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ABSTRACT: PbSe nanocrystals have attracted widespread attention
due to a variety of potential applications. However, the practical
utility of these nanocrystals has been hindered by their poor air
stability, which induces undesired changes in the optical and
electronic properties. An understanding of the degradation of PbSe
nanocrystals when they are exposed to air is critical for improving the ( y . ' 0

stability and enhancing their applications. Here, we use in situ

transmission electron microscopy (TEM) with an environmental cell \lf
connected to air to study PbSe nanocrystal degradation triggered by e -
air exposure. We have also conducted a series of complementary > -
studies, including in situ environmental TEM study of PbSe W
nanocrystals exposed to pure oxygen and PbSe nanocrystals in

H,O using a liquid cell, and ex situ experiments, such as O, plasma treatment and thermal heating of PbSe nanocrystals under
different air exposure. Our in situ observations reveal that when PbSe nanocrystals are exposed to air (or oxygen) under electron
beam irradiation, they experience a series of changes, including shape evolution of individual nanocrystals with the cuboid
intermediates, coalescence between nanocrystals, and formation of PbSe thin films through drastic solid-state fusion. Further
studies show that the PbSe thin films transform into an amorphous Pb rich phase or eventually pure Pb, which suggest that Se
reacts with oxygen and can be evaporated under electron beam illumination. These various in situ and ex situ experimental
results indicate that PbSe nanocrystal degradation in air is initiated by the dissociation and removal of ligands from the PbSe
nanocrystal surface.

B INTRODUCTION However, species such as oxygen and some solvents (e.g.,
H,0) have been shown to eliminate the preference for (100)
fusion and instead promote random necking.'' The mecha-
nisms by which air exposure and variations in ligand coverage

Semiconductor nanocrystals continue to attract considerable
attention because of their various applications in solar cells,'
light-emitting diodes,” and field-effect transistors.” Mono- ) i
disperse colloidal PbX (X = S, Se, Te) nanocrystals are ideal 1mp acF nanocrystal fnswn are not well understooc?..

building blocks for fabricating mesoscale materials with Unlike bulk materials, nanocrystals are susceptible to large

emergent collective properties. For example, PbSe nanocrystals
capped with oleate ligands can self-assemble into superlattices
exhibiting excellent long-range ordering.*”® The nanocrystals

morphological changes with variations in surface chemistry due
to their large surface-to-volume ratio.”” One ubiquitous
concern is the impact of oxygen exposure on the optical and

in these assemblies can then be fused together along their electronic properties of air-sensitive nanocrystals. It has been
(100) facets by controllably strlpplng the oleate ligands to shown that PbSe nanocrystals can rapidly oxidize to become a
yield epitaxially fused superlattices.”'’ These epi-superlattices

are now of interest because of the potential for band-like Received: September 22, 2018

charge transport, the achievement of which would be a Revised:  December 10, 2018

significant achievement in mesoscale materials science. Published: December 12, 2018

ACS Publications  © 2018 American Chemical Society 190 DOI: 10.1021/acs.chemmater.8b04052
L2 4 Chem. Mater. 2019, 31, 190199


pubs.acs.org/cm
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.8b04052
http://dx.doi.org/10.1021/acs.chemmater.8b04052

Chemistry of Materials

(@)

(b)

(d)

Figure 1. Schematic of the experimental setup for imaging of PbSe nanocrystals under different environmental conditions. (a) PbSe nanocrystals
are fully exposed to air when they are in an environmental cell with the connecting tubes open. (b) PbSe nanocrystals are partially exposed to air
when they are in an environmental cell with the tubes sealed with parafilm. Trace amount of air can diffuse through the parafilm into the tube. (c)
PbSe nanocrystals are under vacuum environment when they are in a traditional single tilt holder. (d) Preparation of monolayer-thick of PbSe
nanocrystal superlattices in an environmental cell by drop-casting the PbSe nanocrystal solution on the bottom chip and assembling it with the top
chip. The bottom chip is patterned with a layer of silicon dioxide to create a flow tunnel.

