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Doping metal ions in inorganic halide perovskite (CsPbX3, X ¼ Cl, Br, I) nanocrystals (NCs) endows the NCs

with unique optical characteristics, and has thus attracted immense attention. However, controllable

synthesis of high-quality doped perovskite NCs with tunable morphology still remains challenging. Here,

we report a facile, effective and unified strategy for the controllable synthesis of Mn-doped CsPbCl3
quantum dots (QDs) and nanoplatelets (NPLs) via a single-step solvothermal method. The incorporation

of Mn2+ into CsPbCl3 NCs introduces new broad photoluminescence (PL) emission from Mn2+ while

maintaining the structure of host CsPbCl3 NCs nearly intact. The PL intensity, emission peak position and

size of the NCs can be accurately adjusted by altering the experimental parameters such as Mn-to-Pb

feed ratio and reaction time. Especially, by changing the amount of ligands, Mn-doped CsPbCl3 QDs,

NPLs or their mixtures can be obtained. Both of the Mn-doped QDs and NPLs exhibit a size-dependent

quantum confinement effect, which is confirmed by the relationship between the size of NCs and the

exciton emission peaks. The solvothermal reaction condition plays an important role for the precise

control of the structure, morphology and PL properties of the Mn-doped NCs. The as-prepared Mn-

doped CsPbCl3 NPLs with thickness down to �2 nm exhibit a PL quantum yield (PLQY) of more than

22%. This work introduces a new strategy for the controllable synthesis of Mn-doped perovskite NCs,

which provides ideas for the in-depth study of the dope-and-grow process and can be extended to

approaches of doping other metal ions.
Introduction

Inorganic lead halide perovskite (CsPbX3, X ¼ Cl, Br, I) nano-
crystals (NCs) are novel semiconductor materials with prom-
inent optical and electronic properties, relatively low cost and
convenient liquid-phase synthesis process,1–9 thus showing
promising application prospects in the elds of photodetec-
tors,10–12 lasers,13,14 perovskite light emitting diodes (LEDs),15–20

X-ray detectors,21 bio-imaging devices,22 solar cells,9,23–25 etc.
Doping provides a universal and effective way to offer the
semiconductor materials with new optical, electronic and
magnetic properties.26–31 For example, metal doping of II–VI
semiconductor NCs (such as CdSe, ZnS) can introduce new
exciton transition pathways, impart magnetism or change
emission properties of the NCs.30–33 So far, the metal doping of
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perovskite NCs has attracted tremendous attention and in-
depth research. Various kinds of metal ions, such as Bi3+,
Cu2+, Ni2+, Mn2+, Cd2+, Sn2+, Rb+ and rare earth metal ions (e.g.,
Ce3+, Eu3+, Tb3+) have been successfully doped into perovskite
NCs.34–53 These studies have proved that doping may endow
perovskite NCs with enhanced photoluminescence (PL)
quantum yields (QYs), new emission characteristics or
improved stability, as compared to their undoped counterparts.

Among those selectable metal ions, the Mn2+ doping of
CsPbX3 NCs has received great interests. Theoretically, doping
of Mn2+ into CsPbX3 NCs may introduce new long-lifetime
sensitized emission, where the energy transfer from the
charge carriers of CsPbX3 host to the d electron of Mn2+

resulting in the d–d transition and generation of Mn2+ lumi-
nescence.42 Recently studies have shown that Mn-doped CsPbX3

(X ¼ Cl, Br, Cl/Br) quantum dots (QDs) can be successfully
synthesized via hot injection,39,40,47 anion exchange46 or anti-
solvent method.44 A high Mn substitution ratio of �46% can
be obtained for Mn doped CsPbCl3 QDs,39 while the PLQYs can
be greatly enhanced due to the effective energy transfer from the
CsPCl3 host to dopant Mn2+ ions.44 However, up to now the
controllable synthesis of Mn-doped perovskite NCs with
precisely tuned morphology and structures still remains
RSC Adv., 2019, 9, 39315–39322 | 39315

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra08289a&domain=pdf&date_stamp=2019-11-28
http://orcid.org/0000-0002-0203-7419
http://orcid.org/0000-0002-6466-6931
http://orcid.org/0000-0002-4382-4785
http://orcid.org/0000-0002-1484-789X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08289a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009067


