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ABSTRACT: We report here pressure induced nanocrystal coalescence of ordered lead chalcogenide nanocrystal arrays into one-
dimensional (1D) and 2D nanostructures. In particular, atomic crystal phase transitions and mesoscale coalescence of PbS and PbSe
nanocrystals have been observed and monitored in-situ respectively by wide- and small-angle synchrotron X-ray scattering tech-
niques. At the atomic scale, both nanocrystals underwent reversible structural transformations from cubic to orthorhombic at signifi-
cantly higher pressures than those for the corresponding bulk materials. At the mesoscale, PbS nanocrystal arrays displayed a super-
lattice transformation from face-centered cubic to lamellar structures, while no clear mesoscale lattice transformation was observed
for PbSe nanocrystal arrays. Intriguingly, transmission electron microscopy showed that the applied pressure forced both spherical
nanocrystals to coalesce into single crystalline 2D nanosheets and 1D nanorods. Our results confirm that pressure can be used as a
straightforward approach to manipulate the interparticle spacing and engineer nanostructures with specific morphologies, and there-
fore provide insights into the design and functioning of new semiconductor nanocrystal structures under high-pressure conditions.

Recently, high pressure induced assembly has proven to be
an effective method to fabricate novel functional nanomateri-
als.! Besides manipulating interatomic distances and inducing
structural phase transitions at atomic scales, studies have shown
that high pressure has the ability to tune inter-particle distances
in nanocrystal (NC) assemblies and induce their mesoscale
phase transitions and morphological changes. So far, the pres-
sure-induced NC assembly and coalescence process has been
successfully applied for synthesis of 1-3D nanostructures for
various metal or semiconductor NCs.>'®

Lead chalcogenide (PbX, X=S or Se) NCs possess broad ab-
sorption and narrow emission bands, together with large exciton
Bohr radii, making them ideal candidates for different optoelec-
tronic applications.'”?? Even though several investigations have
been carried out,”>?’ the high-pressure behaviors of lead chal-
cogenide NCs have not been thoroughly understood. For exam-
ple, at atomic scale, high-pressure induced structural transfor-
mation from rock-salt (RS) to orthorhombic (OR) structures has
been reported for lead chalcogenide NCs with different sizes
ranging from 3-30 nm.*** However, phase behaviors of those
NCs with even smaller sizes are not well documented. On the
other hand, pressure-induced assembly and coalescence has

been demonstrated for ordered arrays of 3.5 nm spherical PbS
NCs** and 13 nm PbS nanocubes,® but such morphological
transformation under pressure for other lead chalcogenide NCs
is still unknown.

Figure 1. Morphologies of NCs before compression. (a) TEM;
and (b) HRTEM images of PbS NCs; (c) TEM image of PbS



NC arrays; (d) TEM; and () HRTEM images of PbSe NCs; (f)
TEM image of PbSe NC arrays.

Herein, we report the high-pressure behaviors of 1.6 nm PbS
and 12.1 nm PbSe NCs at both the atomic and mesoscales. 1.6
+0.2 nm PbS and 12.1 + 1.4 nm PbSe NCs were prepared using
the hot injection method (Figures 1a and 1d).***” High-resolu-
tion transmission electron microscopy (HRTEM) images re-
vealed the (200) diffraction planes of PbS NCs (d-spacing of
0.29 nm, Figure 1b); while the fringe spacing of PbSe NCs was
measured to be 0.22 nm (Figure le), which is in good agreement
with the RS(220) plane. Ordered arrays of NCs were fabricated
through slowly evaporating NC colloidal solutions on Si wafers
(Figure 1c and 1f). Small pieces of the resulting films were then
loaded into membrane-driven symmetric diamond-anvil cells
(DACs) with silicon oil as pressure transmission medium. In-
situ wide- and small-angle synchrotron X-ray scattering
(WAXS/SAXS) patterns collected at ambient pressure revealed
that both PbS and PbSe NCs crystallized in RS structures and
assembled in face-centered cubic (fcc) mesophases. (Support-
ing Information, Figures S1 and S2). The samples were then
gradually compressed up to 20 GPa while WAXS/SAXS meas-
urements were carried out simultaneously at predetermined
pressure points.

