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received considerable attention due to their

extraordinary optoelectronic properties including tunable bandgaps over the entire visible spectral

region, high photoluminescence quantum yields, and narrow emission band widths. Transition metal ion
doping in cesium lead halide perovskite nanocrystals, emerging as an effective method to manipulate
the optical properties, is of vital importance for their fundamental research and applications ranging

from light-emitting diodes, solar cells, and microlasers to X-ray detection. In this review, we provide an

overview of the most recent advances in the design of transition metal ion-doped lead halide perovskite
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nanocrystals. We briefly introduce several typical strategies for effective doping of transition metal ions
in cesium lead halide perovskite nanocrystals. By virtue of transition metal ion doping, we then highlight
the manipulation of the optical properties of cesium lead halide perovskite nanocrystals, which includes

improving stability, enhancing luminescence efficiency, and tuning emission band and luminescence

rsc.li/frontiers-materials

1. Introduction

Since Protesescu reported the synthesis and optical proper-
ties of cesium lead halide perovskite nanocrystals (NCs) in
2015, the last few years have witnessed a rapid development
of cesium lead halide perovskite NCs in the fields of lumi-
nescent materials, light-emitting diodes (LEDs), solar cells,
photodetectors, scintillators and ferroelectrics."® Cesium
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lifetime. Finally, the challenges and prospects of this active research field are discussed.

lead halide perovskite NCs are usually represented by CsPbX;
(X = Cl, Br, or I) with a three-dimensional crystal structure or
Cs4PbX; (X = Cl, Br, or I) with a zero-dimensional crystal
structure. Although much progress has been made in cesium
lead halide perovskites, some baffling problems like the high
toxicity of Pb®>" and poor structural stability severely
restricted their fundamental research and applications. In
this regard, various strategies were proposed, including
adjusting their composition, exploring new reaction routes,
passivating their surface traps with organic molecules or
inorganic salts, and constructing hybrid systems with other
materials.” ' Currently, cation doping especially transition
metal ion doping is frequently proposed to tune their com-
position and optimize their optical properties for versatile
applications."*™*?
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Transition metal ions are employed to modulate the photo-
physical properties of cesium lead halide perovskite NCs by
tuning the crystal growth kinetics, changing the crystal struc-
ture, or regulating their excited-state dynamics.'®™*® Due to
the chemical properties and electronic energy level structure,
several kinds of transition metal ions are found to be suitable
for doping in cesium lead halide perovskite NCs, including
Mn**, Ni**, Cd**, Zn**, Ag®, and Cu*, to name a few.">** Among
these ions, some cations (e.g,, Mn>", Cd**) exhibit distinct
luminescence, which are utilized as ‘“optically active ions”,
while other cations (e.g., Zn>*, Ag") are usually “non-optically
active ions”. When optically active ions are doped into cesium
lead halide perovskite NCs, a new emission band may appear.
Meanwhile, the exciton emission would be decreased or
quenched due to the competition between energy transfer
and radiative recombination.?! Generally, since the radii of
these transition metal ions are smaller than those of Pb** ions,
the bandgaps of the cesium lead halide perovskite NCs usually
get wider upon doping. Correspondingly, the PL peak may blue
shift with widening the bandgap.>* Moreover, transition metal
ions may alter the near-band-edge states by eliminating the
halide vacancies on the surface. Thus, the PL intensity and
stability can be enhanced due to the elimination of these
surface trap states.*>™’

Cesium lead halide perovskite NCs have shown great promise
in versatile applications ranging from LEDs, solar cells, and
microlasers to X-ray detection."”*® Under operating conditions,
cesium lead halide perovskite NCs face substantial challenges
such as strong light irradiation, applied electric field, unba-
lanced charge-injection and transport. Doping with transition
metal ions is an effective way to improve the efficiency and
stability of these NCs to fulfill the requirements of diverse
applications.>® For example, in solar cells, transition metal ion
doping can modify the optoelectrical properties including charge
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Fig. 1 Overview of transition metal ions doped cesium lead halide perov-
skite NCs from doping strategies to optical properties manipulation.

carrier recombination rate, diffusion length and contact resis-
tance, as well as the open circuit voltage, resulting in improved
device performance in terms of power conversion efficiency and
operational stability.>***" For LED applications, transition metal
ion-doped CsPbX; NCs can function as efficient light emitters to
fabricate high-performance LEDs with higher luminance and
external quantum efficiency than their pure counterparts, by
eliminating surface defects and promoting the balance of charge
carrier mobilities.>**° So far, various transition metal ion-doped
cesium lead halide perovskite NCs have been explored for
multicolor LED applications.’****” For instance, CsPb(Cl/Br)s:
Ni**, CsPbBr;:Mn**, and CsPbl;:Zn>" were employed in blue-
emitting LEDs, green-emitting LEDs and red-emitting LEDs,
respectively.>*389

Hitherto, several critical and tutorial reviews have summarized
the development of controlled syntheses and regulation of the
optical properties of cesium lead halide perovskite NCs.>***°
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However, there have been few reviews focusing on transition
metal ion-doped cesium lead halide perovskite NCs. It is
urgent to renew the knowledge about the design of transition
metal ion-doped cesium lead halide perovskite NCs because
more new understanding or progress has been gained very
recently. Rather than being exhaustive, this review aims to
highlight the doping strategies and manipulation of the
optical properties of transition metal ion-doped cesium lead
halide perovskite NCs. This review is organized as follows
(Fig. 1). First, the doping strategies of transition metal ions
in cesium lead halide perovskite NCs are surveyed, with an
emphasis on the hot-injection method, ion exchange method
and supersaturated crystallization method. Then, the optical
properties manipulation of cesium lead halide perovskite
NCs through doping with transition metal ions is system-
atically discussed, including improving the stability, enhan-
cing the luminescence efficiency, tuning the emission band
and tuning the luminescence lifetime. Finally, emerging
trends and further efforts are proposed.

2. Doping strategies

Because of the fast nucleation and growth process of cesium lead
halide perovskite NCs, the controlled doping of transition metal
ions remains a challenge.*® Theoretically, transition metal ions can
be doped at the A-ite (Cs*) or the B-site (Pb**) of CsPbX; NCs by
in situ synthesis or post-synthesis approaches.”” Nowadays, the hot-
injection method and post-synthetic cation exchange method are
two commonly used methods for the preparation of high-quality
transition metal ion-doped cesium lead halide NCs (Table 1).
Very recently, other doping strategies including supersaturated
crystallization, ligand-assisted ultrasonication, mechanosynthesis,
host phase transition method, and modular microfluidics method
are proposed.*®*>' Supersaturated crystallization and ligand-
assisted ultrasonication are both carried out in solution at ambient
atmosphere. Supersaturated crystallization utilizes the solubility
difference of perovskite solutions in polar solvents and non-polar
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solvents.>” The ligand-assisted ultrasonication method is a versa-
tile, polar-solvent-free, single-step approach based on the direct
ultrasonication of the corresponding precursors in the presence of
organic ligands.>® Through mechanosynthesis, powder products
can be obtained without using polar solvents, where CsPbX;
NCs are prepared using a planetary ball mill with the addition of
ligands.>* The modular microfluidics method involves the injec-
tion of two or more component liquids (e.g., droplets) into capillary
channels of the automated modular microfluidic platform, where
the chemical composition and morphology of the samples can be
tailored.>"*

In this section, we will briefly illustrate the doping strategies
of the hot-injection method, cation exchange method and super-
saturated crystallization method, which were widely employed.

