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Abstract: Recent microstructural studies on lead halide perovskite nanocrystals have consistently
reported the coexistence of byproduct nanoparticles (NPs). However, the nature of these NPs and
their formation mechanism are still a matter of debate. Herein, we have investigated the structure
and compositions of the NPs located on colloidal cesium lead bromide nanocrystals (CsPbBrs NCs),
mainly through aberration-corrected transmission electron microscopy and spectroscopy. Our results
show that these NPs can be assigned to PbBr, and CsPb;Brs. The new CsPb,Brs species are formed by
reacting CsPbBrz NCs with the remaining PbBr, during the drying process. In addition, observation
of the metallic Pb NPs are ascribed to the electron damage effect on CsPbBrz NCs during transmission
electron microscopy imaging.

Keywords: lead halide perovskite materials; colloidal cesium lead halide nanocrystals; scanning
transmission electron microscopy and spectroscopy

1. Introduction

Lead halide perovskite (LHP) materials have attracted significant attention in recent years, due
to their promising applications in solar cells [1-5], light emitting diodes (LEDs) [6-9], lasers [10-13],
and photo-detectors [14-17]. In the family of LHP materials, colloidal all-inorganic cesium lead halide
(CsPbX3, X = Cl, Br, and I) perovskite nanocrystals combine both high stability and superior high
luminescent efficiency compared to their organic-inorganic counterparts [18,19]. With their colloidal
properties, many works have concentrated on applying them to solution-processed devices such as
display screens [20], lasers [12] and LEDs [8].

Recent studies have consistently reported the observation of nanoparticles (NPs) with high
contrast to LHP nanocrystals (CH3sNH3PbBr; [21] and CsPbBrs [22-26]) in transmission electron
microscopy (TEM) images (i.e., the white dots in Figure 1). However, the structure, chemistry,
and forming mechanism of these NPs are still unclear and under debate in these reports. Some reports
indicate that these NPs are Pb metal, originating from either the precursor material PbBr; [26], or the
electron damaged CsPbBrj lattices [23-25]. One report suggests that these NPs are PbBr; [21] and
another report claims that these NPs are CsPb,Brs [22].

Here, we demonstrate that these NPs exist as a mix of PbBr, and CsPb,Pbs on the CsPbBrs
nanocrystals (NCs). We propose a formation process of these NPs: (i) Excess reactant of PbBr, during
the synthesis and, subsequently, incomplete purification of the CsPbBrz products, synergetically lead
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to excess Pb?* and Br~ dissolved in the CsPbBr; dispersion of nonpolar solvent. After the solvent
evaporate from the carbon film, the PbBr, NPs quickly precipitate on the CsPbBrz NCs; (ii) The
PbBr, NPs react with part of the CsPbBrj lattices to form the CsPb,Brs NPs, still on the CsPbBrs NCs.
Additional observation of the metallic Pb NPs are ascribed to the electron damage effect on CsPbBr;
NCs during TEM imaging.

2. Results and Discussion

2.1. Morphology, Size, and Position

An overview of the NPs on the CsPbBr; NCs was first investigated using scanning TEM high-angle
annular dark field (STEM-HAADF) images as shown in Figure 1. CsPbBrs NCs of about 15 nm with
cubic and rectangular shapes are demonstrated. The NPs on the CsPbBrs NCs are of an average size of
2.72 £ 0.52 nm (inset of Figure 1a). These NPs have a tendency to locate near the edge of each CsPbBrs
NC and a NP bridging itself between two CsPbBr; NCs has been even found (indicated with an arrow
in Figure 1b), which suggests that these NPs do not locate inside the CsPbBr; lattice, but are attached
to the surface of CsPbBrs NCs.
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Figure 1. Overview STEM-HAADF images of the NPs on the CsPbBrs NCs at different magnifications.
The inset of (a) shows the size distribution of over 300 NPs. The red arrow in (b) indicates a NP
bridging itself between two CsPbBrs NCs.

