate were purchased
from Fisher. Toluene-d; (D, 99.5%) was purchased from
Cambridge Isotope Laboratories, Inc. All chemicals were used
without further purification.

Syntheses. Cesium Oleate. To prepare a 0.5 M solution of
cesium oleate, 0.407S g (1.25 mmol) of Cs,CO; was added to
S mL of oleic acid in a three-necked round-bottomed flask.

The mixture was degassed under vacuum at room temperature
for 1 h and then heated to 100 °C for another hour. Finally,
the flask was heated to 150 °C under N, for 30 min until the
solution was clear and slightly yellow.

Synthesis of Cs,AgInClg DP NCs. Cs,AgInCly DP NCs
were synthesized following a modified literature method.” In a
three-necked round-bottomed flask, 0.04 g (0.24 mmol) of
Ag(Ac), 0.07 g (0.24 mmol) of In(Ac);, 1 mL of cesium oleate,
0.5 mL of OAm, and 4 mL of DPE were placed under vacuum
at room temperature for 1 h and then subsequently heated to
40 °C for 30 min. Finally, the flask was heated to 105 °C under
N,. Once reaching 105 °C, a mixture of 200 uL of Bz-Cl and
500 uL of DPE was injected into the reaction flask. The
reaction was swiftly quenched via cooling in an ice bath. The
as-synthesized particles were centrifuged at 4500 rpm for S min
and then redispersed in 10 mL of hexane.

Preparation of Mn-OAm Precursor. The Mn** precursor
was prepared by adding 0.05 g (0.25 mmol) of finely ground
MnCl,-4H,O0 salt to a glass vial containing 10 mL of hexane
and 50 uL of OAm.” The solution was allowed to react for 24
h before the solution was purified by centrifugation and
subsequent filtration.

Preparation of the Na-Oct Precursor. Sodium octanoate
(Na-Oct) was synthesized using a modified procedure for
preparing a cesium oleate solution. In detail, 0.132 g (2.5
mmol) of Na,CO; was added to 500 uL of octanoic acid in a
three-necked round-bottomed flask. The mixture was placed
under vacuum at 70 °C for 1 h, and then the temperature was
raised to 100 °C for another hour. Finally, the solution was
heated to 120 °C under N, for 30 min before cooling to room
temperature. The resultant solution was clear in color and was
stored in a vial under ambient conditions. The same procedure
was utilized for preparing the Na-Oct precursor with excess
octanoic acid, but instead 5 mL of octanoic acid was used. In
both cases, the as-prepared solution was further diluted in
hexane to achieve the desired dopant concentration (0.1—0.5
mM).

Postsynthetic Cation Exchange. The particle concen-
tration was kept consistent through excitonic peak normal-
ization (optical density of 4.1 at 265 nm) via UV-—vis
absorption analysis. A postsynthetic Mn** doping reaction was
conducted by adding 1.5 mL of Mn-OAm precursor solution
to 2 mL of the as-synthesized Cs,AgInCl; DP NCs hexane
solution. The reaction was allowed to react for over 24 h, after
which the particles were purified by adding in 0.5 mL of ethyl
acetate to induce precipitation and then centrifuging at 4500
rpm for S min. The collected doped DP NCs were redispersed
in 2 mL of hexane and aged for 5 days under ambient
conditions. For the Na*/Mn** codoping reaction, the reaction
was carried out by adding 1.5 mL of Mn-OAm precursor
solution and 0.5 mM of Na-Oct precursor to 2 mL of the as-
synthesized Cs,AgInCl; DP NCs hexane solution. The
reaction was allowed to take place over 24 h without a further
aging process, after which the particles were purified by
addition to 0.5 mL of ethyl acetate to induce precipitation and
then centrifuging at 4500 rpm for S min.