2.1. Hot-injection method

Cs-oleates approach. The hot-injection method was first
reported by Protesescu et al. for the synthesis of CsPbX;
NCs.' Using this method, Mn** was successfully doped in
CsPbCl; NCs by the Son group and the Klimov group, respec-
tively (Fig. 2a).>>"” In their reports, metal cation precursors
with a [Mn]/[Pb] ratio of 0.25 to 1.5 were dissolved in octade-
cene and ligands (e.g., oleic acid and oleylamine). Meanwhile,
Cs,CO; was dissolved in oleic acid upon heating to obtain
Cs-oleate solutions, which were rapidly injected into the metal
cation precursor solutions with stirring and heating at 120-
185 °C, followed by fast cooling. As a result, CsPbCl;:Mn>" NCs
with a size of ~11 nm were obtained. Currently, this approach is
the most widely reported approach for transition metal ion
doping, wherein heating favors crystallization and ligands pro-
vide effective protection for cesium lead halide perovskite NCs.
Likewise, CsPb(Cl/Br);:Mn**, CsPbBr;:Mn>" and CsPbl;:Mn*"
NCs can be prepared with the precursors of MnCl,/MnBr,,
MnBr,, and Mnl,, respectively.”® Besides conventional cesium
lead chlorides of CsPbCl; with 3D structure, Cs,PbClg NCs with
0D structure can also be readily doped with Mn”>" via the Cs-
oleate approach by decreasing the amount of injected Cs-oleates
([Pb]/[Cs] <0.5) to avoid CsPbX; impurities.>

Table 1 Typical examples for the doping of transition metal ions in cesium lead halide perovskite NCs

Reaction temperature Feed ratio Actual doping
Host Dopant Synthesis strategy (°C) ([dopant]/[Pb]) content Size (nm) Ref.
CsPbCl, Mn** hot-injection 200 1 0.6% 7.3-8.6 111
CsPb(Cly ¢Bro.4)3 Mn?** hot-injection 250 5 25% ~19 13
CsPbCly Mn** cation exchange 25 0.1 5.7% 7.2 104
CsPbCl; Mn** cation exchange 25 100 5.7% 16.7 47
CsPbl, Ni** ion exchange 25 0.5 1.38% 15 76
CsPbBr; Ni** hot-injection 180 2.5 — 14-15 17
CsPbCl, Ni** hot-injection 210 2 11.9% 8.3 78
CsPbBr; cd>* hot-injection 220 4 0.92% 84 x 16 134
CsPbBr; cd*> hot-injection 170 2 7% 10.21 81
CsPbCl; Zn** hot-injection 210 1.5 8.6% 8.4-9.73 79
CsPbBr; Zn** hot-injection 90 2 — 13.1 73
CsPbCl; cu** hot-injection 185 1.17 7% 7.0 75
CsPb(Cl/Br); Cu' anion exchange 25 ~7.3 — 10 21
CsPb(Cl/Br); cu** anion exchange 25 ~3.65 — 10 21
CsPb(Br/I); Ag' hot-injection 25 0.04 3.5% 8.1-8.4 24
CsPbBrl, Fe? hot-injection 160 0.5 2.4% 15.2-18.5 25
Cs,PbClg Mn?* hot-injection 180 0.25 23.6" 20 92
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Fig. 2 (a) Schematic illustration for the synthesis of transition metal ion-
doped cesium lead halide perovskite NCs via hot injection method based
on (a) Cs-oleates approach and (b) halide reagent approach.

To increase the doping concentration of Mn>" in cesium lead
halide perovskite NCs, the feed ratio of [Mn]/[Pb] precursors and
the reaction temperature were investigated. Specifically, when
the feed ratio of [Mn]/[Pb] precursors was increased from 1.25 to
10 at a reaction temperature of 170 °C, the Mn”>* doping
concentration can be increased from 2% to 27%.°*®" Because
Mn>" doping is a thermodynamically controlled process, a high
reaction temperature may facilitate the replacement of Pb>* with
Mn>" in cesium lead halide perovskite NCs. When the reaction
temperature was elevated from 170 °C to 210 °C with the feed
[Mn]/[Pb] precursor ratio of 10, the doping concentration of
Mn?** can be further increased from 27% to 46%.5* However,
such reaction protocols with a high feed ratio of [Mn]/[Pb]
precursors may form byproducts like CsCl or PbCl,, which
should be avoided.®***

In addition, the concentration of Cl™ in precursors is also
essential for the doping content of transition metal ions in
CsPbCl; NCs.®® For the preparation of Mn*'-doped CsPbCl,
NCs, MnCl, was found to be more efficient relative to several
other manganese salts such as Mn(Ac), (Ac: acetate), Mn(acac),
(acac: acetylacetone), or Mn(oleate),. The main reason is the
similar bond dissociation energy of Mn-Cl (338 kJ mol ") and
Pb-Cl (301 kJ mol").”” Despite this, the doping efficiency of
Mn*" is relatively low, where the precursor with a [Mn]/[Pb]
ratio of 1.5 may only result in ~0.2% Mn”* in the obtained
CsPbCl;:Mn*" NCs.>® To promote the effective doping of Mn**
in cesium lead halide NCs, a chloride-rich high-temperature
reaction was designed, where several chloride chemicals like
alkylamine hydrochloride, trimethylchlorosilane, or CuCl, was
used along with Mn>" salts such as Mn(Ac), or MnCl,."%%6%¢7
By employing alkylamine hydrochloride, the doping content of
Mn®>" in the obtained CsPbCl;:Mn>* NCs can be as high as 1.3%
with a low [Mn]/[Pb] precursor ratio of 0.05. In another report,
trimethylchlorosilane was used to promote the formation of
both octahedral structural units [PbCls]*~ and [MnCle]*~ in the
solution before Cs* injection. Correspondingly, the Mn>" doping
content was determined to be 10.3% in the obtained
CsPbCl;:Mn>* NCs with a [Mn]/[Pb] precursor ratio of 1.0.

The as-prepared transition metal ion-doped CsPbX; samples
are usually cube-shaped NCs. To tune their morphology, a

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Fig. 3 (a) Schematic illustration of the formation of CsPbCls:Mn?* nano-
plates from layered perovskites LpPb; ,Mn,)Cls, wherein L is n-butyl-
ammonium and oleylammonium ions. (b) Schematic illustration shows
Mn2* concentration in the reaction mixture with different sizes of
CsPbClz:Mn?* NCs. Transmission electron microscopy (TEM) images of
(c) undoped and (d)—(f) Mn?*-doped CsPbClz nanoplates based on differ-
ent [Pb]:[Mn] precursor ratios. (g) Schematic shows the synthesis of
CsPbCls:Mn?* nanoplates. OA, OLA, and ODE refer to oleic acid, oleyla-
mine, and 1-octadecene, respectively. (h) TEM image of CsPbCls:Mn?*
nanoplates lying flat on the TEM grid. Inset shows a magnified view. (i) TEM
image of self-assembled CsPbCls:Mn?* nanoplates lying perpendicular to
the TEM grid. (a)—(f) Reproduced with permission from ref. 68. Copyright
2019, American Chemical Society; (g)—(i) reproduced with permission
from ref. 69. Copyright 2020, American Chemical Society.

thermal conversion strategy was explored to synthesize CsPbCl;
nanoplates.®®”" As a typical example, Das Adhikari et al
demonstrated that CsPbCl;:Mn>" nanoplates with tunable size
can be obtained through thermal conversion from Mn**-
contained layered perovskites.’® In their report, butylammo-
nium chloride, PbCl,, MnCl, and ligands were dissolved at
160 °C in octadecene under heating and then cooled down to
100 °C to form L,Mn,Pb; ,Cl, (L = n-butylammonium and
oleylammonium ions) layered perovskites. Then, a hot solution
of Cs-oleates was injected. Upon heating at 230 °C, L,Mn,-
Pb,_,Cl, was converted to CsPbCl;:Mn>*" nanoplates (Fig. 3a).
Through adjusting the feed [Mn>*)/[Pb**] precursor ratio from 0
to 1, the size of the final CsPbCl;:Mn”" nanoplate can be tuned
from 580 nm to 20 nm, while the thickness of the platelets
remained essentially unchanged (~5 nm) (Fig. 3b-f).