2.2. Structure and Compositions

The structure of these NPs on the CsPbBr; NCs was first investigated by selected-area electron
diffraction (SAED). As shown in Figure 2a, excluding the bright diffractive rings belonging to the
CsPbBr; (100), (110), (200), (210), and (220) planes, additional spots indicated with arrows can be
indexed as a PbBr; (121) plane and a CsPb,Brs (114) plane. More SAED results are illustrated in
Figure S1 to further verify the existence of both PbBr, NPs and CsPbyBrs NPs. The identification of
PbBr, and CsPb;Brs is difficult to directly perform from their weak SAED patterns in the background
of those from CsPbBr; NCs, as most low-index diffraction rings from PbBr; planes and CsPb,Brs
planes are overlapped with the much brighter ones from CsPbBrj; planes (Table S1). Therefore, while
much fewer diffraction spots corresponding to PbBry and CsPb,Brs are found in the SAED patterns
compared with the large number of NPs observed in STEM-HAADF images, this is most likely due to
the small size and poor crystallinity of the NPs expressing much weaker diffractive signals, largely
covered by the signals from carbon films and CsPbBr; NCs. Later, the existence of the PbBr; and
CsPbyBrs NPs were further confirmed using high-resolution STEM-HAADE. Figure 2b shows a NP
(about 3 nm in diameter) with an interplanar spacing of 2.55 A, matching well with the CsPb;Brs
(312) plane (a PbBr textsubscript2 (230) plane is also possible). Note that other possible compounds,
including Pb and CsBr, have all been taken into consideration and do not match with the above
measurement results. Therefore, the NPs are preliminarily considered as a mix of PbBr; and CsPb,Brs.
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Figure 2. (a) SAED pattern of the NPs on the CsPbBr; NCs. Arrowed spots can be identified as PbBr,
NPs and CsPb,Brs NPs, excluding the main diffraction rings belonging to various CsPbBrs planes.
(b) High-resolution STEM-HAADF image of a CsPb,Brs NP (a PbBry NP is also possible) formed on the
CsPbBrs NC (CsPbBrs, cubic phase, PDF#75-0412; PbBr,, orthorhombic phase, PDF#31-0679; CsPb,Brs,
tetragonal phase, PDF#25-0211).

In addition, metallic Pb NPs were also found on CsPbBr; NCs using high-resolution
STEM-HAADE. Figure 3a,b shows the Pb (200) and Pb (020) atomic planes with a lattice spacing
of 2.46 A and an interfacial angle of 90°, oriented along a [001] zone axis. Since previous SAED results
(Figure 2a) have implied no existence of metallic Pb, which contradicts the reported argument that
metallic Pb NPs exist originally in the CsPbBrs dispersions [26], the Pb NPs found here at a high
magnification (electron dose 1.9 x 10° e~ /A2) may, to a large extent, originate from the as-reported
electron radiation effect on CsPbBrj lattice [23-25]. From Figure 3b, it is clear to see that the CsPbBr;
lattices under the as-observed Pb NP were modified and damaged. Therefore, we propose that the
metallic Pb NPs observed here may not be the extraneous NPs, like the PbBr, and CsPb,Br; NPs,
but rather a degradation product of CsPbBrz NCs from the focused electron beam during TEM imaging.

Figure 3. High-resolution STEM-HAADF images of the Pb NPs on the CsPbBrz NCs with [001]
orientation (Pb, cubic phase, PDF#87-0663).

Furthermore, 2D energy dispersive spectroscopy (EDS) elemental mappings of several CsPbBrs
NCs covered with the NPs (Figure 4a) was carried out to study the compositional information of the
NPs. Due to the small size of the NPs and corresponding insufficient X-ray counts, the elemental maps
(Figure 4a) have not shown strong variations of Cs, Pb, and Br in the position of the NPs. However,
when we statistically calculated the atomic percentages of Cs (red), Pb (green), and Br (blue) from
regions without the NPs (pure NC, i.e., indicated with a yellow circle in (a)) in comparison to that
from regions with the NPs (NC+NP, i.e., indicated with a blue circle in (a)), as plotted in Figure 4b,
it is evident to see that the NC+NP regions contain a lower atomic percentage of Br, more of Pb,
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and a nearly constant percentage of Cs, compared to the pure NC regions. The increment of the Pb
percentage in NC+NP regions was most likely caused by the existence of PbBr, and CsPb,Brs NPs.
However, a question may arise that, if the NPs consisted of PbBr, and CsPb,Brs, the Br percentage
should, in theory, increase, which is unexpectedly inconsistent with the experimental data (blue curve)
in Figure 4b.