more conductive p-type material under ambient conditions,
causing serious issues for their use in devices.”'® Efforts have
been made on the study of PbX (X = Cl, Br, I) nanocrystal
surface chemistry. PbX nanocrystals adopt the rock-salt
structure and are often terminated by a combination of
(100), (110), and (111) facets."*'®> The Pb atoms on polar
(111) facets coordinate with ligands for charge balance, which
reduces the surface energy and makes the polar facet more
stable compared to the (100) and (110) facets with sparser
ligand coverage.“é Passivation of (100) facets with atomically
thin PbX, (X = Cl, Br, I) adlayers has also improved the air
stability of PbSe nanocrystals.'” Additionally, optical and X-ray
photoelectron spectroscopy studies of PbSe nanocrystal films
have provided evidence that surface oxidation is the main
degradation issue leading to significant changes in the
electronic structure.'®'? The chemisorption of oxygen on
PbSe nanocrystals can lead to the growth of an oxide layer on
the surface, on which complex oxidation chemistry and kinetics
have been studied””*' and different metal oxides including
PbO, SeO,, and PbSeO; have been observed.?>™** Many
advanced methods have been developed to improve the
ambient stability of PbX nanocrystals, including halogen
treatment,25 cation exchange,26 precursor engineering,27 sur-
face coating,”® and atomic layer deposition infilling.”” For
instance, passivation of PbSe nanocrystals through ion
exchange leads to solar cells with >8% efficiency, maintaining
at least 93% of their initial power conversion efficiency after
being stored for 57 days.”® Although the oxidation mechanism
and protection techniques of PbSe nanocrystals have been
widely studied, the physicochemical changes that plague
nanocrystals are still not fully understood due to the lack of
detailed information on the degradation pathways of nano-
crystals upon exposure to air.

In situ environmental cell TEM provides unique capabilities
for the direct observation of materials transformations during
reactions in relevant gas®”®' or liquid environments.”> A
variety of dynamic phenomena have been visualized with high
spatial and temporal resolution using in situ TEM, including
surface reconstruction,”® nucleation, and growth of nanocryst-
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als®*™** and precipitation and dissolution at electrode—

electrolyte interfaces.’”” Here, we use the environmental cell
setup to study PbSe nanocrystal degradation by exposing them
to static air. The effects of air exposure on the structural
instability of PbSe nanocrystals are investigated through a set
of in situ experiments with nanocrystals inside the cell fully
exposed to air (tubes are open to air), partially exposed to air
(tubes are sealed with parafilm), and in vacuum (using a
conventional vacuum sample holder with no tubes) (Figure 1).
The structural evolution of the PbSe nanocrystals under
different degrees of air exposure with electron beam irradiation
is captured in situ. We also conduct complementary experi-
ments including in situ gas environmental TEM experiments
by exposing PbSe nanocrystals to pure O, and PbSe
nanocrystals in water and systematic ex situ studies of PbSe
nanocrystals when exposed to O, plasma or after thermal
heating in various environments, which provide important
supplementary information on the degradation of PbSe
nanocrystals.

B EXPERIMENTAL SECTION

Chemicals. All commercially available chemicals were used
without further purification. Lead(Il) oxide (PbO, 99.9995%, Alfa
Aesar), selenium shot (99.999%), oleic acid (OA, tech. grade, 90%),
diphenylphosphine (DPP, 98%, Aldrich), trioctylphosphine (TOP,
tech. grade, >97%, Strem Chemicals Inc.), 1-octadecene (ODE, 90%,
Aldrich), hexane (anhydrous, >99%, Sigma-Aldrich), and ethyl
alcohol (anhydrous, >99.5%, Sigma-Aldrich) were used in nanocryst-
als synthesis, purification, and washing.

Synthesis. PbSe nanocrystals were synthesized and purified using
standard air-free techniques. In a typical synthesis, 1.50 g of PbO, 5.0
g of OA, and 10.0 g of ODE were added to a three-neck flask and
thoroughly degassed under a dynamic vacuum of ~50 mTorr at room
temperature. The mixture was then heated under vacuum at 110 °C
for 1.5 h to produce a dry solution of Pb(OA),. The solution was
heated to 180 = 3 °C under flowing argon, at which point 9.5 mL of a
1 M solution of TOP-Se containing 0.20 mL of DPP was rapidly
injected to trigger the nucleation. After 105 + 3 s, the reaction was
quenched by immersion in a bath of liquid nitrogen, cooled to 35 °C,
and diluted with 10 mL of anhydrous hexanes. Inside an N,-filled
glovebox (O, < 10 ppm), the nanocrystals were purified by three
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Figure 2. Morphology changes of PbSe nanocrystals under maximum or partial exposure to air. (a) Sequential TEM images showing the
morphology changes of PbSe nanocrystals under maximum exposure to air and (b) partial exposure to air. (c) A schematic showing the trend of
morphology evolution of PbSe nanocrystals when exposed to air. (d) The numbers of nanocrystals as a function of time corresponding to (a) and

(b). Scale bar: 20 nm.

rounds of precipitation—redispersion with ethanol/hexane, dried
completely, and stored as a powder.