To circumvent the cumbersome procedures for preparing
the layered perovskite of L,Mn,Pb, ,Cl,, a convenient strategy
was proposed to directly synthesize Mn**-doped CsPbCl; nano-
plates by utilizing Cl -rich precursors to confine the nanocrys-
tal growth at the lattice face (001).>! To dissolve the metal
chloride precursors in solutions for high CI™ content, polar
solvents like N,N-dimethylformamide (DMF) or dimethyl sulf-
oxide (DMSO) were employed, wherein HCl, PbCl, and MnCl,
were dissolved to prepare Cl -rich precursors solution. Such a
solution was then injected into a toluene solution containing

Mater. Chem. Front., 2024, 8,192-209 | 195


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3qm00691c

Open Access Article. Published on 23 September 2023. Downloaded on 1/24/2026 5:31:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Chemistry Frontiers

Cs-oleates, followed by adding acetone (Fig. 3g). As a result,
CsPbCl;:Mn*" nanoplates with a thickness of 2.3 nm were
obtained, corresponding to four monolayers of CsPbCl; (Fig. 3h
and i). Inspired by this work, CsPbCl;:Mn”* with hexapod struc-
ture was prepared based on oleylamine hydrochloride.>*"

Similar to Mn** doping, the hot-injection method was also
applied for the doping of other transition metal cations (e.g.,
Ni**, zn**, cd*', cu**, Cu”, Ag", Ti**, and Fe*") in cesium lead
halide perovskite NCs.'***°%7>781 gpecifically, copper ion exhi-
bits oxidation numbers of +1 and +2. Generally, Cu** can be
readily doped in CsPbX; (X = Cl, Br, I or mixture) NCs.®>*>%* By
employing reductive reagents such as trioctylphosphate in the
solution, Cu" can be doped into CsPbCl; NCs.””

Interestingly, the selection of transition metal precursors
may result in different doping sites of transition metal ions in
CsPbX; NCs. In a recent report, two kinds of Zn>* doping sites
were achieved in CsPbl;:Zn*" NCs. Specifically, it was discovered
that Zn** dopants may substitute the Pb>" site in CsPbl; using
Znl, precursors, which improved the local ordering of the lattice
and reduced the octahedral distortions as confirmed by X-ray
absorbance fine structure spectra and X-ray absorption near-
edge structure spectra.®® Nevertheless, using non-halide zinc
salts (e.g., zinc acetylacetonate) may lead to doping of Zn>" in
the interstitial sites, thus causing lattice expansion as confirmed
by the powder X-ray diffraction (XRD) patterns and pair distribu-
tion function analyses.>®
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Halide reagent approach. In the above-mentioned Cs-oleates
approach, Cs,CO; and metal cations precursors have to be
separately dissolved upon heating. Alternatively, a convenient
approach named the “halide reagent approach” was proposed
by avoiding the separate preparation of hot Cs-oleate and metal
cation solutions. Typically, Cs,CO;, Pb(Ac), and transition
metal acetates are dissolved in hot octadecene with ligands of
oleic acid and oleylamine to form a cation precursor solution,
into which halide reagents such as hydrogen chloride, benzoyl
chloride, phenylphosphoryl chloride, or trimethylchlorosilane
are injected to synthesize transition metal ion-doped cesium
lead halide perovskite NCs (Fig. 2b). In this approach, it is facile
to manipulate the chemical composition of [X]/[Pb] in the
obtained CsPbX; NCs, because of the separation of B-site ions
(e.g., Pb*>", Mn>*) and halide ions (e.g;, ClI", Br, I7) in the
precursors.

Since the bromide reagents and iodide reagents (e.g., ben-
zoyl bromide, benzoyl iodide) are usually more volatile, corro-
sive and highly reactive than chloride reagents (e.g., benzoyl
chloride), such an approach using halide reagents was mainly
applied for the synthesis of transition metal-doped CsPbCl;
NCs. Benefiting from the benzoyl group or phenylphosphoryl
of a halide reagent attached to the surface of NCs, the as-
prepared transition metal-doped CsPbCl; NCs often exhibited
high photoluminescence quantum yield (PLQY) (>60%) via
this approach.®>®® By contrast, the as-synthesized transition
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Fig. 4 (a) Crystal structure of rhombohedral Cs4PbClg and the crystallographic site for Mn2* dopants. PL photographs of Cs4PbClg NCs dispersed in
cyclohexane under 304 nm ultraviolet lamp irradiation are presented. (b) XRD patterns of Cs4PbClg:Mn?* NCs with different Mn?* doping concentrations.
Bottom lines represent the standard XRD pattern of rhombohedral Cs4PbClg (JCPDS No. 76-1530). The enlarged 260 range (22°-28°) of XRD patterns
shows a monotonic shift of the diffraction peaks with increasing the Mn?* concentration. (c) TEM image, (d) high-resolution TEM image, (e) selected area
electron diffraction pattern, (f) scanning transmission electron microscopy (STEM) image, and (g)—(k) corresponding elemental mappings (Cs, Pb, Mn, and
Cl) of Cs4PbClg:Mn?* NCs. Reproduced with permission from ref. 92. Copyright 2019, Wiley-VCH Verlag GmbH | Co. KGaA, Weinheim.
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metal-doped CsPbCl; NCs through Cs-oleates approach often
suffer from relatively low PLQY (~ 5%).5”*® Based on the halide
reagent approach, CsPbCl;:Cd** and CsPbCl;:Mn*" NCs with
highly efficient emissions were obtained.?™*

By virtue of the flexible regulation of the precursor ratio of
halide ions and metal ions, we have synthesized Mn>*-doped
rhombohedral phase Cs,PbCls NCs (Fig. 4).°> Typically, benzoyl
chloride was injected into a hot solution containing CsCOs;,
Pb(Ac), and Mn(Ac), with a [benzoyl chloride]/([Pb] + [Mn]) ratio
of 6. Benzoyl chloride may release chloride ions very fast at high
temperatures. It was discovered that a high [CI]/[Pb] ratio
may be the key to obtaining pure Cs,PbClgaMn>* NCs without
the impurities of CsPbCl,. The actual doping concentration of Mn>*
in the as-synthesized NCs was tuned from 0.7 mol% to 23.6 mol%
by increasing the precursor ratio of [Pb]/[Mn] in the solution. The
successful doping of Mn?* into the Cs,PbClg lattice can be con-
firmed by the PL spectra and XRD patterns (Fig. 4a and b). As
shown in the TEM images, the as-prepared Cs,PbClg:Mn*" NCs
exhibited a hexagonal shape (Fig. 4c—e), which is markedly different
from the well-established CsPbCl;:Mn** NCs. Elemental mapping
images indicated that Mn®* ions were distributed uniformly in the
obtained NCs (Fig. 4f-k), further confirming the successful doping
of Mn** in the host lattice.