In order to understand this discrepancy, we further directly compare the integrated EDS spectra
of Cs, Pb, and Br taken from both NC+NP (a) and pure NC (b) regions, as shown in Figure 5.
The two spectra were normalized with the peak of Cs as the only reactant of PbBr, was in excess
during the synthesis. Regarding the signal of Br, it unexpectedly decreases for the NC+NP region
compared to the pure NC region. In theory, the signal of Br should increase for the NC+NP region,
if the additional NPs consisted of PbBr, and CsPb,Brs. However, by considering the inevitable
electron-induced Br loss during EDS measurements [25], there is a high possibility that the existence
of these NPs may lead to the structural instability of CsPbBrs. As a result, the NC+NP region might
have undergone an even more severe electron damage effect compared to the pure NC region, so that
the electron-induced Br loss may surpass the theoretical Br increase coming from the extra existence
of PbBry and CsPb;,Brs NPs, causing the total Br intensity to decrease, as shown in Figure 5b and the
Br percentage to unexpectedly decrease in Figure 4b. It can be concluded that the increase of the Pb
percentage found in Figure 4b is not only due to the excess of PbBr, and CsPb,Br; NPs, but also the Br
loss induced by the strong electron damage effect in the NC+NP regions. It can also be understood that
the atomic Br/Pb ratio (Figure 4c) being lower for the NC+NP regions, may be due to the interplay
of the existence of PbBr, and CsPb,Brs NPs whose Br/Pb ratio are lower than the stoichiometric one
(3:1), and the Br loss induced by the strong electron damage effect in the NC+NP regions during EDS
measurements. In addition, the increase of Pb intensity in the NC+NP region in Figure 5b further
confirms that an excess Pb content exists in the NC+NP region, most likely in the forms of PbBr, and
CsPb,Brs NPs in addition to CsPbBrs.
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Figure 4. (a) STEM-EDS raw counts mappings of CsPbBrz NCs with the NPs. No strong variations
of Cs, Pb, or Br are found in the position of the NPs. None of the auto-filter processing is applied
here. (b) A plot of the calculated atomic percentages for Cs, Pb, and Br versus different regions (pure
NC regions and NC+NP regions). We took an average of 10 quantified elemental atomic percentage
results subtracted from 10 pure NC regions (i.e., indicated by a yellow circle in (a)). The error bar is the
standard deviation. Similar calculations were applied to the NC+NP regions (i.e., indicated by a blue
circle in (a)). (c) A plot of calculated atomic ratio of Br/Pb versus different regions (pure NC regions
and NC+NP regions).
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Figure 5. HAADF images of the NC+NP (a) and pure NC (b) regions. (c) Integrated EDS spectra
acquired from NC+NP (—) and pure NC (—) regions as shown in (a) and (b), respectively.

2.3. Formation Mechanism

Here we suppose that the presence of PbBry NPs can be ascribed to the excess PbBr; in the CsPbBrs
dispersions. In our synthesis, molar ratio of reactant Cs:Pb:Br is controlled at about 1:3.3:6.6, which is
similar to the most reported hot-injection procedures. Obviously, according to the stoichiometry ratio
of CsPbBr3 NCs, Cs species work as a limiting agent, and PbBr; is highly excessive in this reaction.
In addition, incomplete purification of the CsPbBr; products during the following centrifugation
step enables excess PbBr; to be left in the final CsPbBr3 dispersions [27], existing as ion-complexes
with oleic acid or oleylamine. When the drop of CsPbBr; dispersions on the ultrathin carbon film
evaporates, the CsPbBrs NCs are spread out on the carbon film while the PbBr, NPs would precipitate
on the carbon film or the upper surface of the NCs (Figure 6). This is consistent with the previous
observation that the NPs are preferentially located at the corners and edges of the surface of CsPbBrs
NCs. The chemical equilibrium reaction involved is as follows:

(C17H33C00),Pb + 2C15H3sNHyBr — PbBry | + 2(Ci7H33C00) ™ (CrgHssNH) 1)

as the reaction shows, PbBr; would precipitate out, while oleate and oleylammonium form ion pairs.
We note that if the above reaction was not complete, lead oleate and oleylammonium bromide may
also precipitate out as separate species in the NPs. However, as it is difficult to directly characterize
the structures of these organic non-crystalline materials through TEM imaging, the existence of lead
oleate and oleylammonium bromide are not discussed here and are subject to future investigation.