In Situ and ex Situ TEM Study of the PbSe Nanocrystal
Degradation. A JEOL 2100 electron microscope (Materials Science
Division, Lawrence Berkeley National Laboratory) equipped with an
environmental cell sample stage (Hummingbird Scientific) was used
for in situ observation of the nanocrystals transformation upon air
exposure under the electron beam. The environmental cells are made
of two 4 mm? silicon chips with a S0 nm thick silicon nitride
membrane window on each chip. The bottom chip has a 250—500 nm
thick silicon dioxide spacer to allow air flow between the top and the
bottom chip. This is a general setup for both liquid and gas flow. In
our experiments, there is no flowing liquid or gas in the system.
Instead, static gas exposure is used. First, 2 yL of 0.25 mg/mL oleate-
capped nanocrystals dispersed in hexane was drop-casted on a silicon
nitride viewing window (bottom chip) and dried to form a hexagonal
close-packed nanocrystal monolayer. Then, the environmental cell
was assembled by placing the top chip on the bottom chip and
connecting the cell with the tubing. The inlet and outlet tubes were
sealed by parafilm for some experiments and left open for other
experiments. The above procedure was completed in the glovebox.
During TEM imaging, with the end of the connecting tubes in air, a
trace amount of air can diffuse through the parafilm into the tube and
react with the sample. Therefore, two distinct scenarios for the
nanocrystals with different degrees of air exposure were created by
simply sealing the tube with parafilm or leaving it open. This is a
simple qualitative but highly effective approach to varying the air
exposure. In addition, we also used the conventional sample holder
without connecting the tubes to image the nanocrystals, which
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completely eliminated oxygen exposure. The in situ experimental
setup is shown in Figure 1.

The in situ study of PbSe nanocrystals in pure O, environment was
performed using a FEI Titan 80-300 environmental transmission
electron microscope (ETEM) operated at 300 kV. The sample was
prepared by drop-casting 2 uL of 0.25 mg/mL PbSe suspension on a
silicon nitride membrane.

We carried out ex situ experiments, including O, plasma treatment
and thermal heating of nanocrystals under different vacuum
conditions. TEM samples were prepared by drop-casting 4 uL of
0.25 mg/mL PbSe suspension on TEM carbon grids. The PbSe
nanocrystals before and after the heating experiments were imaged
using high-resolution TEM (HRTEM), high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM), and
energy dispersive X-ray spectroscopy (EDS) with the aberration
corrected electron microscopes (TEAM 1 and ThemlS) operated at
300 kV at the National Center for Electron Microscopy of Lawrence
Berkeley National Laboratory. The O, plasma treatment was
conducted on Fischione 1020 Plasma Cleaner.

B RESULTS AND DISCUSSION

We study PbSe nanocrystal degradation under different
degrees of air exposure in situ using the experimental setup
shown in Figure 1 (see Experimental Section for more details).
The nanocrystals undergo structural changes upon exposure to
air inside the microscope. We use a low electron dose rate
(<10 e A7 s7') for in situ TEM imaging. Sequential TEM
images of nanocrystals with full and partial air exposure are
shown in Figure 2a,b (also see Movies S1 and S2). Under full

DOI: 10.1021/acs.chemmater.8b04052
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Figure 3. Morphology changes of a few selected PbSe nanocrystals when partially exposed to air. Sequential TEM images showing the morphology
changes of (a) single, (b) two, and (c) three PbSe nanocrystals when partially exposed to air. (d) The projected area of the selected nanocrystals
versus time shown in (a). (e) Schematics highlight the morphological evolution of PbSe nanocrystals observed in (a)—(c). All PbSe nanocrystals