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 6

/1
8/

20
25

 2
:4

4:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
challenging. Compared with the work of obtaining QDs, there
are less studies on the preparation of Mn-doped perovskite NCs
with other morphology, for example, nanoplatelets (NPLs).
Controllable synthesis of Mn-doped perovskite NCs with
tunable morphology is of great signicant for the deeply
understanding of the relationship between the microstructure
and PL characteristics (i.e. emission, excitation, PLQY, lifetime,
etc.) of the doped perovskite NCs. Therefore, it is required to
develop a new strategy for the obtaining of Mn-doped perovskite
NCs with tailored morphology and opening the way for the
metal-doped perovskite NCs.

Solvothermal reaction has been demonstrated to be an
effective method for the controllable synthesis of CsPbX3 NCs
due to its mild crystal growth environment.54 It is believed that
the solvothermal method is very suitable for the preparation of
Mn-doped CsPbX3 NCs, since the process of NC nuclei growth
and the Mn2+ doping would be easily controlled via the
adjusting the solvothermal reaction times and/or temperatures.
In this work, we developed a unied solvothermal method to
prepare Mn-doped CsPbCl3 QDs and NPLs. By reacting of the
Cs-oleate and Pb/MnCl2 precursors in a Teon-lined autoclave,
Mn2+ ions could be successfully doped into CsPbCl3 NCs and
new Mn2+ PL emission could be introduced. Because of the
sealed reaction condition, there was no need to carry out
a protective gas atmosphere during experiment. Interestingly,
the Mn-doped CsPbCl3 NCs show tunable morphology: Mn-
doped QDs and NPLs can be well obtained via gradually
changing the amount of the ligands. The relatively low sol-
vothermal reaction temperature slows down the doping process
and enables the precisely control on the emission properties,
crystal structures and sizes of the Mn-doped CsPbCl3 QDs and
NPLs. It is noteworthy that the as-prepared ultrathin Mn-doped
CsPbCl3 NPLs have a thickness of down to �2 nm, which, as far
as we know, has not been achieved in other works.55,56 The
strategy provides a platform for further study on the mixing
process of metal doping and crystal growth, which can be used
as a reference for the property regulation of metal-doped
perovskite NCs.
Experimental
Materials

Cesium carbonate (Cs2CO3, 99.9% metal basis) and 1-octade-
cene (ODE, >90%) were purchased fromMacklin. Magnesium(II)
chloride (MnCl2, >99% trace metal basis), lead(II) chloride
(PbCl2, 99.99% metal basis), oleylamine (OLA, 70%) and oleic
acid (OA, 90%) were obtained from Aladdin. Ethyl acetate (AR)
and n-hexane (AR) were purchased from Beijing Chemical
Reagent Ltd., China. All chemicals were employed as received
with no purications or otherwise processes.
Preparation of Cs-oleate precursor

1.995 mmol of Cs2CO3, 18 mL of ODE and 2.5 mL of OA were
loaded into a 50 mL three-necked round-bottomed ask. The
reactionmixture was then heated in an oil bath at 120 �C for 1 h,
followed by raising the temperature to 150 �C and holding for
39316 | RSC Adv., 2019, 9, 39315–39322
25 min until all Cs2CO3 reacted with OA. The Cs-oleate
precursor was stored at room temperature, and a preheating
process over 120 �C was necessary before use.

Preparation of Pb/MnCl2 precursor

In a typical process for Mn-doped CsPbCl3 QDs, 0.374 mmol of
PbCl2, 1.87 mmol of MnCl2 and 10 mL of ODE were loaded into
a 50 mL three-necked, round-bottomed ask and heated in an
oil bath. When the temperature of the mixture reached 120 �C,
4 mL of OA and 4 mL of OLA were added and the temperature of
themixture was raised and kept at 130 �C until PbCl2 andMnCl2
were completely dissolved. Then the solution was naturally
cooled down to the room temperature. For obtaining Mn-doped
CsPbCl3 NPLs, the reaction conditions were kept as same except
the amount of OA and OLA was decreased to 2–3 mL. Generally,
the preheating process was not necessary for Pb/MnCl2
precursor unless precipitation occurred due to low room
temperature.