(C;;H3;CO0),Pb + 2 C,sH, NH,Br —

PbBr, + CsPbBr, — CsPb,B
PbBr21+2(C,7H33COO) (C,sH3sNH,)* T2+ CSEOBr = LSEh; s

Br— g~

~~Pb2 p »
,' ~—Br- —\-*;r\"h
' ~ 1 PbBr, precipitation CsPb,Brs growth

—_— —_—
“‘\ CstBrS

""""" PbBr,/ CsPbBr; PbBr,+CsPb,Br,/ CsPbBr,

. CsPbBr,  Pb*~ (C,,H;COO),Pb  Br~- CH;NH,Br ® PbBr, ® CsPb,Br

Figure 6. Schematic of the formation mechanism of the PbBr, NPs and the CsPb,Brs NPs on CsPbBrz NCs.
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Few reports have referred to the source of CsPb,Brs. One report demonstrated the existence
of 10% CsPb;Brs in the CsPbBrs solutions at room temperature [28]. Another report suggested that
the excess PbBr, facilitates a structural transformation of small CsPbBr; nanocrystals in the precursor
into CsPb,Brs at a low temperature [22]. A recent report verified CsPbBrs nanocrystals can transfer to
CsPb,Brs nanosheets as the reaction time prolongs, clearly indicating this conversion (from CsPbBrs to
CsPb;,Brs) is thermodynamically favorable [29]. Therefore, we propose that the generation of CsPb,Brs
can be ascribed to the following process:

PbBr; + CsPbBrs — CsPb;Brs 2)

The precipitated PbBry NPs touch the CsPbBrs NC surface and tend to facilitate the generation of
CsPb,Brs NPs, as illustrated in Figure 6.

To confirm the contribution of excess PbBr; to the existence of the NPs, the remaining amount
of PbBr; in the CsPbBrj dispersions were changed. Since directly changing the reactant amount may
destroy the synthesis, we changed the purification times of the as-synthesized CsPbBr; products
instead. Therefore, a comparison was made through TEM characterization between the following two
samples: CsPbBrs NCs washed one time and CsPbBrz NCs washed three times. For the one-time wash
sample, it is clear to see in Figure 7 that the NPs are evenly distributed both on the CsPbBr; NCs (a)
and the carbon film (b), whereas for the sample washed three times with acetone, none of the NPs
were found, neither on CsPbBr3 NCs (c) or the carbon film (d). Moreover, the microstructure of the
NPs on the carbon film was further confirmed by high-resolution TEM imaging and EDS elemental
mapping. Figure 8a,b shows the high-resolution TEM images of two NPs on the carbon film. As shown
in Figure 8a, the interplanar spacings of the NPs match well with the PbBr; (231) and (421) planes
with an interfacial angle of 56°, oriented along a [568] axis. Additionally, in Figure 8b, the interplanar
spacing of the NPs match well with the PbBr, (231) and (212) planes with an interfacial angle of 74°,
oriented along a [568] axis. Additionally, EDS measurements reveal that these NPs on the carbon film
contain both Br and Pb, but lack Cs (See Figure S2 and Table S2). As a result, the unwashed NPs on
the carbon film are verified to be PbBr,. Therefore, it is confirmed that the excess reactant of PbBr,
and incomplete purification contribute to the existence of the PbBr, NPs on both CsPbBrz NCs and
carbon films.

Washed 1 time Washed 3 times

Figure 7. HAADF-STEM images of the distribution of the NPs on both CsPbBrz NCs and carbon films
for the sample washed one time (a,b) and the sample washed three times (c,d), respectively.
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Figure 8. High-resolution TEM images of the PbBr, NPs found on carbon films along a [568] axis.