B RESULTS AND DISCUSSION

Synthesis and Characterizations of Mn2*-Doped
Cs,AgInCl; DP NCs through a Postsynthetic Reaction.
Uniform Cs,AgInCly; DP NCs with a cubic shape and an
average edge length of 17.0 + 1.9 nm were synthesized using a
previously reported procedure.'””> Postsynthetic Mn>* doping
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Figure 1. (A) Absorption spectra (solid lines), PLE spectra monitored at the strongest PL peak (dashed lines), and PL spectra (solid lines with
shading) of the as-synthesized Cs,AgInCl; DP NCs (orange) and Mn**-doped Cs,AgInCl; DP NCs. (B) PL emission contour map of Mn**-doped
Cs,AgInCls DP NCs. (C) Mn-OAm concentration-dependent PL intensity. (D, E) TEM images and size distribution histograms (insets) for the
undoped (D) and Mn**-doped DP NCs (E). (F) XRD patterns (gray open circles) and fitted patterns (solid lines) for the as-synthesized
Cs,AgInClg DP NCs (orange) and Mn**-doped Cs,AgInClg DP NCs (purple). Gray bars indicate the standard peak positions of bulk Cs,AgInClg

DP. The constituent fitted XRD peaks are shown in light blue.

was achieved through a liquid—solid cation exchange reaction
using an oleylamine (OAm)-ligand-activated MnCl,-4H,0
precursor (denoted as Mn-OAm) (see details in the Methods
and Materials. Briefly, the precursor—ligand interaction was
initiated through the hydrogen bonds formed between the
hydrated Mn®* salt (ie., MnCl,-4H,0) and OAm, allowing
Mn** dissolve into hexane.”> The precursor solution was
allowed to react for 24 h before purification to remove the
undissolved solid precursor. The Mn-doping concentration in
DP NCs was controlled through adjusting the volumetric ratios
of the Mn-OAm precursor to a DP NC solution, and the
postsynthetic Mn*" doping reaction was accomplished in 24 h.
After purification, the obtained Mn*"-doped Cs,AgInCl; DP
NCs were further aged in hexane solution under ambient
conditions for another 5 days to reach thermodynamic
equilibrium.

The absorption spectra for both the undoped and Mn?*-
doped Cs,AgInCly DP NCs showed an absorption onset at
around 300 nm. PL measurements showed that the as-
synthesized Cs,AgInCly DP NC exhibited an STE broad band
emission feature with a low PL QY of 1.2% (Figure 1A).>® For
the postsynthetic Mn** doping and aging processes, this STE
emission feature was overshadowed by a characteristic Mn**
emission peak (through 4T1g to 6A1g electronic transition) at
630 nm (Figure 1A), suggesting a successful doping of Mn?**
ions into the DP crystal structure.”>*”** The PL excitation
(PLE) spectrum measured at the Mn>* emission peak (i.e., 630
nm) overlapped well with the corresponding absorption profile
of the DP NCs (Figure 1A), indicating an energy transfer
process from the photogeneration exciton of the DP-NC to the
excited electronic state (i.e., 4T1g) of the Mn** centers in the
Mn?*-doped Cs,AgInCly DP NCs. The 2D emission contour
map further highlighted the excitation-independent Mn PL,
confirming the invariant radiative relaxation pathway through
incorporated Mn* ion centers (Figure 1B).>****! Moreover,
the utilization of liquid-based postsynthetic doping allows for
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precise control of dopant concentration by adjusting the
volumetric ratios of dopant precursor to the DP NC solution
(see details in the SI). An initial positive correlation between
the Mn-dopant concentration and PL intensity was observed
(Figure 1C). Such an Mn PL intensity increase was attributed
to the incorporation of an increased number of Mn-emission
centers in the DP NCs,” as confirmed by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) measure-
ments (Table S1). A maximum PL QY of 5.2% (Table S2) was
achieved at the Mn doping concentration of 0.2% (Mn doping
concentration = [Mn]/([In] + [Mn]). After the initial
increase, a subsequent PL intensity drop was obtained when
further increasing the Mn dopant concentration (>0.2%) in the
DP NCs, while the structure was determined to remain intact.
In contrast, the introduction of excess OAm while adding any
more Mn dopant precursor (i.e., 2.5 mL) caused additional PL
quenching and DP NC decomposition through AgCl
extraction (Figure S1, Table $3).*