2.2. Ion exchange method

In the above-mentioned hot-injection method, doping with
transition metal ions is carried out with in situ synthesis of the
halide perovskite host. As an alternative, doping with transition
metal ions can be achieved by a post-synthesis strategy such as
ion exchange. The ion (cation or anion) exchange method allows
access to a variety of composition and shapes which are not
easily attainable through the direct synthesis method.”*®” For
transition metal ion-doped cesium lead halide perovskite NCs,
ion exchange generally proceeds in non-polar solutions contain-
ing transition metal ion salts (e.g., MnBr,, ZnBr,) and cesium
lead halide perovskite NCs. It was demonstrated that halide ion
exchange was very efficient and fast in the synthesis of cesium
lead halide perovskite NCs.’® However, cation exchange in early
reports usually led to the decomposition of the host NCs when
exchanging Cs* or Pb** with other guest cations (Rb*, Ag*, Cu",
Ba®*, Sn**, Ge**, or Bi**) in CsPbX; NCs, because the perovskite
crystal structure was stabilized primarily by the rigid [PbX]*~
cationic sublattice. As such, the unbalanced rates of extraction of
Pb** and incorporation of the guest cations resulted in the
collapse of the CsPbX; NCs.”®

To enable the cation exchange of transition metal ions in
CsPbX; NCs, van der Stam et al. proposed a kinetically con-
trolled method, wherein Pb>" ions were partially replaced by
divalent cations (e.g., Sn>*, Cd**, and Zn>") in CsPbBr; NCs with
a doping content of less than 16% (Fig. 5a).°° In their work, an
oleylamine solution containing metal halides of MX, (e.g,
ZnBr,) was mixed with a CsPbBr; NC solution with [M**]/[NC]
ratio varied between ~8000 and ~ 300 000. Oleylamine in the
solution would aid the formation of halide vacancies on the
surface of CsPbX; NCs. Such halide vacancies can be occupied
by MX,, followed by the breaking of the bonds between the
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Fig. 5 (a) Schematic illustration of partial cation exchange of host Pb?*
with guest M2* ions (M = Mn, Zn and Cd) in CsPbBrz NCs. (b) Quantitative
high-angle annular dark-field STEM images of CsPbBrs, CsPbBrs:Cd** and
CsPbBrs:Zn*. Reproduced with permission from ref. 99. Copyright 2017,
American Chemical Society.

surface PbBr, and the CsPbBr; NC. Thus, the Pb** cations on
the surface can be exchanged by the M** guest cations. The
obtained M**-doped CsPbBr; NCs essentially maintained the
size and shape as those of the pristine CsPbBr; NCs (Fig. 5b).
By adopting other transition metal halide salts, this method
was successfully applied to the doping of Mn**, Zn** and Ni*" in
CsPb(Br/Cl); or CsPbl; NCs.'°°'°* However, such a cation
exchange reaction usually takes a long time (>16 h) because
the surface exchange rate and diffusion fluxes for both the
outgoing Pb>* and the incoming M>" cations are slow.

It was demonstrated that surface ligands played an impor-
tant role in the cation exchange reaction.'® As such, several
ligands were explored to accelerate the exchange rate of Pb>* by
transition metal dopants through substantial reduction of the
activation energy for the formation of B-site vacancies.'**'*
Utilizing surface ligand exchange with the formation of Lewis
acid/base pair, the halide ions attached with Pb*" can be replaced
with ligand anions like carbonate. Then, Pb** can be removed for
exchange with transition metal dopants. As a typical example,
Yang et al. proposed a surface-ligand-exchange-inspired dynamic
ion exchange method to accelerate the ion exchange of Pb>" with
Zn*" in CsPbBr; NCs.'*® Generally, the surface of CsPbBr; NCs is
Cs-Br terminated or Br-R-NH," terminated (R is the bulky organic
component). Thus, zinc ethylhexanoate (Zn(Oct),) was employed
to promote the departure of surface R-NH," ligands and halide
ions, followed by the formation of the surface ion pair Pb-Oct.
Such Pb-Oct ion pair was then exchanged by the dopant pair of
Zn-Oct on the surface of CsPbBr; NCs. Such an ion exchange
process can be accomplished within serval hours by the ongoing
cation diffusion procedure.

Besides the surface ligands, anions were also revealed to
promote cation exchange. Compared with cation exchange in
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cesium lead halide perovskite NCs, anion exchange is much
faster. For example, the anion exchange of Br~ with CI™ in
CsPbBr; NCs can be readily achieved due to the breaking of the
Pb-Br bond and the formation of a Pb—-Cl bond. Hence, utiliz-
ing the anion exchanged to open up the rigid [PbXe]'~ may
favor the cation exchange. To exemplify this, Huang et al
dissolved MnCl, in DMF, which was dropped into a toluene
solution containing CsPbBr; NCs for the synthesis of Mn>'-
doped CsPb(Cl/Br); NCs.®> They attributed the success of
halide-exchange-driven cation exchange to two prerequisites:
(i) diffusion of MnCl, into the CsPbBr; NC lattice, and (ii)
simultaneous existence of halide exchange and cation exchange
between MnCl, and CsPbBr; NCs. Such a cation exchange
process is rapid that can be finished within half an hour.

Initially, the method of halide-exchange-driven cation
exchange was mainly applied to CsPbBr; NCs through direct
mixing with dopant salts and ligands. Nevertheless, it was
discovered that such a cation exchange may not be achieved
in CsPbCl; NCs by directly mixing with MnCl, or MnBr,.""”
Fortunately, under light irradiation, cation exchange was rea-
lized in a dichloromethane (CH,Cl,) solution containing
CsPbCl; NCs and transition metal ion salts. The exchange rates
can be controlled by excitation light intensity and lasting time.
Such a kind of cation exchange is also called “photo-induced
doping”, which benefits from the process called “self-anion
exchange” occurring under light irradiation on the surface of
CsPbCl; NCs in CH,Cl,. Thus, it provides a convenient and
universal approach for doping the surface of CsPbCl; NCs with
transition metal ions. For example, surface doping of several
transition metal ions such as Cu®", Zn?', or Cd*" in CsPbCl,
NCs was realized, based on the slow diffusion rate of these
transition metal ions in the CsPbCl, lattice.>!*08109

2.3. Supersaturated crystallization method

Supersaturated crystallization was also called “ligand-assisted
reprecipitation”.'*° In principle, it was induced by a change in
solubility by mixing Cs”, Pb*>" and transition metal precursors
in a “good solvent” (high solubility) into a “poor solvent” (low
solubility) with ligands at room temperature. The “good sol-
vents” are generally polar solvents such as DMF, DMSO or
acetonitrile, while “bad solvents” are weak-polar or non-polar
solvents such as toluene, chlorobenzene, etc.

