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ABSTRACT: The introduction of dopants plays a key role in the physical properties of semiconductors for optoelectronic applica-
tions. However, doping is generally challenging for nanocrystals (NCs), especially for two-dimensional (2D) NCs, due to the self-
annealing effect and high surface energies required for dopant addition. Here, we report an efficient doping strategy for Mn doped 
2D CsPbCl3 (i.e. Mn:CsPbCl3) nanoplatelets (NPLs) through a postsynthetic solvothermal process. While the original lightly doped 
2D Mn:CsPbCl3 NPLs were obtained from growth doping, higher Mn doping efficiencies were achieved through diffusion doping 
under pressure-mediated solvothermal conditions, resulting in enhanced Mn photoluminescence (PL). Surprisingly, a new CsMnCl3 
phase with complete dopant substitution by spinodal decomposition was observed with extended solvothermal treatment, which is 
confirmed by powder X-ray diffraction (XRD), X-ray absorption near edge spectroscopy (XANES), and electron paramagnetic reso-
nance (EPR). Compared with Mn:CsPbCl3 NPLs, the pure CsMnCl3 NPLs give rise to shorter Mn PL lifetime, which is consistent 
with the short Mn-Mn distance within CsMnCl3 NPLs. This work provides an efficient strategy for doping inside NCs as well as new 
insights on the dopant concentration-dependent structural and optical properties of perovskite NCs.

Introduction 

Cesium lead halide perovskite (e.g. CsPbX3, X = Cl-, Br-, I- or 
mixtures thereof) nanocrystals (NCs) are a new class of semi-
conductor materials with promising applications in optoelec-
tronics, such as light-emitting diodes, photodetectors, and solar 
cells.1-7 Recently, two-dimensional (2D) perovskite nanoplate-
lets (NPLs) have drawn significant interest because of their ul-
tra-narrow absorption and emission peaks, excellent charge 
transport properties, and large lateral sizes that could be easily 
integrated into devices.8-10 The intentional incorporation of 
transition metal ions as dopants offer exciting opportunities to 
endow perovskite NCs with novel optical, electronic, and mag-
netic functionalities.10-19 So far, Mn-doped CsPbCl3 and CsP-
bBr3 nanocubes or 2D NPLs by substitutional incorporation of 
the dopant ion on Pb2+ sites have been synthesized,9, 10, 13-21 
which exhibited Mn emission resulting from the energy transfer 
from exciton to Mn2+ ion.  

There have been many synthetic methods developed for tran-
sition metal ion doped II-VI NCs, such as using single-source 
precursors,22, 23 nucleation doping,24 growth doping,25, 26 ion ex-
change and diffusion.27-30 It has been shown, however, that dop-
ing of Mn2+ into perovskite NCs is difficult most likely due to 
the large size mismatch between the Mn2+ (97 pm) dopant and 

the Pb2+ (133 pm),14 therefore, the doping efficiency can be ra-
ther low even with very high concentrations of dopant precursor 
introduced in the synthesis.14 15, 16 For example, Parobek et al. 
obtained 0.2% doping in CsPbCl3 nanocubes by using ex-
tremely high concentrations of Mn precursor with a Mn:Pb in a 
3:2 mol ratio.16 In addition, the high activation energies for the 
formation of cation vacancies and the lack of interstitial sites for 
ion diffusion in perovskite NCs12, 31 could account for the very 
slow cation diffusion compared to anion diffusion in perov-
skites.19, 32, 33 Furthermore, despite doped 0D NCs being widely 
studied, doped anisotropic NCs, especially 2D NCs, have been 
less explored. Therefore, developing new strategies for efficient 
incorporation of dopants in advance-shaped perovskite NCs is 
required. 

Here, we introduce a facile solvothermal method for efficient 
Mn doping in 2D CsPbCl3 nanoplatelets (NPLs). This strategy 
not only allows us to improve the doping efficiency through dif-
fusion doping under solvothermal conditions, but also leads to 
a gradual phase segregation of pure CsMnCl3 from Mn:CsPbCl3 
NPLs by spinodal decomposition. The increased doping con-
centration could lead to higher Mn photoluminescence (PL) 
quantum yields (QY) and stronger Mn−Mn interactions. The 
new CsMnCl3 phase with complete dopant substitution is evi-
denced by powder X-ray diffraction (XRD) analysis and further 
supported through a newly distinguished electron paramagnetic 
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resonance (EPR) peak and X-ray absorption near edge spectros-
copy (XANES) analysis. Transmission electron microscopy 
(TEM) images indicate that the 2D morphology and size of the 
NPLs are unchanged before and after phase segregation under 
solvothermal conditions. While phase segregation from a uni-
form crystal via spinodal decomposition can occur in the bulk 
materials, this is the first report on the spinodal decomposition 
in doped 2D NCs while preserving the original NC shape, to the 
best of our knowledge. This doping strategy offers a unique plat-
form to investigate the change in structure and phase of doped 
2D perovskite NCs and could offer new possibilities for prop-
erty engineering of doped NCs. 
Results 

