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ABSTRACT: Elucidating the water-induced degradation mech-
anism of quantum-sized semiconductor nanocrystals is an
important prerequisite for their practical application because
they are vulnerable to moisture compared to their bulk
counterparts. In-situ liquid-phase transmission electron micros-
copy is a desired method for studying nanocrystal degradation,
and it has recently gained technical advancement. Herein, the
moisture-induced degradation of semiconductor nanocrystals is ;
investigated using graphene double-liquid-layer cells that can g |
control the initiation of reactions. Crystalline and noncrystal-

line domains of quantum-sized CdS nanorods are clearly distinguished during their decomposition with atomic-scale imaging
capability of the developed liquid cells. The results reveal that the decomposition process is mediated by the involvement of
the amorphous-phase formation, which is different from conventional nanocrystal etching. The reaction can proceed without
the electron beam, suggesting that the amorphous-phase-mediated decomposition is induced by water. Our study discloses
unexplored aspects of moisture-induced deformation pathways of semiconductor nanocrystals, involving amorphous
intermediates.
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uantum-confined semiconductor nanocrystals have
been widely used in bioimaging systems,' ™ in
optoelectronic devices,* ® and as catalysts’ ™’
because Of their unique properties, such as size- and shape-

However, previous studies have typically focused on studying
changes in the photophysical properties of semiconductor
nanocrystals during the degradation process without tracing
the real-time structural changes."”*’

tunable bandgaps,'® high photoluminescence quantum yields,
and sharp emission spectra.'’ They are intrinsically less stable
than their bulk counterparts,u’13 because of their high surface-
to-volume ratio, and are especially vulnerable to decom-
position by the presence of water and oxygen that are inherent
in their practical applications. There have been several
reported attempts to increase the stability of semiconductor
nanocrystals by controlling their structures with an aim to
modulate their interactions with water molecules.'* A
mechanistic understanding of the degradation of semi-
conductor nanocrystals, with focusing on structure trans-
formation pathways during nanocrystal deformation, can
facilitate the design and synthesis of highly stable nanocrystals
with robust structures. In addition, it is important to
investigate structural deformation of nanocrystals in atomic-
scale spatial resolution because minor variations in their atomic
arrangements can significantly change their properties.'>™"*
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Changes in nanostructures during chemical processes have
been observed by optical or X-ray techniques, such as
absorption spectroscopy, X-ray scattering, and X-ray diffraction

. 21-25 ey .
analysis methods. For example, in-situ absorption spec-
troscopy has been extensively used for studying semiconductor
. . 26,27
nanocrystal formation and degradation processes. These
spectroscopic techniques can provide information about the
average structural changes of nanocrystals from a large
population in ensembles. When the reaction pathways are
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Figure 1. Moisture-induced degradation of CdS quantum nanorods. (a, b) TEM images of CdS nanorods used in this study. (c) Schematic
illustration of the in-situ liquid-phase TEM experiments for studying moisture-induced degradation of semiconductor nanocrystals. (d) TEM
images of the representative reaction stages of amorphous-phase-mediated decomposition of CdS nanorods. The areas highlighted with red
and yellow dashed lines represent crystalline and amorphous phases, respectively. The corresponding schematic illustrations are also shown.
Please note that there are inherent limitations in fully describing the three-dimensional structure from TEM images, as they only provide
two-dimensional projections. The corresponding video is shown in Video S1.

inferred based on averaged signals, critical events existing in
the individual chemical pathways can be missing. Recent
studies of nanomaterial transformations report the involvement
of various intermediate states, highlighting the importance of
tracking structure changes of individual nanocrystals.”*~** For
example, it was revealed that the nanocrystal formation process
includes the coexistence of various intermediate states such as
an amorphous phase, providing an important free-energy
landscape for crystallization.*** However, for the deformation
of quantum-sized semiconductor nanocrystals, a mechanistic
understanding is weak and requires tracking decomposition
trajectories of individual nanocrystals to answer questions
regarding the existence and roles of intermediate states.
In-situ liquid-phase transmission electron microscopy
(TEM) can directly visualize structural changes in individual
nanocrystals with high spatial (sub-nanometer) resolu-
tion.””~* The control over the reactions of nanocrystals
during liquid-phase TEM is usually limited to electron-beam-
induced reactions.*' ~** Reactions of noble metal nanocrystals
induced by radiolysis products are representative examples of
these works.**** Microfabricated cells can be modified to flow-
type cells, such that the initiation of the reaction can be
controlled by regulating the introduction of chemicals through
inlets (Figure S1).*7*° However, effective imaging is

