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ABSTRACT: The fast kinetics of all-inorganic CsPbX; (X = Cl, Tetragonal low [Brl¢ high Orthorhombic
Br, or I) nanocrystal growth entail 'that many synthetl.c (14/mcm) [Cs).4[Pb].q (Pbnm)
strategies for structural control established in other semi- e e
conductor systems do not apply. Rather, products are often
determined by thermodynamic factors, limiting the range of
synthetic outcomes and functionality. In this study, we show
how reaction kinetics are significantly slowed if nanocrystals are
prepared using a dual injection strategy that moderates the
crucial interaction between cesium and halide during nucleation
and growth. The result is highly uniform nanorod or cuboid
nanocrystals with a controllable size and aspect ratio across the quantum confinement regime, obtainable for both pure and
mixed halide compositions. Further, the crystal lattice is continuously tunable between the tetragonal (I4/mcm) and
orthorhombic (Pbnm) phases, independent of the overall nanorod morphology, enabling significantly more sophisticated
structure—property relationships that can be tailored during this kinetically controlled synthesis.
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ll-inorganic lead halide perovskite (LHP) nanocrystals what can be achieved has been limited by intrinsic synthetic

(NCs) with the composition CsPbX; (X = Cl, Br, or I) challenges associated with the materials system, as described in

have been studied extensively over the last several years more detail below. Furthermore, the progression of 1-D
for applications in photovoltaic cells, light-emitting diodes, nanostructures in a direct synthesis has never been observed;
photodetectors, and related technologies owing to their thus, the growth direction as well as the growth dynamics have
excellent optical and electronic properties such as tunable remained unclear.!”
emission wavelengths, high photoluminescence quantum yield Compared to the interest in shape and size, there has been
(PLQY), large oscillator strength, and large diffusion lengths.' significantly less development of synthetic strategies that
In common with other semiconductor systems, the nanocrystal control the crystal phase. In general, the crystal phase can be

properties are highly dependent on size, shape, and crystal
phase. For optoelectronic applications, anisotropic morpholo-
gies such as one-dimensional nanorods are of particular
interest due to their polarized light emission and opportunities
for enhanced photogenerated charge separation, especially if
quantum confinement of the excitonic transition can be
maintained.””’

Recent approaches for preparing CsPbX; nanorods include
polar solvent-assisted grow’ch,8 aging of preformed clusters,’
self-digestion or chemical cutting of larger CsPbX; nano-

categorized as cubic, tetragonal, or orthorhombic.'® For
CsPbBr;, cubic and orthorhombic phases are commonly
observed, whereas there are only a few reports of tetragonal
structures, varying with symmetry corresponding to I4/mcm,
P4/mbm, or P4,mc. The tetragonal I4/mcm structure has been
observed in a single crystal sample'” and has been detected
indirectly in a nanocrystal thin film over a temperature range of
7-360 K*° In contrast, the P4/mbm and P4,mc structures

wires,' " cation exchange on Cs,MBr, (M = Zn, Hg, Cd) Received:  March 11, 2022
nanorods,n’{3 conversion of Cs,PbBry NCs at water AC“‘_P“‘d: May 9, 2022
interfaces,"*'® or recrystallization of CsPbBr; NCs.'® Never- Published: May 11, 2022

theless, these strategies generally result in nanorod diameters
larger than the scale of significant quantum confinement, with
little or no control over the aspect ratio. Rather, the range of
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result from thermal or optical stimulation, respectively.”' >’

Additionally, the cubic, tetragonal, and orthorhombic phases
can coexist, supporting well-defined stoichiometric interfaces
even within individual nanoparticles.””** While LHPs appear
to maintain relatively similar band-edge transition energies and
high PLQY across these crystal phases,” other properties such
as the electron—phonon coupling strength and the efficiency
for polaron formation depend strongly on details of the lattice
structure, especially the tilt angle and deformation of the
[PbX4]*" octahedron units in these different phases.””*”

A primary limitation to more sophisticated control of the
crystal shape or phase—and a challenge for further
optimization of the CsPbX; system more generally—is the
extremely fast reaction kinetics, with crystal growth completed
in seconds after precursor injection in most synthetic
protocols.”**” Thus, a lack of time separation between crystal
nucleation and growth entails that the reaction system cannot
easily be driven away from the thermodynamically preferred
nanocrystal product.”’ This is problematic, because decades of
insight into nanocrystal synthesis have established that
controlling reaction kinetics is crucial for the preparation of
sophisticated morphologies and compositions that may not be
attainable via shifting the thermodynamic equilibrium.*"**
Under optimized kinetic conditions, the rate of atom
deposition relative to that of surface diffusion can be modified,
bringing about different crystal evolution mechanisms.’’ When
the surface diffusion rate is relatively higher, there is sufficient
time for adatoms to move across nanocrystal surfaces, leading
to the exposure of more thermodynamically stable facets. If the
relative rate of deposition is greater, on the contrary, the
adatoms are accumulated at the active sites, presenting facets
with a higher surface energy as well as the possibility of
kinetically trapped local bonding arrangements or distinct
overall nanocrystal morphology.