Figure 2 shows the in-situ WAXS and SAXS data collected
for PbS sample during compression and decompression pro-
cesses. At atomic scale, WAXS pattern (Figure 2a) revealed that
with increasing pressure from ambient condition up to 10.46
GPa, the observed RS peaks shifted to higher g, corresponding
to reduced lattice spacings as a result of unit cell contraction.
Upon further compression tol1.32 GPa, atomic phase transition
occurred, indicated by the gradually reduced intensities of
RS(220) and RS(311) peaks. At 12.69 GPa, a dramatic weaken-
ing of RS(220) and RS(311) scattering intensities was observed
while the appearance of (110) and (111)/(040) peaks character-
istic of the high-pressure OR phase. The onset of phase transi-
tion at 11.32 GPa is significantly higher than that reported for
the bulk material (2.2 — 2.5 GPa)*®* and larger particles.”
These results agree with previous reports suggesting the phase
transition pressure increases with decreasing particle size due to
the increase of surface energy differences between ambient and
high-pressure phases.*’ The OR phase was stable up to 20 GPa,
and then the pressure was gradually released. When the DAC
was released back to ambient conditions, the RS phase of PbS
reappeared, suggesting the pressure-induced phase transition is
reversible (SI, Figure S1a). The bulk modulus for the RS phase
was then calculated to be 65.35 + 3.54 GPa by fitting the vol-
ume-vs-pressure curve (SI, Figure S3a) using the second-order
Birch-Murnaghan equation of state,*'** which is higher than
those reported for bulk materials (52.9 GPa).** Meanwhile, at
the mesoscale, SAXS pattern (Figure 2b) shows a shift of peaks
toward higher q as the interparticle distance decreases with in-
creasing pressure up to a threshold pressure of 8.30 GPa. With
further increasing pressure to 20 GPa, all SAXS peaks gradually
shifted to lower q, suggesting the fcc structure gradually trans-
formed to a lamellar mesophase likely caused by a deviatoric
stress induced nanoparticle coalescence. The evolution of in-
terparticle distances could be more clearly revealed in Figure
S3b (SI), where the d-spacing of the first diffraction peak was
plotted as a function of pressure. After the pressure was re-
leased, the lamellar structure was maintained (SI, Figure S1b).
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Figure 2. WAXS (a) and SAXS (b) patterns of PbS NCs during
compression and decompression. “r” indicates pressure releasing.
The black and blue curves in (a) represent RS and OR crystal struc-
tures, respectively; the black and green curves in (b) represent fcc
and lamella superstructures, respectively.

Similarly, the high pressure WAXS and SAXS patterns for
PbSe NCs are summarized in Figure 3. The WAXS patterns in
Figure 3a shows that the crystal structure of PbSe NCs trans-
formed from RS to OR at ca. 10.31 GPa, which is expectedly
greater than the 4.5 GPa reported in bulk PbSe;* but this phase
transition pressure is also higher than the 6.2 GPa observed for
8 nm NCs.?” Such discrepancy in the size-dependent trends is
most likely caused by the various pressure transmitting medium
employed during the high-pressure experiments, as well as dif-
ferent synthesis methods leading to different capping ligands on
nanoparticle surfaces. The RS to OR transition was also found
to be fully reversible, and the RS bulk modulus of PbSe was
calculated to be 52.49 + 5.12 GPa (SI, Figure S4a), larger than
that in bulk (45.0 GPa).** On the other hand, the SAXS peaks
in Figure 3b shift to higher q with increasing pressures up to
13.22 GPa, followed by blue-shift to lower q upon further com-
pression, suggesting a pressure induced assembly and coales-
cence of neighboring NCs. Unlike the mesoscale phase transi-
tion observed in the PbS case, the d-spacing of the first SAXS
peak of PbSe arrays return to the initial value when pressure is
released back to ambient (SI, Figure S4b). The recovered SAXS



peaks are found to be slightly broader and no obvious peak po-
sition shift when compared to those before compression (SI,
Figure S2b).
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Figure 3. WAXS (a) and SAXS (b) patterns of PbSe NCs during
compression and decompression. “r” indicates the releasing pres-
sure. The black and blue curves in (a) represent RS and OR crystals
structures

To confirm the pressure induced NC coalescence suggested
by SAXS measurements, TEM was conducted for samples after
compression. In the case of PbS NCs, formation of 2D
nanosheets is observed (Figure 4a and Figure S5a of SI). The
insert image in Figure 4a shows a typical lamellar structure with
the width of the edge-on lamella at ~1.65 nm, in agreement with
the particle size and SAXS measurements. Such orientated co-
alescence of neighboring NCs into nanosheets has been previ-
ously reported for 3.5 nm PbS NCs and the atomic and meso
scale transitions were found to occur at the same pressure.*
However, in our case, the phase transition pressure at the
mesoscale is significantly lower than that found at the atomic
scale. Besides the differences in experimental setup, where no
pressure transmitting medium was used in the previous study,*
we also attribute this inconsistent observation to the over-
whelming high surface energy of very small particles. The com-
bined effects of stronger quantum confinement at atomic scale
and greater sintering tendency at mesoscale eventually trigger

the coalescence of smaller NCs at lower pressure. Previous re-
search also suggests that both RS(200) and RS(220) guide the
orientation of the attachment;** while in the current study, uni-
form lattice fringes in HRTEM images match the spacing be-
tween (220) planes of PbS in RS phase (Figure 4b and Figure
S5b of SI). In addition, we observed the formation of short nan-
owires. The average diameter of nanowire is about 2.1 + 0.4 nm,
slightly larger than the diameter of initial particles. The lattice
fringe of 0.28 nm corresponds to the RS(200) plane (Figures 2¢
and 2d).