air exposure, the PbSe nanocrystal superlattices undergo
distinct structural modifications. First, the nanocrystals are
mobilized on the membrane, breaking the symmetry of the
original hexagonal superlattices. Second, nanocrystals fuse
together into aggregates with irregular shape. Consequently,
the nanocrystal size distribution becomes nonuniform. Third,
there are drastic morphology changes of nanocrystals through
solid-state fusion, suggesting that ligands have been removed
from the nanocrystal surface by beam exposure in air. We
propose that electron beam irradiation can introduce damages
to the ligands and displacements of the ligands from
nanocrystal surface.” The oxidative species generated by
electron beam radiolysis of air (containing O, and H,0)"
promote ligand removal and surface oxidation of the
nanocrystals. After ligands are displaced, the nanocrystals
spread out and merge together. It is noted that, during the
degradation process, the nanocrystals at the outer layer or
edges of the hexagonal pattern change more dramatically
compared with those nanocrystals inside the superlattice with
six neighboring nanocrystals (Movie S1).

The morphology changes of nanocrystals are slower when
nanocrystals are partially exposed to air compared to those that
are fully exposed to air (Figure 2b; Movies S2 and S4). No
obvious changes can be observed within the first 8—10 min
under the same electron beam current density. After ~10 min
(i.e, at 608 s), some nanocrystals start to get close to each
other and they eventually coalesce to form large nanocrystals
(Figure 2b). For both cases with different degrees of air
exposure, nanocrystals follow the same trend of structural
modification as shown in the schematic in Figure 2c. We trace
the number of individual nanocrystals in each frame during
degradation in both cases (Figure 2d; Movies S3 and S4).
Nanocrystals undergo rapid agglomeration, leading to a single
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irregular domain of mass in less than 60 s under full air
exposure (Figure 2a). In contrast, the same process extends
more than 10 min under partial air exposure, suggesting PbSe
nanocrystals are much more stable under partial exposure to
air.

We also trace the morphology evolution of individual PbSe
nanocrystals in air. Figure 3 shows the structural evolution of a
monomer, dimer, and trimer in the partial air-exposure
condition (also see Movie SS). The monomer (Figure 3a)
morphed after ~580 s from the initial sphere into a cuboid
nanocrystal intermediate. The cuboid intermediates are
commonly observed in many other nanocrystal degradation
processes (Figure S1). In the next ~10 s, the projected area of
the nanocrystal increases and the nanocrystal becomes more
round, suggesting that the nanocrystal flattens. Subsequently, it
transforms into an irregular domain. We measured the
projected area of the monomer as a function of time (Figure
3d and Figure S1). No obvious changes are observed during
the first ~500 s. Then, a cuboid intermediate is formed, after
which a large increase in the projected area occurs. In the end
(after ~600 s), the nanocrystal spreads to form a thin film. We
consider that the degradation of PbSe nanocrystals begins with
the removal of oleate ligands on the nanocrystals surface.
Without ligand passivation, the nanocrystals change shape
easily. Figure 3b shows the structural evolution of two
nanocrystals under partial exposure to air. First, the two
nanocrystals coalesce and form a dimer. Then, the dimer
transforms into a spherical nanocrystal, and the subsequent
changes of the nanocrystal are similar to the above single
nanocrystal structural evolution as shown in Figure 3a. Figure
3c shows the evolution of three nanocrystals. They merge
together to form a much bigger nanocrystal.

DOI: 10.1021/acs.chemmater.8b04052
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Although the observed degradation of PbSe nanocrystals is
activated by the electron beam, the electron beam itself does
not introduce morphological or structural changes of nano-
crystals without introducing air into the system. We find that
nanocrystals are quite stable for an extended period of time
under electron beam in vacuum (see Figure S2 and Movie S6).
In the air-free condition, nanocrystals do not show obvious
changes after 444 s irradiation under a much higher electron
beam dose rate (~1200 e~ A™* s7!). The morphology of
individual nanocrystals and the center-to-center distance
between nanocrystals within the hexagonal superlattices are
maintained the same (Figure S2).