challenging because of strong electron beam scattering by
thick liquid layers (typically >100 nm)*”**® and unwanted
sample movement caused by the liquid flow. Graphene liquid
cells achieve the atomic spatial resolution owing to the reduced
electron beam scattering.49_5] Nonetheless, conventional
graphene liquid cells require all reactants to be mixed before
their loading, preventing control of the initiation of the
reaction (Figure S1). Although liquid cells using MoS,
separator membranes have been reported to overcome this
limitation,”>*® Mo and S atoms with relatively higher atomic
numbers can hinder the clear observations of objects of interest
in a liquid by providing significant background contrast. The
transfer process of MoS, usually requires protective polymer
layers, which can remain as contaminations in TEM imaging.54
Thus, advanced liquid cells capable of high-resolution imaging
and reaction control by in-situ mixing of the chemicals are in
high demand, especially to facilitate the study of the
deformation mechanisms of quantum-sized nanocrystals and
the possible intermediate states formed during this process.
Herein, we studied moisture-induced degradation pathways
of quantum-sized CdS semiconductor nanorods using
graphene double-liquid-layer-cell (GDLC) electron micros-
copy. GDLCs use ultrathin graphene separators to regulate the
mixing of encapsulated liquids and are thus capable of imaging
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Figure 2. Development of advanced liquid cells capable of reaction control. (a) Schematic illustration of the working mechanism of GDLCs.
(i) Two liquid layers are separated by a separator. (ii) Channels connecting the liquid layers are formed upon electron-beam-radiation-
induced damage of the separator. (iii) Reactions are initiated by liquid mixing via the formation of channels. (b) Schematic of the process for

fabricating GDLCs; a detailed illustration is provided in Figure S7.

(c) HAADF-STEM image of a GDLC encapsulating water and 1,2-

dichlorobenzene. (d,e) High-loss and (f) low-loss EELS spectra acquired from the red boxed area in Figure 2c. For comparison, the spectra

of the dried graphene (acquired from the blue boxed area in Figure

S8a) are shown together.

the entire chemical reaction process at near-atomic resolution.
Therefore, it was possible to track the structural changes of
CdS quantum nanorods upon the introduction of water.
During the nanorod degradation, we observed that noncrystal-
line amorphous domains, composed of Cd(OH),, were formed
at the CdS nanorod surfaces and grew into the nanorod
interior. The shape evolution of CdS nanorods, accompanied
by the formation of the amorphous domains, was distinguish-
able from the behavior observed in conventional nanocrystal
etching where the amorphous intermediates are not
involved.” ™" The observed process occurred even without
the electron beam, suggesting that water itself can induce
amorphous-phase-mediated decomposition. These results
imply that the degradation of semiconductor nanocrystals
can involve diverse pathways, including nonclassical decom-
position processes.

RESULTS AND DISCUSSION

Moisture-Induced Degradation of CdS Quantum
Nanorods. CdS quantum nanorods were prepared (see

Methods) to investigate the degradation mechanism of
quantum-sized semiconductor nanocrystals by water.”® Cd-
chalcogenides are regarded as the most representative material
for studying quantum-sized semiconductor nanocrystals,
because their superior optical/electrical properties can be
precisely manipulated by the well-developed synthesis
methods.”'”'"** TEM and X-ray diffraction analyses confirm
that wurtzite-CdS nanorods were well synthesized with an
average diameter of ~5 nm and a length of ~15 nm (Figure
la)b, and Figures S2—S5). TEM images show that wurtzite-
CdS nanorods have anisotropic shapes elongated along the c-
axis. The direct relationship between the crystal orientation
and the shape of nanocrystals makes observation of the crystal-
orientation-dependent decomposition process straightforward.