Synthesis of Mn-doped CsPbCl3 NCs

17 mL of Pb/MnCl2 precursor and 0.8 mL of Cs-oleate precursor
were loaded into a Teon-lined autoclave and then maintained
at 120 �C for different solvothermal reaction times. Aer that,
the autoclave was naturally cooled down to the room tempera-
ture. All the experimental operations were operated in an open
environment without protective gas atmosphere.

Isolation and purication

The Mn-doped CsPbCl3 NCs were extracted and separated from
the crude solution by centrifugation at 8500 rpm for 5 min. The
supernatant was then discarded and meanwhile 5 mL of n-
hexene was used to redispersed the precipitates. Thereaer,
5 mL of ethyl acetate was added to induce aggregation and
remove excess ligands, followed by another centrifugation at
8500 rpm for 5 min. Aer that, the precipitates were dispersed
in 10 mL of n-hexane to form a long-term stable colloidal
solution. For obtaining more uniform colloidal solution,
centrifugation at 3500 rpm for 5 min is necessary to remove
relatively large nanoparticles.

Characterization

The UV-visible spectrophotometry (UV-vis) measurements were
collected on a Japan HITACHI U-3900H spectrometer. Trans-
mission electronmicroscopy (TEM) and Energy-Dispersive X-ray
(EDX) spectroscopy measurements were collected on a Philips
Tecnai F20 microscope at an accelerate voltage of 200 kV.
Powder X-ray diffraction patterns (XRD) were measured on
a Bruker D8 Advance diffractometer using Cu Ka radiation (l ¼
1.5406 Å). For the preparation of XRD samples, 1–2 mL of as-
prepared colloidal solution are dripped onto a zero-diffraction
silicon wafer. The PL spectra and PLQY measurements were
acquired using a Fluorolog-3 Horiba Jobin-Yvon spectrouo-
rimeter (excited at 365 nm) equipped with an integrating
sphere. PL lifetimes were measured using a time-corrected
single-photon-counting (TCSPC) system. The wavelengths of
This journal is © The Royal Society of Chemistry 2019
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the excitation sources for exciton emission peak and Mn2+

emission peak are 371 nm (by a pulsed diode light source) and
365 nm (by a Xenon lamp), respectively.

Results and discussion

In this work, the Mn-doped CsPbCl3 NCs were prepared via
a facile solvothermal method in which Mn was introduced into
Pb precursors by simply adding of additional MnCl2. Both of
QDs and NPLs can be well prepared via changing the amount of
OA and OLA in the precursor.

Synthesis and properties of Mn-doped CsPbCl3 QDs

Firstly, Mn-doped CsPbCl3 QDs with low doping concentration
were prepared with a Mn-to-Pb molar feed ratio of 5 : 1 and
a low solvothermal treatment temperature of 120 �C. The typical
TEM image (Fig. 1a) shows that the QDs have uniform cube
morphology with an average size of �8.2 nm. EDX analysis
reveals the composition of QDs as CsPb0.94Mn0.06Cl3 (Fig. S1†).
High-resolution TEM (HRTEM) image (Fig. 1b) indicates the
single crystal structure and good crystallization of the QDs. The
crystal lattices are observed with the interplanar distances of
�3.98 and�2.86 Å, which can be assigned to the (101) and (200)
planes of tetragonal CsPbCl3, respectively. XRD pattern
conrms that the as-prepared QDs have crystalline structure of
tetragonal CsPbCl3 (PDF card no. 18-366), which also indicates
that the lightly doping of Mn2+ doesn't change the initial
structure of perovskite. Moreover, as compared to pure tetrag-
onal CsPbCl3, a slight peak shi has been observed, which can
be attributed to the incorporation of Mn2+ in CsPbCl3. The Mn2+

ions (97 pm, crystal radius) are likely to occupy the position of
the isovalent but larger Pb2+ ions (133 pm, crystal radius) and
cause the lattice distortion.45

Then we studied the optical properties of the as-prepared
QDs. The PL excitation (PLE), UV-vis absorption and PL emis-
sion spectra are shown in Fig. 1d–e. The UV-vis spectrum
Fig. 1 (a) TEM image, (b) HRTEM image, (c) XRD pattern, (d) UV-vis absorpt
Mn2+ luminescence lifetime of a typical Mn-doped CsPbCl3 QDs (prepared