For the preparation of Mn”>*-doped CsPb(Br/Cl); NCs, a
solution containing high concentrations of CsBr, PbBr,, MnCl,
and ligands in DMF was dropped into toluene with ligands
such as oleic acid. Thereafter, CsPb(Cl/Br);:Mn>" NCs were
formed in the mixture solution (Fig. 6a).”> With increasing
the ratio of [MnCl,]/[PbBr,] from 0 to 7.5, the Mn** concen-
tration in the as-prepared CsPb(Cl/Br);:Mn** NCs can be ele-
vated to 37.7%. However, the length of the as-prepared CsPb-
(C1/Br);:Mn** NCs remained at ~ 11 nm under different feeding
ratios of [MnCl,)/[PbBr,] (Fig. 6b-e). High-resolution TEM
image of the as-prepared CsPb(Cl/Br);:Mn*" NCs indicated an
interplanar distance of 0.56 nm, corresponding to the (100)
plane of CsPb(Cl/Br); (Fig. 6¢). Theoretically, this method does
not require heating when the temperature is higher than the
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Fig. 6 (a) Schematic illustration of supersaturated crystallization method.
TEM images of (b) CsPbBrs NCs and CsPb(Cl/Br)s:Mn?* NCs with Mn/Pb
molar feed ratios of (c) 2.0, (d) 5.0, and (e) 7.5, respectively. Insets show
their PL photographs dispersed in cyclohexane under ultraviolet lamp
irradiation. Reproduced with permission from ref. 52. Copyright 2017,
American Chemical Society.

melting point of the solvents (the melting points of DMSO and
DMF are 19 °C and —61 °C, respectively). Thus, the preparation
process is time-saving without cumbersome heating and cool-
ing processes.

Moreover, due to the wide choice of solvents and ligands in
this approach, the composition and morphologies of transition
metal ion-doped cesium lead halide perovskite NCs can be readily
manipulated. For instance, CsPbBry;:Mn*" NCs and magic-sized
clusters (MCS) with a size of 300 nm can be prepared based on the
ligand of benzoic acid (BA) and benzylamine (BZA).""" Specifically,
MnCl, or MnBr, was dissolved in DMF containing BA and BAZ,
with a [BA]/[Pb] ratio of 30. The DMF solution was then injected
rapidly into toluene with vigorous stirring at a [DMF]/[toluene]
volume ratio of 1:10. At a relatively low [BA]/[Pb] concentration
ratio of 12, CsPbBr;:Mn>" NCs with ~12 nm can be obtained.
Nevertheless, the remaining small amount of DMF may be
detrimental to CsPbBr;:Mn>" NCs, because the CsPbBry;:Mn**
NCs were unstable in DMF. In this regard, Xu et al. developed a

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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DMF-free method to obtain CsPbCl;:Mn** NCs. Toluene instead
of DMF was used to dissolve CsAc, Pb(Ac),, Mn(Ac), and ligands.
After adding HCI into the toluene solution, CsPbCl; Mn*" NCs
were precipitated.’'®'"® Similarly, Pan et al also reported the
synthesis of Ni**-doped CsPb(Cl/Br); NCs.""*

3. Optical properties manipulation

Through the above-mentioned methods, transition metal ion-
doped cesium lead halide perovskite NCs can be prepared, where
their optical properties can be manipulated via changing the
experimental conditions like reaction time, reaction temperature
and concentration of the precursors. Specifically, the size, mor-
phology and surface of the NCs may be readily tuned via the hot
injection method.'*® In the ion exchange method, the composi-
tion of the samples obtained is adjustable while maintaining the
morphology. As a result, the PL intensity, emission band or PL
lifetime of the transition metal ion-doped cesium lead halide
perovskite NCs can be manipulated.’'® In the supersaturated
crystallization method, it is difficult to finely control the mor-
phology due to the rapid precipitation. Consequently, the PL
peak of the obtained products may be relatively broad.*

In this section, we will survey several typical strategies
regarding the manipulation of optical properties of cesium
lead halide perovskite NCs by doping them with transition
metal ions, in order to improve their stabilities, enhance their
luminescence efficiency, and tune their emission band or PL
lifetime.

3.1. Improving stability

The applications of cesium lead halide perovskite NCs are
severely limited by their poor intrinsic stabilities, which are
mainly associated with the low formation energies of perovskite
lattices."’” Particularly, cesium lead halide perovskite NCs are
prone to deteriorate when in contact with moisture in the air.
Moreover, it was reported that heat, oxygen, ultraviolet (UV)-
light irradiation, strong sunlight irradiation, and electronic
field may accelerate this process.''® These concerns greatly
motivate the exploration of transition metal ion-doped cesium
lead halide perovskite NCs, aiming to overcome the poor
stability of cesium lead halide perovskite NCs."***?°

Among the CsPbX; (X = Cl, Br, or I) NCs, CsPbl; NCs exhibit
the worst stability due to the large ion radius of the I ion
compared with Br~ and Cl~ ions."*® It was proved that I~ ions
with a large radius may easily induce lattice distortion as well as
phase transformation.’*" Furthermore, the crystal structural
variation of CsPbl; NCs may significantly affect their PL proper-
ties. In particular, CsPbl; in cubic-phase (0-CsPbl;, E, = 1.73 eV)
exhibiting excellent optical performance is prone to be trans-
formed to an orthorhombic phase (3-CsPbl;, E, = 2.25 eV) with
the poor optical performance. Thus, it is critical to maintain the
framework of a corner-sharing [Pbls]'~ octahedron in o-CsPbl;.
Nevertheless, due to the ionic nature of the CsPbl; NC lattice,
the surface halide vacancy would accelerate the breakdown of
CsPbI; NCs. To overcome such an obstacle, several research
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groups doped small radius ions like Mn**, Zn** or Ni*" in
CsPbI; NCs to suppress the rotation of [Pblg]*~ octahedra by
enhancing the energy barrier. Such cation doping induces
lattice contractions and the Goldschmidt tolerance factor incre-
ments, thus making the CsPbI; NCs more stable in the cubic
phase.”” As a representative example, CsPbI;:Mn>" still exhibited
bright emissions after storage in toluene for more than 30 days,
while the undoped CsPbl; counterparts exhibited weak emis-
sions after several days.’®

In addition to colloidal CsPbX; NCs, the stability of CsPbX;
NCs-based films can also be substantially improved by doping
with transition metal ions. When preparing CsPbl; NCs-based
films, the loss of ligands during the washing process may result
in iodine vacancy (V;) defects, which would accelerate the phase
transition process.35 However, the formation energy of V; defects
can be enhanced by transition metal ions doping, enabling the
reduction of V; defects and inhibiting phase transition. It was
reported that the PLQY of CsPbl;:Zn** films maintained 80% of
its initial value after 10 days (Fig. 7a and b).®* In contrast, the
emission of pure CsPbl; films disappeared completely after
10 days. As shown in Fig. 7a, the optimal improvement of stability
can be achieved with doping of 5 mol% Zn>" in CsPbl; NCs.

Compared with mono-halide CsPbX; NCs mentioned above,
mixed halide CsPbX; NCs such as CsPb(Br/Cl); and CsPb(Br/I);
NCs suffer from severe problems of halogen segregation. To
solve this issue, Cu®" ions with a relatively small radius (0.72 A)
were proposed to partly replace Pb** ions in the lattice of
CsPbBrlI, NCs, in order to enhance the bond strength of Pb-
halides and suppress the halogen segregation (Fig. 7c).'*?
Specifically, the emission color of pristine CsPb(Br/I); NC-
based films gradually changed from red to green after 2 days,
which originated from the halogen segregation of CsPb(Br/I)3
NCs into o-CsPbl;, 6-CsPbl; and CsPbBr; NCs. Nevertheless,
CsPbBrl,:Cu** NCs maintained bright red luminescence for
more than 15 days.