Transmission electron microscopy (TEM) measurements
and X-ray diffraction (XRD) characterizations were carried out
to confirm the morphology and structural integrity of the DP
NCs following the postsynthetic Mn-doping reaction and the
subsequent aging process. These characterizations were
performed by utilizing 1.5 mL of Mn-OAm due to the optimal
optical properties and dopant incorporation. The samples both
before and after postsynthetic Mn** incorporation showed
uniform DP NCs with a cubic shape with a nearly unchanged
edge length of ~17 nm (Figure 1D,E). The unchanged crystal
structure of the DP NCs was confirmed by the XRD
measurements, which consistently showed the intact DP
crystal phase for the as-synthesized Cs,AgInCly DP NC
(Figure S2, Table S3) as well as the final Mn*'-doped
Cs,AgInClg DP NCs after aging (Figure 1F, Table S4). No
clear lattice contraction of the DP NCs after doping was
observed, which was attributed to the low dopant concen-
tration (i.e., 0.2%) of the sample.”
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PL measurements showed that immediately following the
postsynthetic doping reaction (before the aging process), the
Mn-emission peak was observed to be at 660 nm, redder than
the typical Mn-emission peak range of 590—620 nm, indicating
the DP NCs with inhomogeneous surface-doped Mn**
ions.””*"* The Mn-emission peak then blue-shifted from
660 to 630 nm during the subsequent aging process, implying
an internalization of Mn** cations through an entropy-driven
inward diffusion process as previously reported for the Mn*'-
doped CsPbCl, perovskite NCs (Figure 2A,B).”” The onsite
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Figure 2. (A) Schematic representation of the Mn?* surface dopants
undergoing inward diffusion. (B) Absorption spectrum (blue solid
line), PLE spectrum monitored at the strongest PL peak (blue dashed
line) and PL spectra (solid lines with shading) of the Mn** doped
Cs,AgInCl; DP NCs before (pink) and after (blue) Mn-dopant
inward diffusion. 1.5 mL of Mn-OAm precursor solution was utilized
for the postsynthetic doping reaction. (C) PL lifetime (LT) plots
(open circles) and fitted curves (solid lines) of the Mn**-doped
Cs,AgInClg, DP NCs before (pink) and after (blue) Mn-dopant
inward diffusion. (D) EPR spectra of the as-synthesized Cs,AgInCl
DP NCs (orange), and the Mn**-doped Cs,AgInCl; DP NCs before
(pink) and after (blue) Mn-dopant inward diffusion. The g factors are
determined using the peak center marked with gray dots.

Mn** inward diffusion process was further confirmed by time-
resolved PL spectroscopy measurements (Figure 2C). The
Mn-emission PL lifetime was prolonged from 0.2 ms for the
initial surface Mn”**-doped DP NCs to 1.2 ms for the aged DP
NCs with internalized Mn>* cation centers. (Note: The PL
lifetime for the undoped Cs,AgInCl; DP NCs was reported to
be 6 ps.**) The significantly prolonged Mn-dopant emission
lifetime (Figure S3, Table SS) was attributed to both the
weakened Mn—Mn coupling interaction and the installation of
the centrosymmetric octahedral symmetry of the individual
Mn?" ion centers (enforcing the Laporte selection rule for the
electronic transition of 4T1g - 6Alg) upon inward diffu-
sion.”>*»*> Furthermore, the presence of Mn>" ion centers and
its inward diffusion were also confirmed via electron
paramagnetic resonance (EPR) measurements. After doping
Mn?* ions into the DP lattice, a single broadband EPR feature

emerged with a peak width of 51 G and a g value of 2.004
(Figure 2D). Such a broad EPR signal is a characteristic feature
of the inhomogeneous Mn*" ions doped on the NC surface
with incomplete coordination environments and strong Mn—
Mn exchange coupling interactions,*”** in good accordance
with the optical measurement results. After the Mn>*-doped
DP NCs were aged in solution for 5 days, the single EPR peak
turned into a sextet hyperfine splitting pattern with a coupling
constant of 87.6 G and a g value of 2.005 (Figure 2D),
signifying the dispersed Mn?" ions located in an octahedral
coordination environment (ie, [MnCls]*" octahedral sub-
units) in the DP lattice (Figure $4).*>*® Together, all of these
results unambiguously proved the initial inhomogeneous
surface Mn** doping followed by an onsite dopant inward
diffusion process for the postsynthetic reaction of Mn** doping
into Cs,AgInCl; DP NCs.