This journal is © The Royal Society of Chemistry 2019
(Fig. 1d) shows that the as-prepared QDs have a noticeably
strong rst exciton absorption peak of 377 nm, which is blue-
shied and exhibits the feature of quantum connement
effect, as compared to the bulk CsPbCl3.57 Under the excitation
of UV light at 365 nm, dual emission peaks are observed in PL
emission spectrum, which are located at 403 nm and 572 nm,
respectively. The peak at 403 nm is attributed to the inherent
exciton emission of CsPbCl3 QDs and shows a narrow FWHM
(full width at half maximum) of 14 nm. The as-prepared QDs
reveals a noticeable Stokes shi of 26 nm, which is larger than
that obtained in previous reports.39,45 The larger Stokes shi
reduces the self-absorption of QDs, which is benet to their
optical properties. Additional weak peak at 572 nm arises from
the incorporation of Mn2+ and displays a relatively broad
FWHM of �56 nm. The excitation spectra of dual peaks were
also tested and shown in Fig. 1e. The excitation spectra of the
exciton emission (403 nm) and Mn2+ emission (572 nm) both
perform almost coincident curves with the absorption spec-
trum, which can be explained by the effective energy transfer
from the CsPbCl3 host to dopant Mn2+ ions.44,58

To further investigate the mechanism of dual emission, the
PL lifetimes of Mn-doped CsPbCl3 QDs were measured and
shown in Fig. 1f and g, respectively. The dual emission peaks of
the QDs have completely different PL lifetimes: the average PL
lifetime of exciton emission peak (403 nm) is 2.32 ns, while the
average PL lifetime of Mn2+ emission peak (572 nm) is 1.73 ms.
The exciton lifetime originates from the CsPbCl3 host, which
can be well tted to two-exponential decay with a long lifetime
component of 6.02 ns and a short lifetime component of 0.58
ns. As has been reported, the PL emission of CsPbCl3 derives
from the radiative recombination (generated by the relaxation
of excitons) and non-radiative recombination (generated by
electronic traps or surface defects),14,59 corresponding to the
long lifetime and short lifetime, respectively. Differently, the
Mn2+ luminescence lifetime decay curve displays a noticeable
single-exponential decay and an extremely long relaxation time,
ion and PL emission spectra, (e) PLE spectra, (f) exciton PL lifetime and (g)
using Mn-to-Pb molar feed ratio of 5 : 1 and reacting at 120 �C for 3 h).

RSC Adv., 2019, 9, 39315–39322 | 39317
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which is related to its unique luminescence mechanism. By
combining the spectral analysis with previous report on the
luminescence of Mn2+ doped semiconductors, the Mn2+ lumi-
nescence mechanism can be explained briey as follows: the
incorporation of Mn2+ provides a new energy transfer pathway
from the excited CsPbCl3 host to d electrons of Mn2+, which
enhances the internal d–d transition (4T1 to 6A1) of Mn2+ and
generates new emission channel.42,60,61

To reveal the effect of solvothermal reaction times on the PL
properties of CsPbCl3 QDs with low Mn doping ratio, we pro-
longed the reaction time to obtained a series of samples. As
shown in Fig. S2a and Table S1,† the QDs obtained aer 3, 6, 9 h
display similar PL emission and their PL quantum yields
(PLQYs) remains in the range of 4.8–6%. Their PL decay curves
(Fig. S2b, c, Tables S1 and S2†) also display a negligible change.
We believe that the earlier arrival of reaction equilibrium results
in low doping ratio of Mn2+. Moreover, with the increase of
reaction time, the Mn2+ doping ratio and the surface defects of
the QDs did not increased notably, resulting in no signicant
changes in PLQYs and lifetimes. Therefore, the prolonged
reaction time contributes little to increasing the doping ratio of
Mn2+ into CsPbCl3 QDs.