To shed more light on the mechanism of ionic migration
suppression of mixed halide CsPbX; NCs by transition metal
doping, Chen et al. investigated lattice stabilization in CsPb(Br/I);
NCs by doping with Ni** ions.”” For pristine CsPb(Br/I); NCs,
the PL spectra evolved from one peak (587 nm) to three peaks
(610 nm, 521 nm, and 667 nm) after 300 min, and the emission
color changed from red to white. With the incorporation of Ni**
in CsPbBr; 51,5, such emission color variability was greatly
inhibited as shown in the Commission Internationale de
I’Eclairage (CIE) 1931 chromaticity diagram (Fig. 7d), indicative
of the effective improvement of photostability. To reveal the
mechanism, they illustrated CsPbBr;:Ni*" as a model. Accordingly,
ion migration in CsPbBr; can be described by a series exchange
of Br~ with neighboring bromide vacancy (Vg,), which were
marked as P1, P2 and P3. After Ni** doping, the transition
states of Vg, hopping from P1 to P2 and from P2 to P3 were
determined to be 0.318 eV and 0.408 eV, respectively, both of
which are higher than the value (0.26 eV) in pure CsPbBr;.
Correspondingly, Vg, hopping toward Ni** ion was forbidden in
energy, resulting in a repulsion effect on the migrating Vg, and
reducing the Vg, migration channels. Consequently, the Vg,
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Fig. 7 (a) PL photographs and (b) normalized PLQYs for a-phase CsPbls

and CsPbls:Zn?* NCs films as a function of aged days. (c) PL photographs
of Cu?"-doped CsPb(Br/l)s NCs under UV illumination during 15 days.
(d) CIE 1931 chromaticity diagram for CsPb;_4Ni,Bryslis with different x
values upon different measurement time from 0 to 300 min. (e) Schematic
illustration of the repelling effect of Ni°* on the moving Vg,. Compared
with pure CsPbBrs, the repelling effect reduces the ionic migration
channels and lengthens the migration path. (f) Temperature-dependent
PL intensities for excitonic luminescence of CsPbBrs:Mn2* (4.3 mol%) and
pure CsPbBrs NCs via three heating/cooling cycles at 100, 150, and
200 °C, respectively. (a) and (b) Reproduced with permission from
ref. 80. Copyright 2021, Wiley-VCH Verlag GmbH | Co. KGaA, Weinheim;
(c) reproduced with permission from ref. 105. Copyright 2019, Elsevier;
(d) and (e) reproduced with permission ref. 77. Copyright 2022, Wiley-VCH
Verlag GmbH | Co. KGaA, Weinheim; (f) reproduced with permission ref.
39. Copyright 2017, American Chemical Society.
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migration length in CsPbBr; was increased after Ni** doping,
leading to long-range lattice stabilization (Fig. 7e). They system-
atically compared Ni** with Zn>" and Bi*" for the ionic migra-
tion suppression effect, which indicated that the coupling
between partially filled 3d orbital of Ni** and Pb 6s-Br 4p
antibonding states is the key to lattice stabilization. Such
coupling can passivate the active Pb 6s” lone-pair electron
and enhance the chemical bond strength in surrounding Pb-
Br octahedra, thus facilitating long-range lattice stabilization.

Because of the intrinsically low formation energies of per-
ovskite lattices, the thermal stability of cesium lead halide
perovskite NCs is another critical issue that needs to be
addressed. Doping with transition metal ions may effectively
engineer the local structure of cesium lead halide perovskite
NCs, which improves their thermal stability by enhancing the
formation energies of perovskite lattices. For instance, we doped
Mn®" in CsPbBr; NCs, which displayed better thermal stability
relative to the pristine CsPbBr; counterparts.** We compared the
temperature-dependent PL spectra of pristine CsPbBr; and
CsPbBr;:Mn*" NCs by gradually heating them from 25 °C to
higher temperatures (100, 150, and 200 °C) and then cooling
them to 25 °C. Subsequently, the PL spectra at 25 °C were
monitored (Fig. 7f and g). It was found that the room-
temperature PL intensities for CsPbBr;:Mn** can retain about
120% of their initial intensities undergoing three heating and
cooling cycles at 100, 150, and 200 °C, which is superior to their
undoped counterparts. Hitherto, the enhancement in thermal
stability has also been achieved in Mn**-doped CsPbCl; NCs,
Cd**, Co** or zn**-doped CsPbBr; NCs, and Ni**, Zn**, or Mn**
doped CsPbI; NCs, respectively,3>76:109:123,124

Note that the thermal stability of cesium lead halide perov-
skite NCs was closely associated with defect or trap states.
To this regard, Ni*" doping was proposed, which was demon-
strated to reduce the defect or trap states of CsPbCl; NCs
to improve their thermal stability.'*® After Ni** doping,
the thermal activation energy was increased from 58.7 meV to
82.6 meV, which effectively alleviated the thermal quenching of
CsPbCl; NCs. Correspondingly, the thermal quenching tem-
perature was improved from 280 K for CsPbCl; NCs to 360 K for
CsPbCl;:Ni** NCs.

3.2. Enhancing luminescence efficiency

The development of cesium lead halide perovskite NCs with
excellent luminescence efficiency is a key prerequisite for their
practical applications. However, small-sized CsPbX; NCs often
suffer from low PLQYs. Thus, enhancing the luminescence
efficiency of cesium lead halide perovskite NCs is an important
goal in promoting their fundamental research and applications.
Several studies have revealed that doping with transition metal
ions may surmount this problem through tuning of near-band
edge states or local structures. Hitherto, a series of transition
metal ions including Ni**, Mn®*, Cu**, and Zn** have been widely
explored to improve the PLQY of CsPbX; NCs at different
spectral regions, such as CsPbCly:Ni**,Pr’* NCs with near-
infrared (NIR) emission, CsPbl;:Zn>" with deep-red emission,
CsPbCl;:Ni** ,Mn?*,Zn*" NCs with red emission, CsPbBr;:Zn**

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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with green emission, CsPbBr;_,Cl:Cu*" NCs and CsPbBr;_,
CL:Mn** NCs with blue emission, and CsPbCl;:Zn*" with violet
emiSSiOn.23’35'37'79’83’126_130