In this study, 2D Mn doped CsPbCl3 (i.e. Mn:CsPbCl3) per-
ovskite NPLs were prepared via a two-step synthetic method, as 
shown in Figure 1a. In the first step, we synthesized lightly 
doped 2D Mn:CsPbCl3 NPLs by the injection of Cs-oleate into 
an oleic acid and oleylamine solution containing PbCl2 and 
MnCl2 (80%, mol% to Pb) at 120 ˚C. Subsequently, the stock 
solution was transferred into a Teflon-lined stainless-steel auto-
clave to grow heavily doped Mn:CsPbCl3 NPLs under sol-
vothermal condition at 200 °C for 2-5 h. The detailed synthesis 
is given in the experimental section. The TEM image of samples 
before solvothermal treatment (Figure 1b) shows 2D Mn:CsP-
bCl3 with a few NPLs lying perpendicular to the TEM grid via 
face-to face assembly with averge edge lengths and thicknesses 
of the NPLs as 20 ± 5 nm and ∼3.0 ± 0.3 nm, respectively. The 
phenomena of self-assembly of 2D NPLs on TEM grids is simi-
lar to prior reports of CsPbBr3 NPLs34 and Mn doped 2D CsP-
bCl3 NPLs.10, 35 It should be noted that the thin NPLs can be 
partially destroyed by the high energy electron beam and form 
dark metallic lead particles during TEM measurements.10, 35-37  

 

Figure 1. (a) Schematic of the formation of Mn doped 2D CsPbCl3 
perovskite NPLs via a hot-injection method followed by solvother-
mal growth for heavily Mn doped larger CsPbCl3 NPLs and 
CsMnCl3 inclusion after phase segregation; (b) TEM images of 2D 
Mn:CsPbCl3 perovskite NPLs synthesized in three-neck round-
bottom flasks under atmospheric pressure; TEM images of larger 
2D Mn:CsPbCl3 perovskite NPLs grown in Teflon-lined autoclaves 
after solvothermal treatment of (c) 3 h and (d) 5h. 

After solvothermal treatment (2 - 5 h) of the the stock solu-
tion obtained in the first step, slightly larger Mn doped 2D CsP-
bCl3 NPLs were obtained with lateral size ∼40 nm (Figure 1c-
1d, Figure S1), which are nearly doubled compared with the 2D 
NPLs before solvothermal treatment (Figure 1b). The larger 

NPLs predominately lie flat on the TEM grid with a few lying 
perpendicular to the TEM grid. While the lateral dimensions 
increase by nearly double, the thickness of the CsPbCl3 NPLs is 
almost the same ∼3.0 ± 0.3 nm (Figure 1c-1d, Figure S1). The 
nearly doubled lateral dimensions with similar thickness of the 
2D NPLs after solvothermal growth suggest that the larger 2D 
NPLs were formed as the result of oriented attachment of the 
small 2D NPLs under solvothermal conditions. 

Although the NPLs prepared at different solvothermal 
treatment time (2-5 h) exhibit similar 2D morphology and size 
(Figure 1c-1d, Figure S1), inductively coupled plasma optical 
emission spectroscopy (ICP-OES) measurements indicate the 
concentration of Mn2+ in the NPLs significantly increased along 
with the solvothermal treatment time (Figure 2c and Table S1). 
The Mn2+ concentration dramatically increases from 1.0 % (mol 
% to Pb) of the lightly 2D Mn:CsPbCl3 NPLs to 2.3%, 5.0%, 
8.8% and 16.8% (mol % to Pb) for the NPLs after solvothermal 
treatment for 2, 3, 4 and 5 h, respectively. While growth doping 
could account for the lightly doped 2D Mn:CsPbCl3 NPLs from 
the hot-injection method,38, 39 it is believed that diffusion doping 
by the substitution of host ions by added dopant ions via ion 
exchange12 leads to the higher doping efficiency of the Mn:CsP-
bCl3 NPLs under solvothermal conditions. While diffusion dop-
ing has been reported in doped II−VI semiconductor NCs,24-26, 

40 and perovskite quantum dots, this is the first evidence of dif-
fusion doping in 2D perovskite NCs to the best of our 
knowledge.19 