We characterize the PbSe nanocrystals after they are partially
exposed to air under beam irradiation. Under the same air
exposure, the morphology changes of PbSe nanocrystals are
strongly dependent on the electron beam dose. As shown in
Figure 4a, PbSe nanocrystals are subjected to nonuniform

Figure 4. Characterization of PbSe nanocrystals after partial exposure
to air under electron beam irradiation inside an environmental cell.
Three types of products are found including PbSe thin film domains,
pure Pb nanocrystals, and amorphous thin films. (a) Low
magnification TEM image of PbSe nanocrystals with different
morphological changes. (b) High resolution TEM image showing a
region with PbSe thin film. (c) High resolution TEM image indicating
a pure Pb nanocrystal. (d) Amorphous thin film. The insets in (b)—
(d) are the corresponding FFT patterns of the selected areas. Scale
bar for (a) is SO nm; scale bar for (b) is 2 nm; and scale bars for (c)
and (d) are 5 nm.

electron beam irradiation. The area (the upper right corner)
with stronger electron beam irradiation shows that PbSe
nanocrystals have turned into thin film domains, while the
original PbSe nanocrystals are visible in areas with less electron
beam exposure. Overall, three types of products are found
during the nanocrystal structural evolution, including PbSe
thin films (Figure 4b), pure Pb nanocrystals (Figure 4c), and
amorphous thin film domains (Figure 4c). The formation of
PbSe thin films results from the solid-state fusion of PbSe
nanocrystals after coalescence (Movie S1). However, further
study is needed in order to understand the formation
mechanisms of pure Pb nanocrystals and the amorphous thin
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films. We hypothesized that the degradation of PbSe
nanocrystals is through their reaction with oxygen under the
electron beam.

As control experiments, we study PbSe nanocrystals exposed
to 1 mbar O, atmosphere for 368 s in a commercial
environmental TEM (Movie S7 and Figure S). Figure Sa

Figure S. Characterization of PbSe nanocrystals after exposure to 1
mbar O, gas under electron irradiation in a commercial environ-
mental TEM. (a) HAADF-STEM image of the nanocrystals after O,
was introduced. The upper right corner area was irradiated under a
dose rate of 50 e” A7 57!, and the rest area was not directly exposed
to the electron beam. (b) TEM image of an irregular domain from the
area after electron beam irradiation. (c) An enlarged area in (b) shows
a remaining PbSe nanocrystal within the amorphous structure. The
inset is the corresponding FFT pattern. (d) HAADF-STEM and EDS
elemental maps of an irregular domain showing a Pb-rich phase. (e)
HAADF-STEM and EDS elemental maps of an area without electron
beam irradiation after introducing O,. The original PbSe nanocrystals
and the superlattice remain intact. Scale bar for (a) is SO nm; scale bar
for (b), (d), and (e) is 20 nm; and scale bar for (c) is 1 nm.

shows that all of the nanocrystals under electron beam
irradiation have merged together to form irregular thin film
domains, while in the region without electron radiation, the
nanocrystals maintain the original hexagonal packing. The high
resolution images of thin film domains (Figure Sb,c) show
small PbSe nanocrystals within an amorphous structure (also
see Figure S3). The STEM-EDS maps (Figure 5d) show that
irregular domains are a Pb-rich phase. PbSe nanocrystals after
air exposure without electron beam irradiation show the
uniform distribution of Pb and Se within the nanocrystals
(Figure Se). When we increase the O, partial pressure from 1
mbar to 2 mbar, the PbSe nanocrystal degradation becomes

DOI: 10.1021/acs.chemmater.8b04052
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faster (Movie S7 and Movie S8). For instance, under 1 mbar of
O,, it takes 368 s for the hexagonal arrays of PbSe nanocrystals
to turn into a thin film domain, while the reaction time is
shortened to 236 s under 2 mbar. These results demonstrate
that the exposure to oxygen under electron beam irradiation is
responsible for the observed structural evolution of PbSe
nanocrystals.

To illustrate the effects of water on the degradation
mechanism of nanocrystals, we did additional in situ
experiments using a self-contained liquid cell. PbSe nanocryst-
als are drop-casted on the membrane of a liquid cell, and 0.5
HuL of deionized water is loaded into the liquid cell. PbSe
nanocrystals in water experience degradation under an electron
beam. Our observation reveals that the hexagonal packed
arrays of PbSe nanocrystals first become a disordered structure
(particles get close to each other) and subsequently the
nanocrystals are dissolved under beam irradiation (Figures S4
and 5 and Movie S9). These results illustrate that water may
accelerate the degradation of PbSe nanocrystals, which may
arise from reactive species being generated by electrolysis of
water under the electron beam.*”*

The reactive species promote the destruction and removal of
the oleate ligands from the surface of nanocrystals (Figure 6a).
We propose two routes of surface oxidation based on the
surface facets with different ligands coverage. First, oxygen may
directly adsorb on the (100) and (110) facets due to the sparse
surface ligands (Figure 6b). The oxidation of the (111) facet is