As for the metallic Pb NPs, it was reported that the Pb NPs were formed in the PbBr; solution
prior to injection of Cs salt [23], while another report investigated the effects of high energy electron
radiation contributing to Br atoms desorption and Pb atoms crystallization [25]. Since previous SAEDs
have indicated no Pb metals to exist, we assume that the original CsPbBrs dispersions have contained
no Pb metals. Therefore, the observed Pb NPs by high-resolution HAADF-STEM might result from the
electron damage effect on CsPbBrs NCs. Electron radiation (300 keV) induces desorption of Br atoms
from the surface of the NCs and reduces Pb?* cations to metallic Pb? atoms. Pb? atoms diffuse and
aggregate into Pb NPs, oriented epitaxially on the CsPbBrj3 lattice.

3. Materials and Methods

3.1. Materials

Oleic acid (OA 90%), octadecene (ODE 90%), oleylamine (OAM 80-90%), cyclohexane, acetone,
cesium carbonate (Cs;CO3 99.9%), and lead bromide (PbBr; 99.999%) were purchased from Aladdin
(Shanghai, China). All chemicals were used as received without any further purification.

3.2. Synthesis of CsPbBr3 Perovskite NCs

The CsPbBr; perovskite NCs adopted here were fabricated following a hot injection method [30].
For the synthesis of the CsPbBrj3, 0.1 g of PbBr, was added into a mixture of 7.5 mL ODE, 1.5 mL
OAM, and 0.75 mL OA, and then heated to 120 °C for 30 min under vacuum. The temperature was
then raised to 150 °C, followed by the rapid injection of 0.7 mL of Cs-oleate solution (0.407 g Cs,COs3
dissolved within 20 mL ODE and 1.5 mL OA). After several seconds, the solution was rapidly cooled
by the water bath. The products were then washed via centrifugation with cyclohexane/acetone
for one or three times. Finally the products were dispersed in cyclohexane forming long-term
colloidally-stable dispersions.

3.3. Characterization of the NPs on the CsPbBrz NCs

TEM images, selected-area electron diffraction (SAED) patterns and scanning TEM high angle
annular dark field (STEM-HAADF) images were acquired using a FEI Tecnai G2 F20 S-TWIN
microscope, operated at an accelerating voltage of 200 kV. High-resolution TEM images, high-resolution
STEM-HAADF images [31], and energy-dispersive spectroscopy (EDS) elemental mappings were
acquired using a FEI Titan® G2 60-300 microscope, operated at an accelerating voltage of 300 kV,
equipped with double aberration correctors [32] and Super-X EDS detectors [33]. The image pixel
size in the high-resolution TEM and high-resolution STEM-HAADF images was calibrated using
the ratio of the CsPbBrj lattice constant listed in the PDF card (CsPbBrs, cubic phase, PDF#75-0412)
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to the corresponding interplanar spacing pixels of the CsPbBrs NC measured in the image at the
same magnification.

4. Conclusions

The TEM experiments presented here demonstrate that the byproduct NPs on CsPbBrz NCs is
a mix of PbBr, and CsPb,Brs. We propose here that the excess reactant of PbBr, during the synthesis
and, subsequently, the incomplete purification of the CsPbBrs products, synergetically led to the final
excess precipitation of the PbBr, NPs on CsPbBrs NCs after solvent evaporation. The subsequent
reaction between the PbBr, NPs and the CsPbBrj; surface induce the formation of the CsPb,Brs NPs.
Moreover, the existence of these NPs may add to the structural instability of CsPbBr3, so methods to
remove these NPs are of great importance for maintaining their superior optical properties. Here, we
propose that these byproduct NPs can be fully removed via washing CsPbBrs NCs three times with
acetone. In addition, the metallic Pb NPs, which were not found in the original CsPbBr3 dispersions,
could be attributed to the electron damage of CsPbBrs NCs during TEM imaging. The above formation
mechanism of the NPs on CsPbBrz NCs may also apply to other CsPbX3 and hybrid lead halide
perovskite nanocrystals.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4352/8/1/2/s1; Figure S1:

SAED patterns from two 0.48 um? areas of the NPs on the CsPbBrz NCs; Figure S2: An integrated EDS spectrum
acquired from a region with the NPs on a carbon film; Table S1: Interplanar spacings of CsPbBrs, PbBry,
and CsPb,Brs, respectively; Table S2: Atomic percentages of Cs, Pb, and Br for a region with the NPs on
a carbon film.
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