We used in-situ liquid-phase TEM to reveal the moisture-
induced degradation mechanism of quantum-sized semi-
conductor nanocrystals (Figure 1c). Because of the limitations
stated in the introduction, previous works have focused on the
etching processes controlled by the radiolysis products of the
electron beam.*®****3°757 To overcome this limitation, we
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developed advanced liquid cells (graphene double-liquid-layer
cells) that allow control of the initiation of chemical reactions
during atomic-resolution liquid-phase TEM; their fabrication
process and working mechanism are discussed in the next
section. Figure 1d and Video SI reveal the representative
reaction stages of the moisture-induced degradation process of
CdS quantum nanorods. Initially, a highly crystalline nano-
crystal was observed. Notably, an amorphous phase, high-
lighted by the yellow dashed lines shown in Figure 1d, was
observed during the decomposition process; this region had
high contrast with respect to the background solution but did
not show crystalline lattices, implying the formation of an
amorphous phase. The decomposition process of the CdS
nanorods is described by four steps: (i) crystalline nanorods,
(i) decomposition initiation, (iii) amorphous phase formation,
and (iv) amorphization of the entire outer region.
Development of Graphene Double-Liquid-Layer
Cells. The structure of GDLCs is similar to that of
conventional graphene liquid cells except that an additional
thinner graphene sheet (e.g, single- or trilayers) is used as the
separator. Thicker multilayer graphene (e.g., ~6—8 layers) is
used as windows to guarantee the liquid encapsulation (see
Methods). Thus, we can expect that the proposed GDLCs
maintain the advantages of graphene liquid cells (high imaging
resolution, repeatable observation over a large number of
liquid pockets, and reduced effects of heating/charging*”""),
while providing the additional ability to control chemical
reactions. The following describes the proposed working
mechanism of the GDLCs. (i) Two different liquid solutions
are encapsulated as the top and bottom liquid layers, which are
separated by an ultrathin graphene separator to prevent the
mixing of liquids. (ii) A channel is formed in the separator
using the electron beam to connect the two chambers, which
allows the liquid to mix. (iii) The reaction is initiated when the
two liquids mix via the channels (Figure 2a). Therefore, the
two liquids are prevented from reacting before electron beam
irradiation of the regions of interest. Using the acceleration
voltage of TEM (200—-300 kV) higher than the knock-on
threshold voltage of graphene (~86 kV*”) where graphene can
be further chemically reacted with radiolysis products
generated by electron beam irradiation,®® we expect that the
thinnest graphene (i.e., the separator) would be degraded,
while thicker windows keep encapsulating the liquid. We used
the electron flux density of S00—1500 e”/A%s in this study,
which is similar to (or lower than) those used in previous
works on graphene liquid cells based on multilayer graphene to
avoid window damage (Table S1). To further verify the
perforation of the graphene separator during liquid-phase TEM
imaging, we studied the electron beam-induced damage of
graphene membrane using a modified double-liquid layer cells
which used amorphous carbon films (10 nm) and trilayer
graphene as top/bottom windows and a separator, respectively
(see Methods and Figure S6). The results clearly show that a
graphene separator is broken after electron beam irradiation.
The fabrication process of GDLCs is illustrated in Figure 2b,
Methods, and Figure S7. Briefly, graphene windows were
prepared by direct transfer of multilayer graphene onto holey
carbon TEM grids.”' The first liquid sample (called the bottom
liquid) was encapsulated between the graphene-coated grid
and the thinner graphene separator on Cu foil (i, Figure 2b).
The Cu foil was removed by etching (ii, Figure 2b) and the
structure of the liquid cell, at this moment, is similar to that of
a conventional graphene liquid cell,*5* except that the