To understand how the increasing Mn concentration affects 
the structural and optoelectronic properties of the 2D NPLs, 
XRD, EPR, XAFS, and optical measurements were performed. 
XRD confirms the as-prepared 2D Mn:CsPbCl3 NPLs before 
solvothermal treatment (denoted as “0 h” sample in Figure 
2-6) possess the crystalline structure of cubic CsPbCl3 (Figure 
2a). A magnified view of the (200) peak at ∼32° reveals that the 
peak is slightly shifted to higher angles compared to undoped 
cubic CsPbCl3 (Figure 2b-2c). In addition, a continuous shift of 
the (200) peak toward higher angle is observed with increasing 
the solvothermal treatment time from 0 to 5 h (a total of 0.32° 
shift). This shift indicates a higher Mn incorporation and pro-
gressive lattice contraction due to the substitution of larger Pb2+ 
ions (133 pm) by the isovalent, yet smaller, Mn2+ ions (97 pm). 
Similar results were also obtained in Mn-doped CsPbCl3 NCs 
with increasing Mn incorporation.15, 17, 41 These observations are 
consistent with XAFS measurements taken at the Pb L1-edge 
(Figure 3). With longer solvothermal treatment time, the 
Fourier transform of the extended XAFS (FT-EXAFS) shows 
the nearest neighbor distance (Pb-Cl) decreasing in distance 
(Figure 3b). Fitting the EXFAS data to a cubic CsPbCl3 
structure works well for both the 0 and 2 h treatment times. The 
derived Pb-Cl bond lengths (dPbCl) for the 0 and 2 h samples are 
2.856 ± 0.023 and 2.847 ± 0.019 Å, respectively, which is less 
than expected dPbCl = 2.867 Å for the bulk material, as expected 
for substitutional doping. Satisfactory fits to a perfect cubic 
CsPbCl3 structure could not be obtained for solvothermal treat-
ment times 3 h and greater but modified cubic models (i.e. dis-
torted octahedra) resulted in fair fit values (d3h = 2.844 ± 0.06 
Å and d5h = 2.775 ± 0.04 Å). With increasing annealing time, the 
strong lattice distortions create larger variances in the Debye-
Waller factors (σi) making the EXAFS  
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Figure 2. (a) XRD patterns of 2D Mn:CsPbCl3 NPLs (using 80% Mn as precursor, mol% to Pb), and (b) A magnified view of the XRD peak 
around 30° ∼ 36° with different solvothermal treatment time; (c) the shift of the (200) XRD peak and dopant concentration as a function of 
solvothermal treatment time; (d) the XRD intensity ratio of ICsPbCl3_Cubic (200)/Itotal, ICsMnCl3_Cubic (200)/Itotal and ICsMnCl3_Orth 
(122)/Itotal as a function of solvothermal treatment time. 

 
fitting less accurate. This is demonstrated by the broadening of 
the Pb-Cl scattering peak as time increases. In general, however, 
even neglecting the EXAFS fitting the gradual decrease of the 
main peak to lower R values in Figure 3b is consistent with a 
decreasing bond length, as the local environment is Cl and 
therefore any phase shift correction should be consistent. In ad-
dition, the amplitude of the Pb-Cl scattering peak decreases 
with longer solvothermal treatment time indicating the average 
coordination environment of Pb is decreasing, as expected for 
higher Mn doping levels. 

 

Figure 3. (a) XANES and (b) FT-EXAFS for the 2D Mn:CsPbCl3 

NPLs as a function of solvothermal treatment time. The inset in (a) 
is an explanded region of the XANES spectra with the circles 
designating isosbestic points. 

Moreover, Surprisingly, with increased doping concentration 
for longer solvothermal treatment time, two new XRD peaks at 
30.9° and 35.3° gradually appear, which is consistent with the 
(122) and (200) lattice planes of orthorhombic CsMnCl3 and 
cubic CsMnCl3, respectively (Figure 2b). The amount of the 

corresponding phases in the product could be estimated by an-
alyzing the relative XRD peak intensities from the three phases. 
Compared to the 2D Mn:CsPbCl3 NPLs before solvothermal 
treatment, the peak intensity ratio ICsPbCl3_Cubic (200)/Itotal 
(Itotal = ICsPbCl3_Cubic (200) + ICsMnCl3_Cubic (200) + 
ICsMnCl3_Orth (122)) gradually decreases from 100% to ~55% 
after 5 h solvothermal treatment, while the ICsMnCl3_Cubic 
(200)/Itotal and ICsMnCl3_Orth (122)/Itotal gradually increases 
from 0% to ~24% and ~21%, respectively (Figure 2d). Please 
note that the XRD intensity used in the calculation is normal-
ized to their relative intensity for each phase, therefore, the peak 
intensity ratio between different phases could be used to quali-
tatively estimate the composition ratio in the NPLs considering 
the variation of XRD sample preparation and the anisotropic 
shape of the NPLs. This peak intensity ratio displays a trend of 
phase transition and segregation from Mn:CsPbCl3 NPLs to 
CsMnCl3 NPLs, implying more Mn2+ ions can replace the Pb2+ 

sites in the CsPbCl3 host and can even completely occupy all the 
Pb2+ sites, leading to the formation of a new CsMnCl3 phase dur-
ing phase separation. It should be noted that during the sol-
vothermal treatment no significant size or shape change was ob-
served for the 2D NPLs (Figure 1c and 1d, Figure S1), confirm-
ing the phase segregation of Mn:CsPbCl3 NPLs without any 
new nucleation event. This type of process, known as spinodal 
decomposition, refer to unmixing of a mixture of solid solution 
from one thermodynamic phase to form two coexisting phases.42 
This spinodal decomposition mechanism is consistent with the 
x-ray absorption near edge structure (XANES) measurements 
(Figure 3a). Gradual changes in the multiple scattering peaks 
above the absorption threshold is observed, with the appear-
ance of at least three isosbestic points (circles in Figure 3a). The 
appearance of isosbestic points generally indicates a two-phase 
system, as suggested by the XRD measurements.  
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Figure 4. Room temperature X-band EPR spectra of 2D Mn:CsP-
bCl3 NPLs with different solvothermal treatment time. 