Postsynthetic Synthesis of Na*/Mn?* Codoped
Cs,AgInCl; DP NCs. Codoping more than one type of cation
into DP NCs has garnered significant attention recently due to
the potential optoelectronic property enhancements that can
be achieved.””*”*® In particular, recent studies have demon-
strated that Na* doping into DP NCs can improve the stability
of the materials by raising the energetic barrier for halide
vacancy diffusion and can enhance the PL through breaking
the symmetry of octahedral sublattice units and reducing the
density of surface trap states.""*””° To evaluate the Na*
doping effect in our system, we expanded our postsynthetic
strategy to codoping Na' and Mn®' cations into the
Cs,AgInCly DP NCs.

Sodium octanoate (Na-Oct) liquid-based precursor was
prepared through the modification of a previously reported
procedure in which sodium carbonate was reacted with
octanoic acid stoichiometrically to produce a clear, light-
yellow precursor solution (see details in the Methods and
Materials).>" Then, a fixed volume (ie., 100 uL) of the as-
prepared Na-Oct precursor solution with varied concentration
(0.1—-0.5 mM) and a fixed amount of Mn-OAm precursor (i.e.,
1.5 mL) were simultaneously introduced into the DP NC
hexane solution for a 24 h postsynthetic doping reaction.
Figure 3A shows the concentration-dependent PL enhance-
ment following the introduction of dopant precursor solutions.
Unlike the Mn-only doping reaction, the Mn-emission peak
emerged at 630 nm after the 24 h reaction on top of a broad
emission feature (Figure 3A). This broad emission can be
assigned to the inherent Cs,AgInCly DP NC STE emission,
which was enhanced by the reduction in electronic
dimensionality imposed by Na* incorporation and thus partial
isolation of the Jahn—Teller distorted [AgCls]*~ octahedral
subunits.””** Both the PLE spectra and 2D PL contour map of
the Na*/Mn** codoped Cs,AgInCl; DP NCs showed a slight
blue shift in the excitation to 255 nm (Figure 3A,B) upon Na*
incorporation, which is in agreement with the literature.”” In
contrast to the unchanged absorbance features when achieving
the Mn”*-doped DP NCs, the Na"/Mn*"-codoped DP NCs’
absorption profile exhibits a strong blue shift with a broadening
effect that leads to a long absorption tail in correspondence to
the volume defect trapping (Figure S5).”” Additionally, a
similar peak blue-shifting effect was also observed in the PLE
spectrum measurement upon increasing the added Na-Oct
precursor concentration (Figure S6).”* Negligible optical
property changes were observed upon further aging the sample
for another S days, indicating that no subsequent Mn-dopant
inward diffusion occurred as for the Mn-only doped sample.
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A [ 1.0 days for the Mn-only doped case). Such fast Mn-dopant
£ _ diffusion was further confirmed by the EPR measurements
gm §' where a single Mn—Mn coupling peak was exhibited in the
£ 280 N Na*/Mn** codoped DP NC sample after only 1 h of
-.% 260 £ postsynthetic reaction (Figure 3D). The sextet hyperfine

035 Y I ™ 2 ! oo splitting pattern (g = 2.004, A = 85.7 G) emerged for the as-

o v\?:gelengﬁo(nm) 800 synthesized Na*/ Mn?>* codoped DP NCs after a 24 h reaction

= (Figure 3D). In addition, although the feeding amount of the

e = Lo, = 3.9 ms Mn-precursor solution (i.e., 1.5 mL) was kept consistent for all