The low Mn2+ doping ratio of the QDs suggests lower ther-
modynamics reactivity of Mn2+ ions as compared to Pb2+ ions
during the solvothermal reaction. In order to efficiently increase
the doping ratio, higher Mn-to-Pb feed ratios were employed
during the preparation of Pb/MnCl2 precursor. Here, we
increased the Mn-to-Pb feed ratio from 5 : 1 to 7.5 : 1 and 10 : 1
and xed the other reaction conditions (120 �C for 3 h) to obtain
Mn-doped CsPbCl3 QDs with different doping ratios. EDX
measurement reveals the compositions of the QDs as
CsPb0.94Mn0.06Cl3, CsPb0.85Mn0.15Cl3 and CsPb0.75Mn0.25Cl3
(Fig. S1†), respectively. XRD patterns (Fig. 2a) exhibit a contin-
uous peak shi as the doping ratio increases. A 0.12� shi to
a higher angle of (101) plane can be observed, which indicates
that the increase in incorporation of Mn2+ aggravates the lattice
contraction. In addition, the peaks of hexagonal CsMnCl3 (PDF
Fig. 2 (a) XRD patterns of Mn-doped CsPbCl3 QDs prepared with Mn-
Magnified peak shifts of (101) plane. (b) PL emission spectra of the QDs.
Mn-to-Pb molar feed ratios: 10 : 1 (c), 7.5 : 1 (d) and 5 : 1 (e).

39318 | RSC Adv., 2019, 9, 39315–39322
card no. 25-219) and rhombohedral (i.e., trigonal) CsMnCl3
(PDF card no. 73-227) gradually appear, indicating that a rela-
tively high doping ratio may lead Pb2+ ions sites completely
replaced by Mn2+ ions in partial areas. Aer excess ions
replacement, the crystalline structure of the CsPbCl3 host is
destroyed and new phases of CsMnCl3 are formed by a spinodal
decomposition process.56 The newly generated CsMnCl3 NCs
exhibit hexagon morphology with relatively larger size of 16–
32 nm (Fig. S3†). In fact, the sample prepared aer a prolonged
reaction time over 12 h exhibits the phase composition of
almost h-CsMnCl3 and r-CsMnCl3 (Fig. S4†). In addition, an
extra peak located at�25.5� is noticed in the XRD pattern (black
triangle in Fig. 2a), which has also been observed in other
related works.56 The existence of the extra peak may indicate
that at a relatively high doping ratio, Mn2+ ions not only replace
the position pf Pb2+ ions, but also have other forms of incor-
poration, such as occupying the space in the lattice of CsPbCl3
host.39 PL emission spectra (Fig. 2b) of the samples show that as
the doping ratio increases, the intensity of the broad Mn2+

emission peak increases signicantly, which is attributed to the
enhancement in the energy transfer from excitons to Mn2+. The
CsPb0.75Mn0.25Cl3 sample shows bright yellow-orange colored
emission (Fig. S5†) with a PLQY of over 30%. As doping ratio
increases, the exciton emission shows a blue shi, which is
related to the size-dependent quantum connement effect of
the QDs. As is shown in the TEM images (Fig. 2c–e), the size of
the QDs decreases from 8.2 nm, 6.6 nm to 5 nm.

Synthesis and properties of Mn-doped CsPbCl3 NPLs

The morphology of the product can be tuned by changing the
amount of organic ligands (OA and OLA). Fig. 3a shows a typical
TEM image of the sample obtained by using 2 mL of OA and
2 mL of OLA, while the Mn-to-Pb molar feed ratio was kept at
5 : 1. The as-prepared sample exhibits uniform platelet
morphology. The observed square or thin rectangle shapes are
consistent to the NPLs lying parallel or perpendicular to the
carbon lm, respectively. The NPLs have an average lateral
to-Pb molar feed ratios of 10 : 1, 7.5 : 1 and 5 : 1, respectively. (Right)
(c–e) TEM images of Mn-doped CsPbCl3 QDs prepared with different

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) TEM image, (b) HRTEM image, and (c) XRD pattern of typical Mn-doped CsPbCl3 NPLs (using Mn-to-Pb molar feed ratio of 5 : 1 and
reacting for 4.5 h). (d) UV-vis absorption and PL emission spectra, (e) exciton PL lifetime and (f) Mn2+ luminescence lifetime spectrum of the Mn-
doped CsPbCl3 NPLs.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 6