EPR spectroscopy was used to further confirm that Mn2+ ions 
are doped into the Mn:CsPbCl3 NCs (Figure 4). The X-band 
EPR spectrum of the 2D Mn:CsPbCl3 NPLs before 
solvothermal treatment shows a well-defined sextet hyperfine 
splitting pattern (hyperfine constant A = 86 G), which is the 
same value as the hyperfine constant observed in Mn doped 
CsPbCl3 NCs.10, 13, 16 Upon the solvothermal treatment from 2 to 
4 h, the EPR spectra of the 2D Mn:CsPbCl3 NPLs exhibit a con-
tinuously broadening dipolar background with weakened hy-
perfine peaks. The broad dipolar background indicates the pres-
ence of short range Mn-Mn interactions, which is consistent 
with higher Mn doping concentration for NPLs from longer sol-
vothermal growth time (Figure 2c).43-45 Further extending the 
solvothermal treatment time to 5.0 h lead to a new narrow dipo-
lar peak from a pure CsMnCl3 phase with short Mn-Mn interac-
tions. The assignment of the narrow dipolar peak from a pure 
CsMnCl3 phase was further confirmed by the EPR analysis of 
pure CsMnCl3 phase synthesized in a control experiment by in-
jecting cesium−oleate solution into only the Mn precursor with-
out any Pb present (Figure S2-S3), which shows similar broad 
EPR patterns to the 5 h growth sample shown in Figure 4. In 
addition, XRD and TEM data show the products are mainly cu-
bic CsMnCl3 with spherical morphology before solvothermal 
treatment, while the products gradually transfer to orthorhom-
bic CsMnCl3 without regular morphology after solvothermal 
treatment (Figure S2). This result is consistent with the gradual 
phase transition from the cubic to orthorhombic CsMnCl3 ob-
tained during solvothermal growth of Mn:CsPbCl3 NPLs. 

Figure 5 shows the absorption and PL spectra of 2D Mn:CsP-
bCl3 NPLs with different solvothermal treatment time. The 2D 
Mn:CsPbCl3 NPLs before solvothermal treatment exhibit a first 
exciton absorption peak centered at 393 nm, which is blue-
shifted compared to the band gap of bulk CsPbCl3 (420 nm, 
2.96 eV).46 This blue shift and sharp excitonic features in the 
absorption spectra clearly exhibits the quantum confinement of 
charge carriers in the 2D NPLs, which is attributed to the 
smaller thicknesses (3.0 ± 0.3 nm) of the 2D Mn:CsPbCl3 col-
loidal quantum well compared to the Bohr excitonic diameter of 
CsPbCl3 (5 nm).47 

 

Figure 5. Optical properties of 2D Mn:CsPbCl3 NPLs (using 80% 
Mn as precursor, mol% to Pb) under different solvothermal 
treatment time. (a) UV-vis absorption (dotted line) and PL spectra 
(solid line, with excitation at 350 nm) of 2D Mn:CsPbCl3 NPLs, 
(b) Optical image of 2D Mn:CsPbCl3 NPLs dispersed in toluene 
under UV (excitation at 365 nm) irradiation, (c) Intensity ratio of 
Mn emission to excitonic emission, (d) PL fwhm of Mn emission, 
and (e) Peak center of lowest energy absorption peak (λAbs), host 
excitonic emission (λex PL) and Mn emission (λMn PL) as a function of 
the solvothermal treatment time. 

The 2D Mn:CsPbCl3 NPLs before solvothermal treatment 
exhibit a narrow host emission with full-width at half-maximum 
(fwhm) of ∼12 nm at 395 nm, along with a weak and broad Mn 
PL band at ∼598 nm (fwhm of 84 nm) attributed to the ligand 
field transition of Mn2+ ions.48 After solvothermal treatment, the 
relative intensity ratio of the Mn emission to the CsPbCl3 host 
excitonic emission (IMn/Iex) increases gradually from 0.1 to 8.0 
with increasinge solvothermal treatment time (Figure 5c). 
Meanwhile, both the absorption and host PL peaks blue shift 
continuously from 393 to 386 nm and from 395 to 391 nm 
(Figure 5e), respectively, with longer solvothermal treatment. 
The blue shift is attributed to the lattice contraction, resulting 
from the replacement of larger Pb2+ ions (133 pm) with smaller 
Mn2+ ions (97 pm).15, 17 The lattice contraction results in shorter 
average Pb-Cl bonds and therefore stronger Pb-Cl orbital inter-
actions, which can widen the band gap of Mn-doped CsPbCl3 
NCs and blue shift the absorption spectra and host PL, as ob-
served in Mn-doped CsPbCl3 NCs previsously.12, 49 The contin-
uous blue shift of the absorption and host PL peaks of the 2D 
Mn:CsPbCl3 NPLs is consistent with the increased Mn doping 
concentration, supported by ICP-OES analysis.  

The 2D Mn:CsPbCl3 NPLs before solvothermal treatment 
exhibit a relatively low Mn PL QY of ∼ 2%. However, the Mn2+ 

PL QY of 2D Mn:CsPbCl3 NPLs increased dramatically with 
solvothermal treatment up to a maximum of ∼21% for the 4.0 h 
sample, leading to a higher PL ratio of Mn PL and host CsPbCl3 

PL (Figure 5c) and an overall yellow-orange colored emission 
(Figure 5b). The Mn PL QY decreased to ∼18% with 5 h sol-
vothermal treatment, accompanying the phase transition to the 
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CsMnCl3 phase. The variation in QY of both the Mn and exci-
tonic PL with solvothermal reaction time is shown in Table S2 
and Figure S4. These results confirm that postsynthetic 
solvothermal treatment can promote the Mn diffusion and dop-
ing into the CsPbCl3 lattice. In addition, gradual Mn PL peak 
broadening (Figure 5d) and red shifting (from 598 to 610 nm) 
(Figure 5e) can be observed, which could be understood by the 
multiple microenvironments for Mn dopant within Mn:CsP-
bCl3 and CsMnCl3 NPLs for longer solvothermal treatment. 