3 ' < T of the reactions, ICP-AES analysis showed that the Mn-dopant
4 2 ‘ concentration increased from 0.2 to 0.5% when increasing the
5 £ concentration of the added Na-Oct precursor solution from 0.1
= osmMNe ] to 0.5 mM (Table S1). X-ray photoelectron spectroscopy
S (XPS) and scanning TEM energy dispersive spectroscopy

PL Lifetime (ms) (EDS) measurements determined a maximum Na-dopant

D 17" g=2008 concentration of 2.0% (Tables S6 and S7). The highest PL QY

0.2 mM Na', Mn” = prIe of 7.1% was achieved when the concentration of the added Na-

g Téﬁ; . Oct solution reached 0.5 mM (Table S8), suggesting a 37%

2 , 2o enhancement in PL QY as compared to that of the Mn-only

= wigtn~{|{ doped DP NCs through the postsynthetic doping reaction.

‘ , - : ! : : : The PL lifetime of the sample was prolonged to 3.9 ms with

0 avene o100 Gy the emergence of a short PL lifetime component, which can be

) . o attributed to lattice defect trapping effects (Figure 3C, Figure
Figure 3. (A) Absorption spectra (solid .h“es)’ PLE spectra S7, and Table S9). Further increasing the Na-Oct precursor
monitored at the strongest PL peak (dashed lines), and PL spectra concentration resulted in the DP NC degradation (Figure S8,

(solid lines with shading) upon varying the concentration of the .
added Na-Oct precursor for the Na*/Mn** codoped Cs,AgInCl, DP Table S10), likely due to the presence of an excess amount of

ively charged carboxylate.>® In all, th Its indicated
NCs. (B) PL emission contour map of the Na*/Mn%* codoped negatively charged carboxylate.”” In all, these results indicate
. . R .
Cs,AgInClg DP NCs. (C) PL LT plots (open circles) and fitted that codoping with Na® ions results in faster Mn-dopant
curves (solid lines) of the Na*/Mn** codoped Cs,AgInCl; DP NCs diffusion dynamics and also promoted Mn>* doping to the
before (orange) and after (blue) dopant inward diffusion. (D) EPR Cs,AgInCly DP NCs with enhanced optical properties.
spectra of the Na*/Mn?* codoped Cs,AgInCl; DP NCs before Tuning Optical Properties through Surface Engineer-
(orange) and after (blue) dopant inward diffusion. ing of Na*/Mn?* Codoped Cs,AgInCl; DP NCs. Previous
studies have shown how the surface state of CsPbX; lead-
These results suggested that codoping Na* ions can accelerate halide perovskite NCs influences the postsynthetic doping and
the dopant diffusion dynamics to allow reaching homogeneous transformation processes, such as regulating the physical,
Mn?* doping equilibrium within a 24 h reaction time (vs 5 optical, and magnetic properties of the final NCs.**’
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Figure 4. (A) "H NMR spectra of the Na*/Mn** codoped Cs,AgInCls DP NC solutions following the protonation of OAm (bottom) to form
oleylammonium (top). (B) FTIR spectra of the as-synthesized Cs,AgInCl; DP NCs (orange) and Na*/Mn* codoped Cs,AgInCl; DP NCs (blue).
(C) Correlated PL QY increased with the increased level of OAm protonation (oleylammonium formation). (D) 2D-NOESY spectrum of the Na*/
Mn?* codoped Cs,AgInClg DP NCs. The black and red signals represent the positive and negative cross-relaxation rates, respectively.
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However, few publications carry out in-depth surface and
ligand state analyses of lead-free perovskite NC analogues.
Here, we conducted detailed studies on the surface states of
the lead-free DP NCs through NMR spectroscopic measure-
ments to provide insights into the correlation between
postsynthetic doping processes and surface states as well as
ligand binding/diffusion dynamics of the DP NCs in our
system.