graphene-coated TEM grid was present on only one side
(Figure S7). The second liquid sample (called the top liquid)
was encapsulated between the graphene separator (iii, Figure
2b) and the additional graphene-coated grid (iv, Figure 2b).
To verify that the suggested double-liquid-layer cell was
constructed properly, we carried out electron energy-loss
spectroscopy (EELS) analysis on GDLCs encapsulating 1,2-
dichlorobenzene and water. The EELS spectra of water in the
graphene liquid cells show oxygen core-loss peaks of water at
535 and 556.4 eV,°” and the plasmon peak of water at 22.7 eV
(Figure $8).°>°* The spectrum of 1,2-dichlorobenzene exhibits
the L-edge signal of chlorine at ~200 eV (Figure $9).°> EELS
spectra of 1,2-dichlorobenzene/water double-liquid layers
encapsulated in GDLCs simultaneously show all of these
signals (Figure 2c—f and Figure S10 for the entire spectrum),
confirming that water and 1,2-dichlorobenzene were super-
imposed. Furthermore, the probability for the formation of the
liquid pocket in each hole (i.e., holes of Quantifoil films) of
overlapped TEM grids forming GDLCs was investigated by
using atomic-force microscopy (AFM) (Supporting Method).
The presence of liquid pockets was determined by height
profiles (Figure S11), and ~90% of holes for each side (i.e., top
and bottom) contained liquid pockets. This suggests that
overlapping of top and bottom liquid pockets is highly
probable in GDLCs when the top and bottom grids are aligned
well.

Indeed, the fact that we can observe the decomposition of
CdS nanocrystals is strong evidence of the successful operation
of the suggested GDLCs. In a control experiment, the shape of
CdS nanocrystals dispersed in toluene (without water
exposure) was preserved (Figure S12 and Video S2), implying
that the decomposition of CdS nanocrystals was initiated after
mixing of the top and bottom solutions. In addition, the time
required for channel formation in GDLCs increases with
increasing thickness of the graphene separators (Figures S13
and S14), suggesting that thicker graphene is more tolerable
against electron beam irradiation. This is consistent with the
fact that the encapsulation of the liquid was maintained during
the reaction period (>10 min) after the channel formation
because of the use of multilayer graphene windows. The results
verify that the proposed GDLCs are a reliable tool for in situ
liquid-phase TEM studies of chemical reactions. It is expected
that in situ liquid-phase TEM imaging would be possible for
various chemical reactions by tailoring the combination of the
liquid layers (see Supporting Methods, Figure S15, and Video
S3 for etching of gold nanorods in GDLCs).

Amorphization of CdS Quantum Nanorods. We
analyzed the decomposition process of the CdS quantum
nanorods in detail. The use of the GDLCs provides several
advantages compared to previously reported graphene liquid
cells.** =" It enables on-demand initiation of the reaction and
atomic-resolution imaging required for tracking the decom-
position of CdS nanorods and the reaction intermediates,
which have a relatively low TEM contrast. TEM images using
GDLCs even showed superior contrast compared to that
obtained with dried samples on a single-layer MoS, membrane
(Figures S16—S18), demonstrating the advantages of GDLCs
for liquid-phase TEM imaging of low-Z-contrast materials such
as amorphous species. We observed that the amorphous-
mediated decomposition reproducibly occurred for a large
number of nanocrystals regardless of the initial organic solvent
(toluene or 1,2-dicholobenzene) for nanocrystals. Time-series
TEM images of four representative nanocrystals (denoted as
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Figure 3. Amorphization of CdS quantum nanorods. (a—d) Time-series TEM images of water-induced degradation of CdS nanorods denoted
as NP1—-NP4. The initial solvent for the nanocrystals was toluene except for NP4 (1,2-dichlorobenzene). The corresponding videos are
shown in Videos S1 and S4—S6. (e) Time-dependent changes in the crystalline area for NP1-NP4. (f) Time-dependent changes in
proportion of amorphous-phase area to overall area for NP—NP4 from the first snapshots in (a)—(d). (g) Color map of the standard
deviation (350—370 s from (a)) of contrast for each pixel. Black and red dotted lines represent boundaries of amorphous and crystalline
phases at 350 s, respectively. (h, i) HAADF-STEM images showing the amorphous-phase-mediated decomposition. (j) EDS spectra
corresponding to regions 1 and 2 in (i). (k) FFT patterns corresponding to regions Al and A2 in the sixth snapshot of (b).