 

Figure 6. PL decays of (a) host exciton and (b) Mn2+ emission in 
2D Mn:CsPbCl3 NPLs as a fucntion of solvothermal treatment time 
(proportional to Mn concentration); (c) The host excitonic PL re-
laxation time (inset: energy transfer time) and (d) Mn emission re-
laxation time of 2D Mn:CsPbCl3 NPLs as a function of 
solvothermal treatment time. The excitonic lifetime fits were de-
convolved by the instrumental response function (IRF). 

To further reveal the dopant concentration- and phase-de-
pendent optical properties, the time-resolved emission meas-
urement was conducted. The excitonic PL decay profiles of the 
2D Mn:CsPbCl3 NPLs display multiexponential decay for all 
samples, both before and after solvothermal treatment (Figure 
6a). The average lifetime (τex) decreases dramatically (Figure 
6c), from 6.3 to 1.4 ns, because of the increased energy transfer 
efficiency from host NPLs to Mn2+ ions with increased Mn in-
corporation (Figure 6a, Table S3). To gain an insight into the 
relative strength of the exciton−Mn exchange coupling, an ap-
proximation formula was employed to estimate the energy 
transfer time (τET).16 

QYMn =  � 𝑘𝑘𝐸𝐸𝐸𝐸
𝑘𝑘𝑒𝑒𝑒𝑒+𝑘𝑘𝐸𝐸𝐸𝐸

� =  �
1

𝜏𝜏𝐸𝐸𝐸𝐸
1
𝜏𝜏𝑒𝑒𝑒𝑒

+ 1
𝜏𝜏𝐸𝐸𝐸𝐸

�     (1) 

where, QYMn is the Mn PL QY, kET is the energy transfer rate, 
kex is the radiative recombination rate constant of host excitons, 
τex is the exciton relaxation time. The calculated energy transfer 
time τET of the 2D Mn:CsPbCl3 NPLs decreased from 307.9 to 
4.4 ns with increasing the solvothermal treatment time from 0 
to 5 h, respectively (Figure 6c inset). The energy transfer from 
exciton to Mn ions depends on the spatial overlap between the 

wavefunctions of the exciton and dopant ions.25, 45, 50, 51 The cal-
culated results confirm that stronger exciton−Mn exchange 
coupling occurs with higher Mn doping concentration, leading 
to the increase in the energy transfer efficiency. 

The decay curves of the Mn2+ emission is shown in Figure 6b. 
The energy, peak width, and lifetime of the Mn emission are 
sensitive to the local lattice micro-environment on the doping 
site, which influence the strength of the ligand field of Mn2+ ions 
as well as the vibronic coupling.45, 51-53 For the lower Mn concen-
trations (0 - 2 h), the Mn lifetime could be uniquely fitted to a 
single-exponential decay with a lifetime slightly decreased from 
1.49 ms to 1.36 ms (Figure 6d, Table S3). The single exponen-
tial decay of Mn PL lifetime suggests a nearly homogeneous en-
vironment of Mn dopants inside the CsPbCl3 NPLs.54, 55 For 
NPLs with 3-4 h solvothermal treatment, the Mn lifetime could 
be fitted to either a single-exponential decay or two exponential 
decays. However, for NPLs at higher Mn concentrations (for 
5.0 h growth), the Mn PL decay becomes faster (τMn decreases 
to 1.24 ms) and can only be fitted by multiple exponential decay 
(Figure. 6d, Table S3), indicating the significant heterogeneity 
of the local doping environment. 54, 55 Therefore, the broad Mn 
PL peak and nonexponential Mn PL decay were observed is 
consistent with the coexistence of Mn:CsPbCl3 and CsMnCl3 
phases, as the result of phase segregation. The concentration 
quenching significantly influences the excited Mn centers at this 
stage, resulting in decreased Mn PL lifetime and PL QY. 
Discussion 

In this study, higher Mn doping concentrations in CsPbCl3 
NPLs can be achieved by diffusion doping during a 
postsynthetic solvothermal process. Furthermore, it is intri-
guing to observe the new CsMnCl3 phase formed by spinodal 
decomposition in the later stage of diffusion doping. It is be-
lieved that the fast ion diffusion under the solvothermal condi-
tions facilitates the diffusion doping, leading to higher Mn dop-
ing efficiencies. When the doping concentration is above a cer-
tain threshold, phase separation can occur to release the strain 
generated by the large cationic size mismatch between Mn and 
Pb ions.  