We hypothesize that, at ambient condition, NCs in fcc arrays
are isotopically oriented with balanced NC interactions, but
their ligand covered RS{111} facets have lower surface energy
than RS{200} and RS{220} facets.” Below 9.0 GPa, ligands
on the NC surfaces provide sufficient compressibility to main-
tain their mesoscale assemblies and NCs cannot move freely.
When pressure is increased to higher than 9.0 GPa, silicon oil
could no long provide a hydrostatic compression environ-
ment.***” Compression of the superlattice then produces a devi-
atoric stress along the mesoscale <110> direction (parallel to
the compression axis). Such nonequilibrium deformation
breaks the local force balance between NCs and promotes their
relocation and reorientation. The high pressure deviatoric stress
acts as the driving force to firstly detach ligands from NC sur-
faces, and then rotate, attach, and coalesce the NCs along (220)
planes into single crystal nanosheets to reduce surface energy
and induce mesoscale phase transition, similar to the attachment
model proposed previously.** Upon further increasing pressure
to the NC atomic phase transition region, the structural trans-
formation results in exposing nanostructures to the high energy
OR phase, which requires greater driving force to enable the
rotation of NCs, consequently slowing down the orientated at-
tachment process. As a result, the NCs directly fuse into short
nanowires. Another hypothesis could be that the observed short
nanowires were the intermediate step in the nanosheet for-
mation. Further TEM analysis on samples at different pressure
stage would be needed to verify the above theories.

For PbSe NCs, long nanorods are observed after compression
with lengths up to 150 nm and diameters at 14.5 = 2.1 nm that
is similar to the sizes of starting NCs (Figures 4e and 4g). To
the best of our knowledge, this is the first pressure-induced sin-
tering reported for PbSe NCs. Markedly, HRTEM images re-
vealed that the nanorods are single crystalline with both (200)
and (220) planes preferentially oriented (Figures 4f and 4h; Fig-
ure S6, SI). Such observations on sintering of nanospheres to
nanorods have been reported for various nanoparticles, and the
mechanism has been generally explained by the occurrence of
nonhydrostatic stress upon increasing pressure which can break
the balanced force between neighboring NCs and force them to
sinter into continued nanorods.! However, this observed NC co-
alescence is not universal, a large number of free particles still
exist (SI Figures 6 (e) and (f)), which explains the insignificant
peak shift in the recovered SAXS spectrum after release of pres-
sure. The size of the non-sintered NCs was measured to be 12.6
+ 1.6 nm. We suspect the lack of clear SAXS mesophase tran-
sition was related to NCs size effect, as larger particles (more
than 10 nm) have been found to sinter slower and less than the
higher surface energy and smaller particles.***’ CdS NCs has
also been reported to have such size dependent sintering behav-
ior under pressure.!”



Figure 4. Morphologies of NCs after compression: (a) TEM
images of 2D PbS nanosheet and lamellar structures (inset); (b)
HRTEM image of the circled area in (a) and the corresponding
Fast-Fourier transformation (FFT) pattern (inset); (c-d) TEM and
HRTEM images of 1D PbS short nanowires; (e-h) TEM,
HRTEM and FFT (inset) images of 1D PbSe nanorods.

In conclusion, we demonstrated here that pressure can be suc-
cessfully applied to fabricate both 1D and 2D lead chalcogenide
nanostructures. By combined high pressure-SAXS/WAXS ex-
periments with TEM analysis, we found the sintering of initially
small PbS NCs into 2D nanosheets. Comparing to previous re-
ports, the unusual observation of higher atomic scale phase tran-
sition than mesoscale phase transition observed here also results
in the formation of 1D short nanowires. In addition, coalescence
of 12.1 nm PbSe NCs into nanorods was observed, which rep-
resents the first example of pressure-driven morphology engi-
neering of PbSe NCs. This high-pressure fabrication technique
is still at its early development stage with many possibilities for
future research, and we expect it to be applied to a large variety
of nanoparticles that contain both amorphous and crystalline

phases and to achieve large-scale sample preparation for desired
applications.
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