Ligand removal

Oxidation on (100)
w and (110) facets

‘g . SAANTANANS
ANAARAZAAANA
)

©®Pb

© Se

Figure 6. Proposed degradation mechanisms of PbSe nanocrystals
when they are exposed to air under electron beam radiation. (a)
Schematic of ligand removal due to surface oxidation. Fragmentations
of the ligands under beam irradiation are neglected. (b) Oxygen
chemi-adsorption on (100) and (110) facets. (c) Oxygen chemi-
adsorption on (111) facet to form an oxide layer after the
displacement of ligands. (d) After ligands removal, PbSe nanocrystals
are merged together to form thin films, and they transform into a Pb-
rich phase due to the oxidation and evaporation of Se.

195

induced by the displacement of ligands (Figure 6¢c). Without
surface ligands, the nanocrystal surfaces are unstable and
surface diffusion of Pb and Se is activated. Consequently,
coalescence and drastic morphology changes are observed,
which lead to the formation of PbSe thin films. After that, Se is
oxidized and evaporated from the PbSe nanocrystals, resulting
an amorphous Pb rich phase (Figure 6d).

We further explore degradation of PbSe nanocrystals when
they react with oxygen without electron beam irradiation. We
first characterize PbSe nanocrystals on a carbon TEM grid after
O, plasma treatment (a gas mixture of 25% oxygen and 75%
argon for 30 s). We consider that the oxygen species generated
in the plasma are highly reactive, which can effectively cause
surface oxidation and ligand removal similar to the process
under electron beam irradiation in air. The results show that
the internanocrystal spacing is significantly reduced after O,
plasma treatment (Figure 7). The average center-to-center
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Figure 7. Effects of O, plasma treatment on PbSe nanocrystals. (a and
b) HAADF-STEM images of PbSe nanocrystals before and after O,
plasma treatment. (c and d) High resolution STEM and TEM images
of PbSe nanocrystals with necking formation. (e and f) Statistical
measurements of the distance between PbSe nanocrystals before and
after O, plasma treatment corresponding to (a) and (b). Scale bars for
images in (a), (b), and (c) are 10 nm. Scale bar for (d) is 2 nm.

distance between nanocrystals reduces from 9.1 to 8.3 nm.
Some nanocrystals are even connected, forming a neck
between two nanocrystals. We also compare the structure
and morphology changes of PbSe nanocrystals with different
degrees of air exposure under thermal heating (Figure 8). PbSe
nanocrystals on TEM carbon grids were baked at 100 °C in a

DOI: 10.1021/acs.chemmater.8b04052
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Figure 8. Ex situ experiments of heating PbSe nanocrystals at 100 °C in different vacuum conditions. (a) Schematic showing the structural
evolution of PbSe nanocrystal superlattices during heating in different vacuum conditions. (b) Low and (c) and high magnification TEM images of
monolayer films of PbSe superlattices after baking at 100 °C for 30 min in a high vacuum of 107 mbar. (d) Low and (e) high magnification TEM
images of monolayer films of PbSe superlattices after baking at 100 °C for 30 min in a low vacuum of 1 mbar. (f) Low and (g) high magnification
images of monolayer films of PbSe superlattices after baking at 100 °C for 12 h in a high vacuum of 107 mbar. Scale bars for images (b), (d), and

(f) are SO nm; scale bars for images (c), (e), and (g) are S nm.

heating station with controllable vacuum levels, for example,
under low vacuum (1 mbar) and high vacuum (107 mbar) for
30 min and for 12 h. These experiments help us to understand
PbSe nanocrystal degradation kinetics in air without electron
beam effects.