Compared with CsPbBr; NCs, the PLQYs of CsPbCl; and
CsPbl; NCs are relatively low.*® Benefiting from the suppres-
sion of defect states by doping with transition metal ions, the
PLQY of CsPbl; NCs can be effectively improved, as revealed by
Li et al. through Zn*>* doping.*® In their work, zinc non-halide
compounds including zinc acetylacetonate (Zn(acac),), zinc
acetate (ZnAc,) or zinc stearate (ZnSt) were employed as pre-
cursors for doping of Zn>" in CsPbl; NCs. The as-prepared Zn>*-
doped CsPbI; NCs displayed stronger red emission than the
undoped CsPbl; NCs, owing to the increased electron-hole
radiative recombination after Zn®>" doping. Specifically,
CsPbl;:Zn*" prepared from Zn(acac), exhibited a PLQY as high
as 76%, which was 120% enhancement relative to that of the
undoped CsPbl; counterparts (Fig. 8a and b). On the basis of
the absorption spectra, PL decays, and space-charge-limited
current measurements for pristine and Zn>*-doped CsPbl; NCs,
it was confirmed the density of the localized defect states near
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Fig. 8 (a) PL spectra of pristine and Zn®*-doped CsPbls NCs and their PL
photographs under UV lamps. (b) PLQYs of pristine and Zn?*-doped
CsPbls NCs. Schematic illustration of radiative and nonradiative recombi-
nation of CsPblz NCs (c) before and (d) after Zn?>* doping. CB and VB refer
to conduction band and valence band respectively. (e) Schematic illustra-
tion of Ni?* doping in CsPbCls; NCs to achieve near-unity PLQY.
(f) Absorption and PL spectra of undoped and Ni** doped CsPbCls NCs.
Insets show the photographs of NC solution under UV (365 nm) illumina-
tion. (a)—(d) Reproduced with permission from ref. 36. Copyright 2020,
Royal Society of Chemistry (United Kingdom); (e) and (f) reproduced with
permission from ref. 78. Copyright 2018, American Chemical Society.
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the band edge decreased after Zn>" doping, thus effectively
inhibited nonradiative recombination rate and enhanced the
PLQY of CsPbI; NCs (Fig. 8c and d).

Moreover, transition metal dopants may improve the PLQY
of cesium lead halide perovskite NCs by tuning the population
of band edge states. For example, Ti** ions were demonstrated
to introduce more band edge states around the conduction
band minimum of CsPbCl;, favoring the release of electrons
into the conduction band.”* As a result, the PLQY of CsPbCl;
was markedly improved from 0.08% to 48.4%. In another work,
Wu et al. proposed that the transition from the T, energy level
of Cu”" to the conduction band of CsPb(Cl/Br); NCs promoted
the recombination of excitons via the radiative pathway, thus
effectively enhancing the PLQYs of CsPbCl; NCs from 3% to
51%.%

In addition to near band edge states tuning, the doping with
transition metal ions may also engineer the local structure of
cesium lead halide perovskite NCs to improve their lumines-
cence efficiency. A typical example is Ni** doping in CsPbCl,
NCs, where NiCl, was employed as a dopant precursor.”® As a
result, the PLQY of CsPbCl; NCs can be increased from 2.4% to
96.5% (Fig. 8e and f). It was confirmed that doping of Ni*" ions
substantially removed the structural defects of V¢, resulting in
improved short-range order of the perovskite lattice. Similarly,
De et al. reported that Cu’ doping may increase the PLQY of
CsPbCl; NCs from 0.5% to 60%.”° They attributed the signifi-
cant PLQY enhancement to the rectifying octahedral distortion
of the crystal and the passivation of V¢, on the surface.

Furthermore, doping with transition metal ions can be
utilized to strengthen the quantum confinement effect through
engineering the local structure of cesium lead halide perovskite
NCs, thus improving their luminescence efficiency. It was
demonstrated that Mn** doping with a molar concentration
of 3 mol% in CsPbCl; NCs significantly increased their PLQY
from 0.5% to 26%, due to the formation of a Ruddlesden-—
Popper structure in CsPbCl; NCs."*' In these CsPbCl;:Mn**
NCs, the excitons were confined to the subdomains separated
by the Ruddlesden-Popper structure. Such quantum confine-
ment favored the enhancement of the exciton oscillator
strength, which contributed to the prominent exciton reso-
nance in CsPbCl;:Mn** NCs, thus enhancing the excitonic
emission.

3.3. Tuning emission band

Since the valence band maximum (VBM) of cesium lead halide
perovskites is formed by the mixing of halide p-orbitals and metal
s-orbitals, the change of composition and crystal structure by
doping with transition metal ion may affect their bandgap (E,) as
well as the luminescence emission band.**'** In addition,
several transition metal ion dopants can serve as activators in
cesium lead halide perovskite NCs to donate new emission bands.

In CsPbX; NCs, it was reported that replacing Pb®" (r = 119 pm)
with smaller transition metal ions such as Cd** (= 95 pm), or Zn**
(r =74 pm) led to blue shifting of the emission band due to the
lattice contraction. Specifically, CsPbBr;:Cd*>" and CsPbBr;:Zn>*
NCs exhibited blue emissions, which are 50-60 nm blue-shifted
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relative to the green-emitting CsPbBr; NCs.”>'**'** Similarly, the
PL peak of CsPbl; NCs was tuned from 690 nm to 676 nm after
doping of Zn>" ions.*

Recently, we proposed a facile strategy to design efficient
UV-emitting cesium lead halide perovskites by engineering
the E, of CsPbCl; NCs.*” Benefiting from the doping of Cd*"
in CsPbCl; NCs, we demonstrated that their bandgap can be
tuned from the visible region into the UV region with the
emission peak at 381 nm (Fig. 9a and b). Cd*" doping induced
lattice contraction as confirmed by XRD patterns. According to
theoretical calculations based on density functional theory, the
Cd** orbital caused little changes in the orbital composition
near the Fermi level. Nevertheless, Cd*" doping increased the
bonding interactions between the Cd-5s and CI-3p states,
resulting in the broadening of E, (Fig. 9c).

Another common strategy for emission band tuning of
cesium lead halide perovskite NCs is the introduction of new
activators. Several transition metal ion dopants (e.g., Mn>",
Cd*") frequently acted as activators in various hosts. Thus, they
can donate new emission bands to cesium lead halide perovs-
kite NCs.”>°%°! For example, CsPbCl; NCs usually exhibit violet
emission. It was reported that Cd** endowed CsPbCl; NCs with
yellow or red emissions.””> The new emission band peaking at
600 nm was assigned to the transition from *E, to the ground
state (Ay) of [CACle]" .

Mn”" is another frequently utilized activator in various
hosts. In CsPbCl;:Mn*" NCs, we observed a new emission band
belonging to *T; — °A; of Mn*" (Fig. 10a).?° Through tuning the
Mn** feeding concentration from 0 to 60 mol%, the PL color of
the CsPbCl;:Mn>" solution can be tuned from purple to yellow
due to the change in PL intensity ratio of CsPbCl; and Mn**
(Fig. 10b and c). The PL peak of Mn>* shifted from 570 nm to
625 nm as a result of crystal field variation with increasing
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Fig. 9 (a) Absorption and (b) PL spectra for the pure CsPbCls and
CsPbCls:Cd?" NCs. (c) Calculated density of states for pure CsPbCls and
CsPbClz:Cd?*. Reproduced with permission from ref. 89. Copyright 2021,
Wiley-VCH Verlag GmbH | Co. KGaA, Weinheim.
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Mn>" concentration. According to the excitation spectra, we
confirmed that the strong PL emission of Mn>" originated from
the efficient energy transfer from the exciton of CsPbCl; to
Mn>* dopants (Fig. 10d). Similarly, energy transfer from exciton
to Mn** dopants was achieved in CsPbCl,Br;_,:Mn>" NCs.”?
With increasing the content of Cl~ in CsPbCl,Br;_,:Mn>" NCs,
the emission of Mn>" became stronger due to the increased
energy transfer efficiency from the CsPbClBr;_, host to
Mn”" ions.