"H NMR analysis confirmed the presence of OAm capping
ligands on the surface of the as-synthesized Cs,AgInCl, DP
NCs (Figure S9), with a characteristic broadening effect for the
NMR peak (at 3.2 ppm) of the bound a-hydrogens (denoted
as the a-peak) on the amine group (Figure 4A). As reported
previously, this characteristic a-peak is highly sensitive to the
protonation level of the OAm ligand bound to the particle
surface.”> This upfield-shifted a-peak position at 3.2 ppm
indicated that the unprotonated OAm served as the major
surface ligand on the DP NCs, consistent with the effective
removal of oleate capping ligands during the NC purification
process.””*® The addition of the Mn-OAm precursor (with
additional unprotonated amine) resulted in no further shifting
of the a-peak (Figure S9). In contrast, the a-peak gradually
shifted downfield from 3.2 to 8.3 ppm when increasing the
concentration of the added Na-Oct precursor from 0.1 to 0.5
mM in the codoping reaction (Figure 4A). This was due to the
acid—base-driven formation of oleylammonium (i.e., amine
protonation process’®) caused by the added Na-Oct precursor
containing excess free octanoic acid (Figure S11, Table S11).
Concurrently, the width of the a-peak (expressed at the full
width at half-maximum, fwhm) expanded from ~80 to ~260
Hz (Figure 4A). This a-peak broadening effect implies that the
positively charged oleylammonium species exhibit slower
tumbling dynamics than the unprotonated OAm when
bound to the DP NC surface, indicating a higher binding
affinity of oleylammonium to the NC surface.® The DP NC
surface ligands were also probed by Fourier transform infrared
(FTIR) spectroscopy measurements. As shown in Figure 4B,
the as-synthesized Cs,AgInCls DP NCs exhibited the presence
of unprotonated OAm ligands as well as free oleate (peak at
1710 cm™"), which disappeared after the purification and the
subsequent Mn-OAm postsynthetic doping (Figure S12, Table
S12). In contrast, when utilizing the Na*/Mn** postsynthetic
codoping method and subsequent purification, the DP NCs
exhibited the bound octanoate asymmetric and symmetric C—
O stretching peaks at 1584 and 1488 cm™, respectively, as well
as the C=O0 vibrational peak at 1709 cm™' (Figure 4B).
Additionally, the appearance of N—H stretching of NH;" at
3100 cm™' proved the generation of oleylammonium through
the OAm protonation and the subsequent surface ligand
coordination of the codoped NCs.****°° These FTIR results
confirmed that the DP NCs were mainly terminated by
octanoate and oleylammonium ligands.

Interestingly, a PL intensity increasing trend was observed
along with the increased level of amine protonation, which
ultimately resulted in the highest PL QY of 8.2% at a Mn
doping concentration of 0.5% (Figure 4C). We previously
reported an opposite trend of PL intensity change when
doping Mn®" ions into CsPbCl; perovskite NCs by adding
carboxylate acid (i.e., tuning the protonation level of amine
ligands) to control the degree of the Mn-precursor
activation.*> However, in this case, the Mn-OAm precursor
was premade before mixing with the Na-Oct precursor that
contained free octanoic acid. Therefore, the octanoic acid,

instead of hindering the Mn-precursor activation,” played a
minimal role in the precursor activation process. As a result,
the PL enhancement trend observed here should be explained
by two reasons: the Na-induced symmetry-breaking effect and
the Mn-doping concentration increase caused by codoping
with Na* ions as discussed above. Moreover, the oleylammo-
nium molecules generated during the amine-protonation
process in the codoping reaction can serve as effective ligands
and substituent species to passivate undercoordinated CI” sites
and Cs* vacancies on the DP NC surfaces, respectively.”>®"