To further understand the effects of solvothermal conditions 
on the doping concentration and phase of the final NPLs, 2D 
Mn:CsPbCl3 NPLs were also synthesized at 160 and 180 ˚C un-
der solvothermal conditions (Figure 7, Figure S5-S10). TEM 
shows the NPLs prepared at different solvothermal temperature 
(160 and 180 ˚C) exhibit similar 2D morphology and size as 
NPLs obtained at 200˚C (Figure S5), which indicates that the 
reaction temperature does not significantly influence the 
growth of the host CsPbCl3 NPLs within the experimental tem-
perature range. However, the Mn:CsPbCl3 NPLs at 160 ˚C ex-
hibited nearly identical emission profiles with similar intensity 
ratio of Mn emission to host excitonic emission regardless of 
solvothermal treatment time (Figure 7a). In addition, no nota-
ble change in the peak positions of the Mn or host excitonic 
emission, nor the Mn PL lifetime, was observed during 
solvothermal treatment process (Figure 7e, Figure S6-S7). ICP-
OES analysis illustrates a similar Mn doping concentration (~2 
%) for the Mn:CsPbCl3 NPLs synthesized at  
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Figure 7. Comparison of optical properties of 2D Mn:CsPbCl3 NPLs (using 80% Mn as precursor, mol% to Pb) under different solvothermal 
temperatures (160 ˚C, 180 ˚C and 200 ˚C). (a-b) UV-vis absorption (dotted line) and PL spectra (solid line, with excitation at 350 nm) of 
2D Mn:CsPbCl3 NPLs obtained at 160 ˚C and 180 ˚C, respectively; (c) Intensity ratio of Mn emission to excitonic emission, (d) Mn doping 
concentration incorporated in NPLs, and (e) Peak center of Mn emission as a function of solvothermal reaction time. 

 

160 ˚C (Table S1), with no phase separation/transition ob-
served from XRD (Figure S8). Interestingly, the NPLs obtained 
by solvothermal treatment at 180 ˚C displayed a change of PL, 
doping concentration, and phase that was intermediate between 
those of NPLs grown at 160 and 200 ˚C under solvothermal 
treatment (Figure 6, Figure S9-S10). For example, the ratio of 
Mn emission to excitonic emission slowly increased from 0.13 
to 1.34 with increasing solvothermal treatment time (Figure 7b 
and 7c), while the Mn emission peak showed a slight red shift 
from 598 to 600 nm (Figure 7e). The Mn concentration in-
creased from 0.8% to 8.0% for NPLs grown for 0 and 5 h, re-
spectively, (Table S1) coupled with an increased Mn PL QY, up 
to a maximum of 10.2% for 5 h samples (Table S2, Figure S4). 
The new CsMnCl3 phase was only observed for 5 h sample from 
XRD analysis (Figure S10).  

Taken together, the diffusion-controlled doping under sol-
vothermal conditions plays a critical role for the higher Mn dop-
ing efficiency and the formation of the new CsMnCl3 phase by 
phase separation during the solvothermal treatment. The de-
pendence of the phases and optical properties of the 2D NPLs 
on the solvothermal treatment temperature can be understood 
as a pressure (proportional to temperature) mediated process 
for dopant incorporation. It has been reported that the surface 
states and crystallography of materials alter significantly under 
sufficient pressure.56-58 Therefore, the rate of dopant diffusion, 
adsorption, and incorporation into the perovskite NPLs can be 
tuned by the temperature-dependent pressure under solvother-
mal conditions. 

The experimental results indicate that the high temperatures 
(> 160 ˚C), under solvothermal conditions, can facilitate ion 
diffusion and diffusion doping of Mn ions into the CsPbCl3 
without modifying the size and shape of the 2D NPLs. At rela-

tively low Mn doping concentrations in Mn:CsPbCl3 NPLs dur-
ing the solvothermal treatment, the Mn2+ doping environment 
ions are largely homogeneous, evidenced by the single-expo-
nential decay of Mn PL. The increasing Mn concentrations can 
lead to higher Mn PL QY. While the efficient doping can be un-
derstood by the fast diffusion rate under solvothermal condi-
tions, the phase separation is dependent on both doping con-
centration and reaction temperature. Generally, relatively high 
doping concentrations are required for phase separation during 
the solvothermal treatment. In addition, high temperature can 
also facilitate the phase separation. At 180 ˚C, a ~8% doping 
concentration is required for the phase separation, while at 200 
˚C the phase separation can occur with ~5% doping concentra-
tion. 

While phase segregation from a uniform crystal via spinodal 
decomposition can occur in the bulk materials, the nano-inclu-
sion inside doped NCs is very rare. In II−VI semiconductors 
quantum dots (QDs), incorporation of a dopant metal ion with 
the same charge (i.e., Mn(II),59 Cr(II),22 and Co(II))29 leads to 
simple substitutional incorporation of the ion of interest up to 
its solubility limit. Incorporation of an ion that has a different 
charge, such Cu(I),60 Cr(III),61 Eu(III),62 Fe(III),63 or Al(III)64, 
results in formation of ion vacancies in the QD in order to reach 
charge neutrality, or in a rare case formation of ZnCr2Se4 spinel 
inclusion inside Cr(III) doped ZnSe QDs.65 The unusual phase 
segregation in the 2D Mn:CsPbCl3 NPLs could be understood 
by the flexible continuum model by considering the effects of 
coherency strains as well as the gradient energy term in the crys-
tal lattice.66, 67 The strain is more significant with high Mn dop-
ing concentrations considering the large size mismatch (>30%) 
between the Mn2+ (97 pm) dopant and the Pb2+ (133 pm). 
However, the free-energy can be lowered by allowing the com-
ponents to separate, thus increasing the relative concentration 
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of a component material in the spinodal region of the phase di-
agram. Therefore, phase separation can occur when the concen-
tration of Mn dopant is too high and Mn:CsPbCl3 NPLs transi-
tions into the unstable region of the phase diagram. 