NP1—NP4) are displayed in Figure 3a—d (Videos S1 and S4— attributed to the increased shear viscosity’”®’ and the
S6). The suppressed thermal motion of nanocrystals is interaction between graphene and surface ligands.®®
E https://doi.org/10.1021/acsnano.3c03103
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Figure 4. Shape-evolution of crystalline phases during nanorod degradation. (a) Time-series of TEM images showing anisotropic etching of
crystalline phases. Areas highlighted with red and yellow dashed lines represent crystalline and amorphous phases, respectively. The
corresponding video is shown in Video S7. (b) Contour plots of the crystalline area. (c) Schematic illustration of unconventional anisotropic
etching during amorphous-phase-mediated decomposition. (d) Time-dependent change in projected crystalline area. (¢) Changes of Feret
roughness and gradient of the curves in (d). (f) Time-dependent change in y and Feret diameter parallel to the c-axis. (g) Time-dependent

change in x and Feret diameter vertical to the c-axis.

The projected crystalline area decreased over time (Figure
3e), suggesting that the nanocrystals continuously decomposed
during the reaction process. Interestingly, the overall particle
area (sum of crystalline and amorphous areas) did not
necessarily decrease and fluctuated with irregular deviation
(Figure S19), which reflects the continuous formation and
dynamic behaviors of the amorphous species. In addition, the
ratio of the amorphous area to the overall particle area
increased over time (Figure 3f), implying that the crystalline
phase was transformed into the amorphous phase during
decomposition. For several cases including NP3, we could
observe the decomposition process from the different viewing
directions, showing the overlap of the crystalline domain with
the amorphous phase along the viewing direction from the
initiation of the decomposition (Figures S20 and S21 and
Video SS). This confirms that the nanorod decomposition
initiated at random locations of the nanocrystal surface.
Furthermore, concealment and reappearance of the lattice
fringes suggests the dynamic motion of amorphous species in
the liquid medium. Furthermore, color maps of the standard

deviation of contrast (for 350—370 s from Figure 3a) show
that the amorphous phase had higher standard deviation values
than those of the background and crystalline phase (Figure 3g
and Supporting Methods), which is attributed to the dynamic
In previous studies, the existence of
amorphous intermediates during the growth of nanocrystals
was revealed by TEM and AFM analyses.”””"> Our
observations suggest that the amorphous species can exist as
an intermediate state during the degradation of nanocrystals.
Notably, the chemical composition of the amorphous
species was verified by liquid-phase TEM analysis. High-
angle annular dark-field scanning transmission electron
microscopy (HAADEF-STEM) images clearly show the
formation of amorphous phases (Figure 3h,i). The results of
energy-dispersive X-ray spectroscopy (EDS) analysis suggest
that the amorphous species are Cd-rich compounds, while the
crystalline part maintains a stoichiometric ratio (1:1) of Cd
and S (Figure 3j). When we carried out in-situ liquid-phase
TEM imaging on the decomposition process for a prolonged
reaction time (~15 min), the amorphous species was partially

atomic motion.
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Figure S. Investigation of the electron beam effect. Time required to obtain 50% of the initial projected crystalline area (,,,) as a function of
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crystallized (see the last snapshot of Figure 3b). The fast
Fourier transform (FFT) patterns acquired from regions Al
and A2 show spots corresponding to (002) and (200) planes
of Cd(OH),, respectively (Figure 3k), suggesting that the
composition of the amorphous species is based on Cd(OH),.
Additional TEM images showing partially crystallized Cd-
(OH), with amorphous species are provided in Figure S22.
The following decomposition mechanism of CdS quantum
nanorods is proposed. First, CdS nanocrystals are partially
dissolved (from the surface) into cadmium ions by reacting
with hydrogen ions in the water (CdS + 2H" — Cd** +
H,S).”” The concentration of hydroxyl ions rapidly increases,
considering the small volume of water miscible in organic
solutions.”* Therefore, the generation of cadmium hydroxide is
facilitated by the reaction Cd** + 20H™ = Cd(OH),, during
which amorphous Cd(OH), is formed on the surface of the
CdS nanorods. This can explain the observed dynamic motion
of the amorphous species, considering that Cd(OH), is
partially soluble in water.