To further confirm the ligand passivation mechanism, in-
depth 2D NMR analyses were performed utilizing nuclear
Overhauser effect spectroscopy (NOESY) and diffusion
ordered spectroscopy (DOSY). NOESY is an NMR technique
that offers a view of through-space interactions, which is
particularly useful for gaining insight into the bonding mode of
ligands on the NC surface. When compared to the free ligand
molecules, the ligand species that are bound to the NC surface
exhibit a prominent and positive cross-relaxation rate. This is
reflected as a positive cross peak (in relation to the diagonal
peaks) in the 2D NOESY spectrum.®’~®’ In the NOESY
spectrum of the Na*/Mn** codoped DP NC sample,
distinctive bonding peaks emerged, which can be assigned to
the a-hydrogens of the amine group (the a-peak at 8.2 ppm)
and the hydrogens on the double bond (the peak at 7.1 ppm)
of the alkene carbon chains in the ligands (Figure 4D). It is
worth noting that both of these bonding modes have been
previously reported as potential interactions for oleylamine/
ammonium species.”"** Taken together with the discussed a-
peak broadening effect, these findings suggest a higher NC
surface binding affinity of oleylammonium as compared to
OAm. Such enhanced binding can be achieved by occupying
the surface Cs*/Ag" vacancies and passivating uncoordinated
surface CI” sites of the DP NCs, in line with previous reports
for similar systems.**®'

To further prove this ligand passivation effect, the 2D DOSY
NMR technique was employed to provide a quantitative
confirmation of the enhanced ligand binding affinity. DOSY
utilizes magnetic field pulse gradients to acquire spatial
information about molecules in a solution. This information
can then be utilized to deduce the corresponding diffusion
coeficients of different molecular species.”> Free ligands
typically exhibit a higher diffusion coeflicient in comparison
with those ligands that are bound to NC surfaces. Ligands that
are weakly bound to the NC surfaces are more prone to
undergo ligand exchange interactions with the surrounding free
ligands in the solution, which can also affect the measured
diffusion coefficients.”>*°~%® For direct comparison, three sets
of samples were used for DOSY NMR measurements using
toluene-dg as the solvent: free ligands (i.e, oleylamine and
oleylammonium) to establish baseline diffusion coefficients; as-
synthesized Cs,AgInCls DP NCs passivated with unprotonated
OAm ligands; and Na*/Mn** codoped DP NCs passivated by
protonated oleylammonium ligands (Figures S13—S15). The
DOSY NMR results revealed a significant reduction in the
diffusion coeflicient of the bound OAm ligands on the as-
synthesized DP NCs with a value of 5.9 X 107" m? s7%, in
comparison to the free OAm molecules, which exhibited a
diffusion coefficient of 1.0 X 107> m? s™' (Table S13).
Moreover, for the Na*/Mn*" codoped DP NC sample, the
diffusion coeflicient of the surface-bound oleylammonium
ligands was further reduced to 2.2 X 107> m* s™!. This lower
value indicated an increased binding affinity to the DP NC
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Figure S. (A) Schematic illustration of the experimental process for post-synthetic doping to Cs,AgInCly DP NCs. (B) Purification and subsequent
ligand-mediated Mn”* cation doping mechanism. (C) Na* cation exchange mechanism, oleylammonium formation, and inward diffusion of the

Cs,AgInCls DP NCs.

surface when comparing the unprotonated OAm to the
protonated oleylammonium ligands, consistent with the
NOESY NMR results. Collectively, these 2D NMR spectro-
scopic results harmonized well with the optical data discussed
earlier, aligning with previously reported trends for perovskite-
type NCs capped with amine-based ligands.”” "
Underlining Mechanism of the Postsynthetic Doping
Reaction. The overall postsynthetic doping process is
summarized and illustrated in Figure SA. The as-synthesized
Cs,AgInCls DP NCs exhibit a CsCl surface termination with
OAm and oleate capping ligands (Figure 5B, leftmost).”"”" As
noted by Manna et al,”® perovskite NCs often form defects
within the crystal lattice structure, which then migrate to the
particle surface after the synthesis and subsequent purification
process. Specifically for Cs,AgInClg DP NCs, the CsCl surface
termination commonly leads to the thermodynamically favored
formation of Cs" and CI™ vacancies rather than disrupting the
structural integrity of internal metal halide octahedra units (i.e.,