/1
8/

20
25

 2
:4

4:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
length of �11 nm and an average thickness of �2.3 nm. EDX
measurement exposes the NPLs with a composition of
CsPb0.65Mn0.35Cl3 (Fig. S6†). As compared with the as-prepared
CsPb0.94Mn0.06Cl3 QDs, the NPLs show a much higher Mn
doping concentration (�35%), suggesting that less amount of
ligands contributes to the incorporation of Mn2+. High-resolu-
tion TEM (HRTEM) image (Fig. 3b) suggests the good crystal-
linity of NPLs with clearly lattice fringes. The distances between
lattice planes of 3.95 Å and 2.78 Å correspond to the (101) and
(200) planes of tetragonal CsPbCl3, respectively, which are
smaller than that of Mn-doped CsPbCl3 QDs, indicating more
incorporation of Mn2+. XRD result (Fig. 3c) reveals the main
crystal structure of tetragonal CsPbCl3, and the appearance of
CsMnCl3 phase in the product, similar as that of Mn-doped
QDs.

The UV-vis and PL spectra of Mn-doped CsPbCl3 NPLs
(Fig. 3d) display an absorption peak at 371 nm and an exciton
emission peak at 392 nm, which are both blue-shied as
compared to that of Mn-doped CsPbCl3 QDs. The blue shi
originates from the ultra-small thickness of NPLs, suggesting
their size-dependent quantum connement effect. The Mn2+

emission peak centered at 577 nm is red-shied compared to
that of Mn-doped CsPbCl3 QDs (572 nm), proving stronger Mn–
Mn interaction and contributing an orange colored emission.57

The PL decay curves (Fig. 3e and f) of the NPLs also reveal two
different lifetimes. The average PL lifetimes of exciton emission
and the Mn2+ emission are 0.77 ns and 1.61 ms, respectively. As
compared with Mn-doped QDs, the exciton lifetime exhibits
similar two-exponential tting curve, but the lifetime is much
shorter than that of QDs (2.32 ns), which mainly related to
a higher incorporation of Mn2+ and stronger energy transfer
from CsPbCl3 to Mn2+. The Mn2+ luminescence lifetime curve
can be better tted to two-exponential decays than single-
This journal is © The Royal Society of Chemistry 2019
exponential decay, indicating that the formation of new
CsMnCl3 phase causes heterogeneous environment around
Mn2+ ions.56

We further studied the effects of solvothermal reaction times
on the optical properties of Mn-doped CsPbCl3 NPLs. PL
emission spectra (Fig. 4a) show that as the reaction time
increases, the exciton emission peak shis from 389 nm to
398 nm, which is attributed to size-dependent quantum
connement effect. Thus, we can easily and precisely control
the optical properties of Mn-doped CsPbCl3 NPLs via changing
the reaction times. As the reaction time increases, the surface
defects decreased, resulting in stronger emission of the CsPbCl3
host and the energy transfer to Mn2+. Directly seen from the
results, the prolonged reaction time yields an increase in the
intensities of dual emission peaks and an increase of PLQY
(Fig. 4b) from 10.4% to 22.2%. The HRTEM images of NPLs
obtained for different reaction times are shown in Fig. 4c–f. The
average thickness of NPLs can be accurately acquired by
measuring those stacked perpendicular NPLs. With the reaction
time increasing, the thickness of the NPLs changes from 2.21 �
0.41 nm, to 2.96 � 0.56 nm (Fig. 4h–k), exhibiting a positive
correlation with the shi of exciton emission peak, as shown in
Fig. 4g. The result indicates that the thickness and the emission
peak position of the NPLs can be tuned precisely by the sol-
vothermal reaction time.

Tunable morphology and optical properties of Mn-doped
CsPbCl3 NCs

By carrying out synthesis processes with different amounts of
organic ligands (OA and OLA), Mn-doped CsPbCl3 QDs and
NPLs were successfully obtained. Then we gradually changed
the amount of ligands for further investigation of ligand-
dependent morphology of Mn-doped perovskite NCs. As
RSC Adv., 2019, 9, 39315–39322 | 39319
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Fig. 4 (a) PL emission spectra and (b) PLQYs of Mn-doped CsPbCl3
NPLs prepared under different reaction times. (c–f) HRTEM images of
different NPLs prepared under 3 h (c), 4.5 h (d), 6 h (e) and 12 h (f). (g)
Thickness as a function of the exciton emission peak wavelength. (h–k)
The corresponding thickness histograms of Mn-doped CsPbCl3 NPLs
samples.