Shape Evolution of Crystalline Phases during Nano-
rod Degradation. The shape evolution of the crystalline
domains was studied during the amorphous-phase-mediated
decomposition process, showing the unconventional aniso-
tropic etching of the nanocrystals (Figure 4a,b and Video S7).
Please note that “efching” describes the changes in the
crystalline parts, while “decomposition” is related to the entire
particles. The CdS nanorods show unique morphological
changes during decomposition, which have not been previously
observed during conventional etching of metal nanocrystals.
Once the etching was initiated at a random location where the
crystal surface was directly exposed to water molecules by
partial ligand detachment, the CdS nanorods had both partially
etched and nonetched parts, even on the same plane. This
resulted in the formation of concave sections (Figure 4a) that
increased the roughness of the nanocrystal surface. Conven-
tionally, etching starts from high-energy surfaces and the
etched crystals show smooth crystal surfaces during a

continuous decrease in crystal volume; the morphological
changes of the crystals during etching have been explained by
the thermodynamics related to the surface energy of each facet.
For example, the etching of metal nanocrystals results in facet-
selective anisotropic changes in the morphology, and each facet
has a very smooth surface.”> ™’

The rate of etching increased after the initiation of the
reaction, as shown by the crystals with rough surfaces, which
gradually formed concave sections that subsequently grew
(Figure 4c). Time-dependent changes in the crystalline area
showed two distinct stages: (I) slowly decreasing and (II)
abruptly decreasing stages after the formation of the concave
sections (Figure 4d). We studied the correlation between the
roughness of the crystal boundary and the time-dependent
areal decomposition rate (Figure 4e) that is defined as the
slope of Figure 4d. The areal decomposition rate increased
markedly at ~235.15 s as the Feret roughness increased
(Figure S23 for the definition). This suggests that crystals with
rough boundaries decompose faster than crystals with smooth
boundaries. The rapid etching near the concave sections is
presumably due to the loss of ligand passivation on the surface
where etching is initiated. Because the amorphous phase
impedes the direct exposure of the nanocrystal surface to
water, the irregular crystal shape evolution becomes highly
probable during the amorphous-phase-mediated decomposi-
tion process.

For further quantitative analysis of the decomposition rate in
the concave section, two additional parameters are introduced
(x and y in the fourth snapshot of Figure 4a; see Figure S24 for
their definition). The length y indicates the shortest distance
between the tangent of the nanorod vertical to the c-axis (blue
dotted line) and the point where the crystalline boundary
begins to bend into the concave section of the crystal. The
length x indicates the diameter at a selected point in the
concave section of the nanorods after partial decomposition. In
Figure 4f and 4g, x and y are compared with the Feret
diameters perpendicular and parallel to the c-axis, respectively.
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The rate of decrease in the Feret diameters represents the
decomposition rate of the entire crystal along the correspond-
ing direction. The rate of decrease in y was considerably higher
than that in the Feret diameter parallel to the c-axis. The results
indicate a higher decomposition rate along the c-axis in the
ligand-detached concave section than that in the ligand-
passivated original surfaces. Furthermore, quantitative analysis
of the correlation between the rate of decrease in y and local
curvatures in the concave section suggests that high local
curvatures facilitate rapid etching of the nanorod (Figures S25
and S26). The lower decomposition rate of the ligand-
passivated surface may be attributed to the surface—stabilizin%
effect by passivating the dangling bonds of the surface atoms.”
The rate of decrease in y was much higher than that in x,
suggesting that the decomposition rates of crystals without
surface-ligand passivation are determined by the intrinsic
surface energy of the crystal facets, bearing in mind that
wurtzite crystals show the highest surface energy on the (0001)
surface (Figure S27).”

Investigation of the Electron Beam Effect. Because
electron beam radiation is inevitable during TEM measure-
ments, it is important to understand its effect on the observed
process. The decomposition rate of the CdS nanorods in
accordance with the electron flux density is summarized in
Figure 5a; however, a clear dependency is not observed. The
decomposition rate decreased with increasing volume of
nanorods (Figure Sb), suggesting that the interface between
the nanorod and etching solutions is more important than the
electron flux density for determining the decomposition rate.
Moreover, we conducted electron beam blocking experiments
during in situ TEM imaging (Figure S28). The electron beam
was blocked after the initiation of decomposition (i.e., after
channel formation between the two liquid layers). The result
shows that the amorphous-phase-mediated decomposition
proceeded without an electron beam. This suggests that the
reactive radicals formed by radiolysis are not necessary for the
observed degradation mechanism, although we cannot exclude
the possibility that the radiolysis products accelerate the
process.