3.4. Manipulating PL lifetime

The PL lifetimes of excitonic emission for transition metal ion-
doped cesium lead halide perovskite NCs are usually several to
hundreds of nanoseconds. The PL lifetime (tp;), which is
related to radiative (r) and nonradiative (nr) processes, can be
depicted as 1/tpy = 1/1; + 1/74.%° In most cases, doping transi-
tion metal ions into cesium lead halide perovskite NCs may
induce more defect states and increase the nonradiative recom-
bination rate (1/ty,). Correspondingly, the PL lifetime of exci-
tonic emission would be shortened. For instance, we found that
the nonradiative recombination rate (1/7,,) in CsPbCl; NCs
significantly increased from 0.078 to 0.693 ps™ " after doping
of Cd*".®° As such, the PL lifetime of CsPbCl, NCs decreased
from 5.63 to 1.43 ns after Cd>" doping. Similarly, it was reported
that the PL lifetime of CsPbI; NCs decreased from 215.2 ns to
85.0 ns by doping Zn>*.*

By contrast, it was discovered that several transition metal
ions doping may suppress the intrinsic defects of cesium
lead halide perovskite NCs, thereby prolonging their PL
lifetimes.*®”>"*>7137 Qun et al. observed that the PL lifetime of
CsPbCl; NCs was markedly increased from 2.58 to 18.39 ns
after doping of Ni**.”® Ni** doping substantially eliminated the
intrinsic defects of C1~ vacancies in the CsPbCl; NCs, resulting
in increased short-range order of the lattice. Therefore, Ni**
doped CsPbCl; NCs exhibited increased defect formation
energy and longer PL lifetime than the undoped counterparts.

Furthermore, researchers prolonged the PL lifetime of
cesium lead halide perovskite NCs from nanoseconds to micro-
seconds by virtue of the long-lived energy level of transition
metal ions. Pradeep et al. proposed a concept of vibrationally
assisted delayed fluorescence (VADF) in CsPbCl,Br;_ Mn**
NCs to harvest delayed fluorescence of Mn>*."*® The excited
state electrons of CsPb(Cl/Br);:Mn”>" NCs can be conserved for
several microseconds to milliseconds within the excited-state
energy levels of Mn**. With vibrational assistance, electrons
were transferred from the excited-state energy level of Mn*" to
the CsPb(Cl/Br); host to obtain the VADF (Fig. 11a). Such energy
transfer from Mn>* to the CsPb(Cl/Br); host was significantly
affected by vibrational coupling, which was closely related to
phonon band structure and temperature (Fig. 11b). To be
specific, in CsPb(Cl/Br);:Mn*" NCs with small E, such as
CsPbBr;:Mn>" and CsPb(Cl, ,/Br, 5);:Mn>" NCs, substantial gated
excitonic emission along with the Mn>" emission can be
observed at 300 K after a delay of 150 ps (Fig. 11c). Nevertheless,
it was demonstrated that the energy level of Mn”>" situated
deeper in the conductive band of CsPb(Cl/Br); with larger E,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Fig. 10 (a) PL emission spectra for pure CsPbCls and Mn?*-doped CsPbCls NCs upon UV excitation at 362 nm. (b) PL intensities for excitonic or Mn®*-
related emissions of CsPbCls:Mn?* NCs centered at 404 and 600 nm as a function of the feed doping concentration of Mn?* ions from 0 to 60 mol%, and
(c) their corresponding PL photographs in cyclohexane solution under 362 nm UV lamp irradiation. (d) Comparison of PL excitation spectra for pure
CsPbCls and Mn?*-doped CsPbCls NCs by monitoring the emissions at 404 nm and 600 nm, respectively. Reproduced with permission from ref. 39.

Copyright 2017, American Chemical Society.
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Fig. 11 (a) Schematic illustration of vibrationally assisted delayed fluores-

cence of CsPb(Cl/Br)s:Mn?* NCs. (b) Schematic illustration of phonon
coupling for Mn?*-doped CsPbBrs, and CsPbCls perovskite NCs. (c)
Room-temperature gated PL emission for CsPb(Cl/Br)s:Mn?* perovskite
NCs (MP1—MP6 stand for the CsPb(Cl/Br)s:Mn?* with Br content of 0, 20%,
40%, 60%, 80% and 100%). (d) Temperature-dependent gated PL emission
for CsPb(Cl/Br)s:Mn?* NCs. Reproduced with permission from ref. 138.
Copyright 2019, American Chemical Society.

(e.g., CsPb(Cly ¢/Bry.4);:Mn** and CsPbCl;:Mn>*NCs), thus making
energy transfer assisted by vibrational coupling much harder.
Since low temperature may strengthen the coupling, leading to
more efficient energy transfer, CsPb(Cly¢/Brg4);:Mn>" and
CsPbCl;:Mn*'NCs with large E, only exhibited the gated PL of
excitons below 170 K (Fig. 11d).

4. Conclusion and prospects

During the past decade, doping cesium lead halide perovskite
NCs with transition metal ions has been demonstrated to be a
robust strategy for engineering their structural, morphological,
and optoelectronic properties. With the rapid development of

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

advanced synthesis techniques, significant progress has been
made in tackling the problems of controlled synthesis of transi-
tion metal ion-doped cesium lead halide perovskite NCs. The
unique optical properties of transition metal ion-doped cesium
lead halide perovskite NCs bestow great potential for the exploi-
tation of high-performance luminescent materials and novel
optoelectronic devices. Despite these achievements, there are
still several challenges to be solved to fully exploit the potential
of transition metal ion-doped cesium lead halide perovskite NCs,
which would undoubtedly accelerate their commercialization.

First, due to the ionic crystal nature and the high reactivity
of the halide anions in the cesium lead halide perovskite NCs,
the nucleation and growth process of cesium lead halide
perovskite NCs is fast and uncontrollable. As such, it is essen-
tial to precisely regulate the crystallization kinetics of cesium
lead halide perovskite NCs, as well as the doping content of
transition metal ions. To circumvent the shortcomings of
conventional approaches for the fast reaction of preparing
cesium lead halide perovskite NCs, novel strategies like vacuum
evaporation or light-triggered synthesis may be the smart
choice. For example, the ion migration, doping content and
composition can be readily controlled in light-triggered synth-
esis by adjusting either the photon dose or the wavelength of
the excitation light.

Second, a comprehensive investigation of the microstruc-
ture of transition metal ions in the perovskite hosts is a
prerequisite for exploring novel kinds of transition metal ion-
doped cesium lead halide perovskite NCs and rationally mod-
ulating their optical properties. Especially, low-dimensional
cesium lead halide perovskite NCs (e.g., 0D Cs,PbX,s and 2D
CsPb,X;) exhibit better environmental stability and higher
PLQYs in solid powders than their 3D counterparts. The energy
transfer and local electronic structure should be clearly deci-
phered via fundamental photophysical studies and theoretical
calculations, which may contribute to rationally optimizing the
luminescent properties of transition metal ion-doped cesium
lead halide perovskite NCs.
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Last but not least, the studies on cesium lead halide perovskite
NCs are mainly restricted to the visible spectral region. Cesium
lead halide perovskite NCs with UV/NIR light emission via transi-
tion metal ion doping still suffer from weak emissions intensities
or poor stabilities, due to the inevitable defects formed during
their crystal growth. Thus, it is highly desirable to develop
versatile strategies for engineering the local and surface structure
of cesium lead halide perovskite NCs to achieve highly efficient
UV/NIR-emitting materials for diverse applications.
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