Fig. 5 (a–d) Low magnification TEM images of Mn-doped CsPbCl3
NCs prepared as a function of the amount of ligand. (e) The corre-
sponding PL emission spectra of Mn-doped CsPbCl3 NCs.
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revealed in Fig. 5a–d, the morphology changes from NPLs to
QDs as the amount of ligands increases. Large amount of NPLs
with a lateral size of �10 nm and a thickness of �2.2 nm
(Fig. 5a, also shown in Fig. 4c) are obtained when 2 mL of OA
and OLA were used. As the amount of ligand increases (3 mL of
OA and OLA), ultrathin NPLs with a lateral size of �20 nm and
a thickness of only �2 nm (Fig. 5b and S7†) are formed. To the
best of our knowledge, the synthesis of ultrathin Mn-doped
CsPbCl3 NPLs with a thickness of only �2 nm is challenging,
which were not achieved in other works. When the amount of
ligands continues to increase (3.5 mL of OA and OLA), a mixed
morphology of NPLs and QDs are obtained (Fig. 5c), in which
the NPLs grow larger with lateral sizes of 50–100 nm. Finally,
when using 4 mL of OA and OLA, only QDs with average size of
�8.2 nm (Fig. 5d) can be achieved. Typical PL spectra for
different samples are shown in Fig. 5e. The exciton emission
peaks are determined by the morphology and sizes of the NCs
due to the quantum connement effect, which is consistent
with the previous discussion. The broad Mn2+ emission derives
from the energy transfer from CsPbCl3 host to Mn2+. Under the
same Mn-to-Pb feed ratio, Mn2+ is more likely to be doped into
39320 | RSC Adv., 2019, 9, 39315–39322
CsPbCl3 NPLs than that of CsPbCl3 QDs, leading to stronger
intensity of Mn2+ emission peak.

As we know, the organic ligands (OA and OLA) coordinate
with ions and assume the function of slowing and controlling
the growth of perovskite NCs.62 Due to the anisotropy of the
perovskite NCs, changes in the amount of ligands give rise to
different crystal growth orientation. When the amount of
ligands is relatively small, two-dimensional NPLsmorphology is
more likely to be obtained in a relatively slow solvothermal
reaction condition owing to the differential binding effect of
capping ligands in different directions of the NCs. When the
amount of the ligands increases, the binding effect on the NCs
in different directions tends to be uniform, thereby forming
morphology of QDs (nanocubes). Furthermore, because of the
relatively low reactivity of Mn2+ ions, the doping process is fol-
lowed by the formation of CsPbCl3 NCs. Thus, we believe that
more capping ligands prevent CsPbCl3 NCs from effective
incorporation of Mn2+, resulting in a lower Mn2+ concentration
in CsPbCl3 QDs as compared to that of NPLs prepared under the
same reaction parameters.
Conclusions

In summary, we develop a facile and effective single-step sol-
vothermal method on controllable synthesis of Mn-doped
CsPbCl3 NCs. By altering the amount of ligands, Mn-doped
CsPbCl3 with morphology of QDs or NPLs can be well ob-
tained respectively. The doping of Mn2+ introduces an energy
transfer pathway from CsPbCl3 host to dopant, which leads to
This journal is © The Royal Society of Chemistry 2019
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d–d transitions (4T1 to 6A1) of the Mn2+ and generates Mn2+

luminescence. The relatively low reactivity of Mn2+ results in the
maintaining of tetragonal CsPbCl3 crystal structure. The PL
intensity, emission peak position and size of the doped QDs and
NPLs can be precisely controlled by varying the experimental
parameters such as Mn-to-Pb feed ratio and reaction time. Both
of the Mn-doped NCs exhibit strong size-dependent quantum
connement effect since the size of QDs and the thickness of
NPLs are within the quantum connement regime. The thin-
nest thickness of as-prepared Mn-doped CsPbCl3 NPLs reaches
�2 nm, which is challenging in Mn-doped NPLs. The ultrathin
two-dimensional structure and good crystallinity of Mn-doped
CsPbCl3 NPLs suggest an excellent application adaptability.
The unied solvothermal method provides not only a new
approach for the controllable preparation of Mn-doped QDs
and NPLs but also new ideas for the investigation of the dope-
and-grow process, which can be extended to morphology-
controlling engineering of perovskite with different metal
dopant and halide composition.
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