 

Figure 8. Phase diagram of Mn:CsPbCl3 NPLs under solvothermal 
conditions. 

The boundary of the unstable region can be found experi-
mentally by determining the phases in temperature vs doping 
concentration diagram, as shown in Figure 8. Only Mn:CsPbCl3 
phase present on the bottom-left part of the diagram with rela-
tive low the dopant concentration. As dopant concentration 
continue to increase, the Mn:CsPbCl3 reaches the boundary of 
the phase diagram as indicated by the line on the diagram. 
Above the threshold of dopant concentration and solvothermal 
temperature, the Mn:CsPbCl3 is moved into the spinodal region 
of the phase diagram that spinodal decomposition can occur as 
observed in the right side of the phase diagram in Figure 8. Dur-
ing this spinodal decomposition, no new nucleation event oc-
curs, therefore, no significant size and shape change was ob-
served for the 2D NPLs under solvothermal conditions. 
Conclusion 

In conclusion, we demonstrated a facile solvothermal method 
for efficient diffusion doping in 2D Mn:CsPbCl3 NPLs and even 
the formation of a new CsMnCl3 phase by spinodal decomposi-
tion without significantly altering the morphology and size of 
host perovskite NCs. ICP-OES, EPR, XANES, and lumines-
cence lifetime data confirm the Mn doping efficiency was con-
tinuously improved during solvothermal treatment, while phase 
separation by spinodal decomposition can occur at later stage of 
diffusion doping, leading to the coexistence of Mn:CsPbCl3 and 
CsMnCl3 phases. The Mn doping efficiency and phase transi-
tion are strongly depending on the solvothermal reaction tem-
perature and time, which further affects the optical properties 
of 2D Mn:CsPbCl3 NPLs. The CsMnCl3 inclusions by spinodal 
decomposition in Mn doped CsPbCl3 NPLs is the first reported 
example of a nano-inclusion in isovalent doped NCs to the best 
of our knowledge. The ability to incorporate a new phase by spi-
nodal decomposition provides a new understanding of doping 
inside quantum confined NCs and a promising approach to 
study the interactions between the impurity and the host under 
moderate temperature and pressure. 

Experimental Section 

Chemicals. Cesium carbonate (Cs2CO3, 99.9% metals basis, 
Alfa Aesar), PbCl2 (99.999%, Alfa Aesar), MnCl2 (>99 %, 
Aldrich), oleylamine (OAm, technical grade 70%, Aldrich), 
oleic acid (OA, technical grade 90%, Aldrich), 1-octadecene 
(ODE, technical grade 90%, Aldrich), toluene (ACS grade, 
VWR), and acetone (Certified ACS, VWR) were used as 
supplied. 

Preparation of cesium oleate stock solution. A stock solution 
of cesium oleate (Cs(oleate)) was prepared followed a reported 
method.47 Briefly, Cs2CO3 (130 mg), 1-octadecene (6.0 mL) 
and oleic acid (0.5 mL) were loaded into a 25 mL 3-neck round 
bottom flask and dried under vacuum at 100 oC for 1 hour. The 
mixture was then heated under argon at 140 oC until all Cs2CO3 
reacted with OA. The Cs(oleate) solution was stored at room 
temperature and was pre-heated to 140 oC just before use in per-
ovskite 2D Mn:CsPbCl3 NPLs synthesis. 

Synthesis of perovskite 2D Mn:CsPbCl3 NPLs. 2D Mn:CsP-
bCl3 NPLs were grown using a two-step process. In the first 
step, smaller 2D Mn:CsPbCl3 NPLs were synthesized using a 
hot-injection method in long-chain capping ligands oleic acid 
and oleylamine. Subsequently, larger 2D Mn:CsPbCl3 NPLs 
formed by the assembly of corresponding smaller 2D Mn:CsP-
bCl3 NPLs in a Teflon-lined stainless-steel autoclave under 
solvothermal condition.  

(a) Synthesis of colloidal 2D Mn:CsPbCl3 NPLs. The synthe-
sis of smaller 2D Mn:CsPbCl3 NPLs were performed by reacting 
Cs-oleate with PbCl2 and MnCl2 in ODE containing a mixture 
of long-chain capping ligands (OA and OAm). PbCl2 (54 mg), 
MnCl2 (20 mg), ODE (5.0 mL), OA (1.0 mL), OAm (1.0 mL) 
were loaded into a 25 mL 3-neck flask and heated to 100 oC un-
der vacuum for 30 min. Then the reaction mixture was refilled 
with argon and reacted for another 20 min at 120 °C. Subse-
quently, the Cs(oleate) (0.45 mL) was swiftly injected to form 
2D Mn:CsPbCl3 NPLs in 5-10 s. The solution was cooled down 
to room temperature by immersion in a water bath.  