To better understand the effect of electron beam irradiation
on the comg)osition of the water, we carried out radiolysis
simulations’® considering additional hydrogen radicals, one of
the representative products of toluene radiolysis,”” on the
water radiolysis. In this simulation, hydrogen radicals with
various concentrations were additionally introduced to the
water at steady-state under the electron beam (Figure Sc and
Figure S29). Interestingly, the calculated steady-state concen-
trations of H* and OH™ do not change significantly, while
those of hydroxyl radicals (one of the representative etchants
for nanocrystals in liquid-phase TEM experiments®>*>””)
decrease when increasing the amount of additional hydrogen
radicals. Considerin§ the additional radical scavenging effect of
organic molecules,”” the results imply that the effect of the
electron beam is even suppressed for our system, compared to
previous works studied in the aqueous system for liquid-phase
TEM imaging.

We further investigated the effect of the water exposure on
semiconductor nanocrystals with ex-situ experiments outside of
the TEM column. The toluene solution containing CdS
nanorods was mixed with water, and a series of aliquots drawn
from the mixture was analyzed by optical spectroscopy and
TEM (see Supporting Methods). The intensities of the band-
edge transitions in the absorption spectra diminished over time

(Figure 5d and Figure S30), suggesting the degradation of CdS
nanorods by exposure to water. In a control experiment, CdS
nanorods dispersed in toluene without exposure to water gave
absorption spectra with constant shapes and intensities (Figure
S31). In addition, the TEM images of CdS nanorods after
water exposure display aggregated nanostructures without
lattice fringes (Figure Se and 5f), characteristic of the
amorphous materials. Furthermore, the examination of
reaction intermediates during the water-induced degradation
of dried CdS nanocrystals, through either direct water exposure
or exposure to humid air, yielded similar results (Figures S32
and $33). These ex-situ experimental results are consistent with
those acquired from in-situ liquid-phase TEM observations. It
can be concluded that reactions under a normal environment
can be reproduced in the TEM column for direct imaging with
a considerable degree of similarity.

CONCLUSIONS

In this study, we investigated the amorphous-phase-mediated
decomposition of semiconductor nanocrystals using GDLCs,
which enable real-time atomic-scale observation of the entire
reaction process from initiation to termination. The advanced
in-situ liquid-phase TEM imaging allowed microscopic
characterization of the dynamic changes occurring within
individual nanocrystals, which is challenging to achieve
through ex-situ analysis. We could unveil crucial insights into
various aspects of moisture-induced degradation of semi-
conductor nanocrystals, including the formation and chemical
composition of amorphous intermediates, detailed degradation
trajectories such as irregular shape evolution, and the influence
of the local features. The presence of high-contrast domains
without lattice fringes in the TEM images implied the
formation of amorphous phases, which was also supported
by the results of standard deviation mapping, dynamic atomic
motion of the amorphous domains, and ex-situ experiments.
The chemical composition of the amorphous species can be
assigned as Cd(OH),, which was confirmed by EDS and in situ
TEM analyses. The irregular shape evolution of CdS crystals
during the amorphous-phase-mediated decomposition was
quite different from that of conventional etching pro-
cesses.”> " Our findings provide insights into the deformation
mechanism of quantum-sized semiconductor nanocrystals at
the atomic level. For example, our result can explain why
moisture exposure dramatically and irreversibly degrades the
optical properties of quantum-sized semiconductor nanocryst-
als. The amorphous layers would act as trap sites to induce
nonradiative recombination of excitons, and their formation
seems to be irreversible considering their chemical composi-
tion. We envision that our results will be helpful for developing
strategies for designing highly stable semiconductor nano-
crystal quantum dots.