Under high vacuum (107% mbar), the PbSe nanocrystal
superlattices are well maintained after 30 min at 100 °C
(Figure 8b). The high-resolution TEM image of nanocrystals
shows that the neighboring nanocrystals are in different
crystallographic orientations (Figure 8c). Baking at 100 °C in
low vacuum (1 mbar) for 30 min results in epitaxially fused
nanocrystals (Figure 8d,e). After longer time baking at 100 °C
in low vacuum (1 mbar), more PbSe nanocrystals are
connected to form a large scale pseudohexagonal pattern
(Figure S6). For comparison, PbSe nanocrystals were also
annealed at 100 °C in high vacuum (107® mbar) for 12 h. The
results show that PbSe nanocrystals are not connected with
each other. However, individual nanocrystals become cubes,
and the interparticle distances are reduced (Figure 8fg).
According to previous studies, the nonpolar (100) facet is the
most stable facet compared to the (110), (111), or other facets
if ligands are completely removed."**> We consider that
variations in the pathways of PbSe nanocrystal structural
transformations (Figure 8a) are determined by different
oxygen partial pressure under different vacuum conditions.
This is because when nanocrystals are exposed to oxygen, the
surface atoms are susceptible to be oxidized, causing the loss of
the oleic ligands."
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Further degradation of PbSe nanocrystals in air is
accomplished by baking PbSe nanocrystals on a carbon TEM
grid at 200 °C. After baking for 5 min, PbSe nanocrystals are
connected by oriented attachment (Figure S7), which is similar
to the results of heating in low vacuum for a much longer time
(i.e., 30 min under 1 mbar in Figure 8d,e). After baking at 200
°C for 2 h, PbSe nanocrystals are transformed into nanorods
(Figure 9a). The high-resolution TEM image of a connected
PbSe nanorod shows that clusters of the PbSe crystal lattice
remains in the core while most of the nanocrystal is amorphous
(see the inset FFT; Figure 9b).

After baking for 12 h in air, most of the nanorods maintain
their shape (Figure 9c), but all the nanorods become
amorphous (Figure 9d; also see Figure S8). EDS elemental
maps show that the amorphous nanorods are Pb—Se—oxide
(Figure 9e). Further quantification of the EDS spectra
indicates that the atomic ratio of Pb:Se:O is close to 1:1:3
(Figure S9).

B CONCLUSION

Using in situ TEM with an environmental cell connected to air,
we have studied the structural and morphological evolution of
PbSe nanocrystals in air under electron beam irradiation. We
find that the nanocrystal degradation process involves ligand
dissociation and removal, shape evolution of individual
nanocrystals with cuboid intermediates, coalescence between
nanocrystals, formation of PbSe thin films through drastic
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Figure 9. PbSe nanocrystals after baking at 200 °C in air. (a) Low and
(b) high magnification TEM images of PbSe nanocrystals after baking
in air at 200 °C for 2 h. The inset is the FFT pattern of the selected
area in (b) showing the existence of small PbSe nanocrystals. (c) Low
and (d) high magnification TEM images of PbSe nanocrystals after
baking in air at 200 °C for 12 h. The inset is the FFT pattern of the
selected area in (d) indicating the amorphous structure. (e) STEM
image and EDS elemental maps of PbSe nanocrystals after baking in
air at 200 °C for 12 h. Scale bars for images (a), (c), and (e) are 20
nm. Scale bars for images (b) and (d) are 2 nm.

solid-state fusion, and phase transformations from PbSe thin
films to an amorphous Pb rich phase or eventually pure Pb. We
have also conducted a series of in situ and ex situ experiments
as complementary studies, including in situ environmental
TEM study of PbSe nanocrystals exposed to pure oxygen, in
situ TEM of PbSe nanocrystals in water using a liquid cell, and
ex situ experiments of PbSe nanocrystals after O, plasma
treatment or thermal heating with controlled air exposure.
These complementary experiments allow for elucidating the
role of oxygen, water, and electron beam in the observed
nanocrystal degradation. These various in situ and ex situ
experimental results indicate that PbSe nanocrystal degrada-
tion in air is initiated by the dissociation and removal of ligands
from the PbSe nanocrystal surface when reacting with oxygen.
Based on our studies in this work, we highlight these two
points for the applications of PbSe nanocrystals: (i) Surface
chemistry of nanocrystals greatly affects the stability of
nanocrystals. Surface passivation of individual nanocrystals
could help to improve air stability of the devices. (ii) In
addition to individual nanocrystals, strategies that prevent the
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nanocrystal superlattice from degradation is necessary to
improve the lifetime of the devices. Lastly, this work highlights
the versatility of the environmental cell for in situ TEM studies
of the fading mechanism of PbSe or other nanocrystal-based
devices. In addition, our in situ environmental cell setup may
be applied to the study of many other air-sensitive materials
(e.g,, metal organic frameworks, perovskite materials, battery
materials, etc.) including their responses to the exposure of air,
moisture, or other reactive gases.
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