(b) Growth of larger perovskite 2D Mn:CsPbCl3 NPLs. The 
formed solution of smaller 2D Mn:CsPbCl3 NPLs were trans-
ferred to an Ar-filled glovebox and loaded into a 10 mL Teflon-
lined autoclave without any purification. The autoclave was 
sealed and maintained at 200 °C for the required reaction time 
(1-5 h). The autoclave was then quickly cooled down to room 
temperature using an ice bath. Finally, the solution was trans-
ferred to a centrifuge tube and centrifuged at 5000 rpm for 5 
min. The resulting larger 2D Mn:CsPbCl3 NPLs was re-
dispersed in 2 mL toluene for further optical characterization. 

For optical measurements, the samples were cleaned once by 
the centrifugation of the reaction solution at 5000 rpm for 5 
min. The supernatant was discarded and 1 mL toluene was 
added to re-dissolve the precipitate. For XRD measurements, 
the samples were cleaned at least two additional times to re-
move the excess ligand on the surface of the NCs. Briefly, 1 mL 
toluene was added to re-dissolve the precipitate, and then 5 mL 
acetone was added to precipitate the NCs by centrifuging at 
5000 rpm for 5 min. This dissolution/reprecipitation process 
was repeated at least one more time to remove excess ligands. 
Finally, the NCs were dried under vacuum for XRD measure-
ments. 
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Sample characterizations.Transmission electron microscopy 
(TEM) measurements were performed on a FEI T12 Twin 
TEM operated at 120 kV with a LaB6 filament and Gatan Orius 
dual-scan CCD camera. Powder X-ray diffraction (XRD) pat-
terns were taken on a Bruker D8 Advance powder diffractome-
ter using Cu Kα radiation (λ =1.5406 Å). Inductively coupled 
plasma optical emission spectrometry (ICP-OES) for elemental 
analysis was performed on a Perkin Elmer Optima 3300DV. For 
a standard ICP-OES measurement, the powdered samples were 
completely dissolved in 90% HNO3, heated to remove excess 
NOx, and then diluted to ∼5 mL ultrapure water. Room temper-
ature electron paramagnetic resonance (EPR) spectra were rec-
orded at a microwave frequency of 9.4 GHz on a BRU188KER 
ELEXSYS-II E500 spectrometer. 

The UV-Visible spectrophotometry (UV-Vis) measurements 
were collected on an Agilent Cary 60 spectrophotometer. 
Steady-state and time-resolved emission spectroscopy were rec-
orded using an Edinburgh FLS-980 spectrometer with a photo-
multiplier tube (PMT, R928 Hamamatsu) detector. For collec-
tion of steady-state emission spectra, the excitation wavelength 
was set to 350 nm, and a 360 nm long-wave pass optical filter 
was used to remove extraneous wavelengths from the excitation 
light. Time-resolved emission measurements were made by the 
time correlate single photon counting (TCSPC) capability of 
the same instrument (FLS-980). For band gap emission meas-
urement, the pulsed excitation light (365 nm) was generated by 
an Edinburgh EPL-365 pulsed laser diode operating at a repeti-
tion rate of 0.2 MHz. The maximum emission channel count 
rate was less than 5% of the laser channel count rate, and each 
data set collected 5000 counts on the maximum channel. For 
Mn emission lifetime measurement, the pulsed excitation light 
(365 nm) was generated by a μF2 60 W xenon flashlamp oper-
ating at a repetition rate of 20 Hz. The detector signal was set 
below a threshold of 5000 counts per second. The lifetime of 
emission was determined by re-convolution fit with the instru-
ment response function using the Edinburgh F980 software. In 
all cases, emission decay was satisfactorily fitted with a multiple-
exponential function until re-convolution with goodness-of-fit 
(χR

2) in the range between 1.0 and 1.3.  
X-ray absorption fine structure (XAFS) experiments were 

performed at Sector 10 on the insertion device line operated by 
the Materials Research Collaborative Access Team (MRCAT). 
Measurements were performed in fluorescence using a Lytle de-
tector. Pellet samples consisting the pure materials and BN were 
prepared and mounted perpendicular to the x-ray beam. Cali-
brations were done using a Pb foil for the Pb L1-edge. XAFS data 
processing and analysis was done using the IFEFFIT suite of 
programs.68 Initial estimates of the threshold energy values (E0) 
were obtained via the inflection point in the normalized absorp-
tion edges. A Hanning window was applied to a selected k-range 
(2-9 Å-1) to obtain the Fourier transformed extended XAFS 
(EXAFS) data. Using the bulk cubic CsPbCl3 lattice as our fit-
ting model, FEFF6 was used to calculate the photoelectron scat-
tering path amplitudes, Fi(k), and phase, ϕ(k), and the samples 
were fit to the EXAFS equation, 

𝜒𝜒(𝑘𝑘) =
𝑁𝑁𝑖𝑖𝑆𝑆𝑜𝑜2

2𝑘𝑘𝑅𝑅𝑖𝑖2
𝐹𝐹𝑖𝑖(𝑘𝑘)𝑒𝑒−2𝑘𝑘2𝜎𝜎𝑖𝑖

2
sin [2𝑘𝑘𝑅𝑅𝑖𝑖 + 𝜙𝜙𝑖𝑖(𝑘𝑘)] 

which allowed for the extraction of pertinent information in-
cluding the bond lengths (Ri) and the EXAFS Debye-Waller fac-
tors (static disorders, σi

2).  
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