METHODS

Synthesis of CdS Quantum Nanorods. Colloidal CdS quantum
nanorods were prepared by following a modified version of a
previously reported method.*® CdS nanorods were synthesized by the
reaction between metal—oleylamine complexes and sulfur—oleylamine
solutions. In a typical synthesis, metal-oleylamine complexes were
prepared by dissolving CdCl, (0.75 mmol) in 10.0 mL of oleylamine
at 120 °C for 2 h. A sulfur—oleylamine solution was prepared by
dissolving elemental sulfur (2.25 mmol) into 2.5 mL of oleylamine.
The sulfur—oleylamine solution was injected into the solution of the
metal—oleylamine complex at 100 °C and then kept at this
temperature for 3 h. The products (i.e, CdS quantum nanorods)
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were purified by the standard centrifugation method using ethanol. A
few drops of trioctylphosphine were used to remove excessive sulfur
precursors. The synthesized nanorods can be dispersed in various
nonpolar solvents, and CdS nanocrystals in toluene (0.15 mM, based
on Cd) were used for further experiments unless otherwise stated.

Preparation of Graphene Double-Liquid-Layer Cells. GDLCs
were prepared as follows. The detailed schematic illustration showing
the fabrication procedure of GDLCs is shown in Figure S7. In a
typical process, graphene-coated holey carbon TEM grids were
prepared by the direct transfer®’ of multilayer graphene that was used
as windows for the GDLCs. A drop (less than 1 uL) of the bottom
liquid (deionized water in this study) was deposited on the graphene
of the as-prepared graphene-coated TEM grid (i, Figure S7). The
thinner separator membrane (single- or trilayer graphene on Cu foil)
was placed onto the bottom liquid layer on the graphene-coated TEM
grid. Excess solution was removed by mild vacuum suction, where the
strong interaction between the two graphene sheets encapsulated the
liquid (ii) (Figure S7). Then, the Cu foil was etched by placing a
graphene grid/bottom liquid/graphene separator/Cu in ammonium
persulfate solution (0.2 M) (iii, Figure S7). After etching of the Cu
foil, the grid (graphene grid/bottom liquid/graphene separator) was
gently lifted using tweezers (Figure S7). Then, a tiny drop (less than 1
uL) of the top liquid (nanocrystal solution in this study) was
deposited on the graphene separator of the grid (v, Figure S7).
Finally, another multilayer graphene-coated grid was carefully
positioned on the top liquid layer (vi, Figure S7), such that the
graphene side of the graphene-coated grid can be attached to the
graphene separator. The as-prepared GDLCs were squeezed with
tweezers to promote the attachment of two grids and the
encapsulation of the liquids (vii, Figure S7, graphene grid/bottom
liquid/graphene separator/top liquid/graphene grid). As was done for
the bottom liquid, excess solution was removed using gentle vacuum
suction. The GDLCs can be modified by changing top/bottom
windows with the other type of thin membrane while maintaining the
liquid separator as the graphene membrane. Amorphous carbon films
were used as windows for verification of graphene separator
perforation (Figure S6).

In-Situ Transmission Electron Microscopy. TEM images were
recorded on a Titan Themis Z (FEI, Thermo Fisher Scientific) at an
operation voltage of 300 kV and a Tecnai G2 F20 TWIN TMP (FEJ,
Thermo Fisher Scientific) at an operation voltage of 200 kV. Titan
Themis Z was operated with a high-brightness electron gun (x-FEG),
image corrector (CETCOR, hexapole-type Cs-corrector), probe
corrector (DCOR, hexapole-type Cs-corrector), and a Ceta2 camera
(4k X 4k pixels, 16-bit dynamic range, and 40 frames per second).
The spatial resolution was ~60 pm in TEM/STEM modes. In-situ
data for the decomposition of CdS nanorods were acquired with a
Titan Themis Z. Tecnai G2 F20 TWIN TMP was operated with a
ZrO/W (100) Schottky emitter electron gun with high maximum
beam current (>100 nA). The point and line resolution were 0.27 and
0.155 nm, respectively. For liquid-phase TEM analysis, we used the
area where holes (coated by graphene) of the top and bottom holey
carbon films were overlapped (Figure 2c). With our Titan Themis Z,
the electron flux density can be adjusted accurately (in the continuous
number) using a monochromator that can control the gun lens. The
data were processed with FIJI software, and codes were developed in
house. All TEM data were exported in MP4 format for publication,
and image analyses of the decomposition process were conducted
with original images.
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