[InClg]*~ or [AgCls]*™ octahedra).”” Moreover, the rigorous
purification process effectively removes the majority of
negatively charged oleate ligands, thereby leaving Cs* vacancies
on the particle surfaces (Figure 5B, middle left). This process
results in OAm remaining as the primary binding ligands on
the NC surfaces,” which has been confirmed by the FTIR
spectroscopic measurements (Figure 4B, Figure S12). While
these surface defect states impose limitations on the initial DP
NCs’ optical performance, they provide readily accessible
cation exchange sites (i.e, the exposed metal-chloride
octahedra with relatively weak OAm passivation) for
postsynthetic doping reactions to occur (Figure 5B, middle
right).”> Consequently, upon the introduction of the Mn-OAm
precursor, a facile cation exchange between In** and Mn**
takes place, leading to the production of Mn*" surface-doped
DP NCs.”* The excess number of OAm ligands in the reaction
solution allows for immediate ligand passivation and
substitution, and thus the doping process is achieved without
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any loss of ligands or disruption to the DP crystal lattices
(Figure SB, rightmost).

Upon adding Na-Oct precursor during the codoping
reaction (Figure SC), the free octanoic acid in the Na-Oct
precursor initiates an acid—base reaction with the OAm
(introduced via adding the Mn-OAm precursor). This reaction
yields oleylammonium and octanoate species (Figure SC,
middle left), both of which are effective in passivating the NC
surfaces. Besides, the produced oleylammonium can balance
the surface charge discrepancy generated by the dynamic
postsynthetic Mn*" doping process (replacing In®" cations).
Meanwhile, the excess negatively charged octanoate species
promote vacancy-driven metal-site doping by extracting the
surface-exposed metal cations (Ag* and In*" ions) (Figure SC,
middle left).”””> This mechanism not only facilitates the Ag’-
to-Na* cation exchange for doping Na* ions but also promotes
the Mn?* doping by enhancing the physical and electronic
flexibility of the atomic configurations on the DP NC surfaces.
Such a Mn?* doping facilitation effect was supported by the
experimental observation of the increased Mn** doping
concentration when codoping with Na* ions (Tables S1, S6,
and S7). Throughout this exchange reaction, the positively
charged oleylammonium species can not only bind ionically to
the surface-terminated CI~ sites but also fill the surface Cs*
vacancies. Meanwhile, the negatively charged octanoate ligands
stabilize the remaining surface-exposed Cs" sites and possibly
fill CI” vacancies (Figure SC, middle right). Moreover, the
coexistence of short (i.e., octanoate) and long (i.e.,
oleylammonium) carbon-chain ligands on the DP NC surfaces
mitigates the overall steric hindrance imposed by the capping
ligands. This, in turn, increases the ligand density and enhances
particle stability.”® Finally, the aging process of the Na*/Mn?*
codoped Cs,AgInCly DP NCs allows for the dopant internal-
ization from the particle surface until reaching the ultimate
thermodynamic equilibrium (Figure SC, rightmost).

B CONCLUSIONS

Our study provides a comprehensive exploration of the
postsynthetic doping and codoping processes involving Mn?*
and Na* jons within lead-free Cs,AgInCly DP NCs. Through
the incorporation of Mn® ions via a liquid—solid cation
exchange reaction followed by gradual dopant inward diffusion,
Mn?**-doped Cs,AgInCl; DP NCs are successfully engineered,
achieving a peak PL QY of 5.2%. The additional codoping of
Na* ions results in the further enhancement in PL QY, driven
by the relaxation of parity-forbidden transitions and the
effective passivation of surface defects during the codoping
reaction. Our investigation delves into the intricate passivation
mechanisms involving oleylammonium and octanoate ligands
on the DP NC surfaces, shedding light on the ligand-mediated
metal cation doping process. This study not only advances the
comprehension of postsynthetic doping and codoping
mechanisms in lead-free perovskite NCs but also introduces
a novel avenue for tailoring their optical and optoelectronic
properties. These insights enrich the evolving landscape of
perovskite nanomaterials, offering new possibilities for their
utilization in a diverse array of optoelectronic applications,
including photovoltaics, light-emitting devices, sensors, and
displays.
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