With this limitation in mind, our previous study probed the
growth kinetics of CsPbX; NCs and established that the
reaction rate can be greatly reduced by controlling the
availability of halide.”” In the case of CsPbBry NCs, with the
slow introduction of Br ions, Cs ions first combine with Br ions
to form CsBr NCs. Over several minutes, the CsBr seeds
undergo a series of phase transformations from CsBr to
Cs,PbBrg followed by conversion into the commonly observed
cuboid CsPbBr; NCs. Interestingly, this evolution is largely
insensitive to the concentration of Pb ions.

In this report, we show how the relative rates of atom
deposition and migration during crystal growth can be
controlled with an even higher precision using a synthetic
protocol based on the slow, simultaneous release of separate
halide and Cs precursors into a Pb precursor solution. This
procedure moderates the crucial interaction between Cs and
halide during crystal nucleation and growth, providing
crystallization into one-dimensional nanorods that extend in
length with reaction time. By adjusting the reaction variables,
the overall size and aspect ratio of nanorods can be modified
across a size regime with strong quantum confinement.
Further, the crystal phase is continuously tunable between
tetragonal (I4/mcm) and orthorhombic structures, independ-
ent of the overall nanorod morphology, underlying that the
lattice structure is a kinetically trapped, metastable product
based on the external reaction conditions. Thus, we report an
unambiguous example of a colloidal LHP synthesis with
systematic control over a kinetically defined nanocrystal
product in the quantum-confined regime.
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RESULTS AND DISCUSSION
Synthesis of CsPbBr; Nanorods. In a typical synthesis,

cesium oleate and oleylammonium bromide were prepared as
separate precursor solutions mixed with oleic acid (OA) and
oleylamine (OAm) in l-octadecene (ODE) or toluene. Both
precursors were simultaneously injected over the course of 5
min or longer into a lead oleate solution kept at 80 °C (Figure
la, see the Methods section for details). The product was

Normalized Intensity (a.u.)

400 450 500

Wavelength (nm)

550

Figure 1. (a) Schematic illustration of a dual slow injection
synthesis. (b and ¢) HRTEM images and (d) UV—vis spectra of
CsPbBr; nanorods. In (c), the FFT of a nanorod is provided in the
inset. In (d), the absorption and PL spectra are illustrated in
dashed and solid curves, respectively. A photograph of the sample
illuminated by a UV lamp is provided in the inset.

isolated by centrifugation and redispersed in hexane. High-
resolution transmission electron microscopy (HRTEM)
images of a representative sample are shown in Figure 1b,c.
The nanocrystals exhibit a one-dimensional nanorod morphol-
ogy with an average length and width of 39.32 + 10.34 and
3.88 + 0.57 nm, respectively. Isolated nanorods were not
identified unless TEM grids were prepared under highly
diluted conditions (Figure S1). This well-organized, side-by-
side stacking appears to be common for 1-D CsPbBr;,”'" in
contrast with other 1-D semiconductor nanorods, such as
CdSe/CdS or PbS, even with similar ligand shells. Lattice
spacings around 3.01-3.0S, 2.95—3.00, and 4.18—4.24 A are
identified along the long, short, and diagonal axes. This lattice
spacing is obviously larger than the 2.9 and 4.1 A fringes
generally observed from cuboid CsPbBr; NCs. In Figure lc,
some higher contrast dots are also observed, corresponding to
metallic lead particles introduced by e-beam damage. This
unavoidable beam damage, sometimes called lead leakage, is
commonly observed across LHP systems.”*

In Figure 1d, the absorption spectrum shows a sharp
absorption edge and a well-defined first excitonic absorption
peak, suggesting strong quantum confinement and a narrow
size distribution.”*° Interestingly, the photoluminescence
(PL) spectrum displays asymmetric broadening on the low
energy side. Such PL broadening has been commonly observed

https://doi.org/10.1021/acsnano.2c02474
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in strongly quantum-confined CsPbBr; nanorods, nanowires,
and nanoplatelets,”' """ and the broadening is typically
attributed to size polydispersity or localized state emission
(LSE).***" Here, the PL broadening is very likely associated
with LSE, on the basis of the well-defined absorption features,
the apparent sample uniformity by TEM, and photo-
luminescence excitation (PLE) studies of the nanorods and
corresponding intermediates (see Figure S2 and discussion in
the SI).

The crystal structure was examined using powder X-ray
diffraction (XRD) (Figure 2a,b). In the low-angle region (260 <
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Figure 2. (a and b) XRD pattern of CsPbBr; nanorods (blue trace).
Schematic crystal structures of (c) tetragonal (I4/mcm) and (d)
orthorhombic (Pbnm) CsPbBry. In (a and b), card files for
orthorhombic Pbnm (COD 1533062) and tetragonal I4/mcm (mp-
1014168) as well as the diffractogram of conventional CsPbBr,
nanocubes (green trace) are included for comparison.

15°), the peak spacing indicates a mesoscale periodicity of ca.
9.2 nm, consistent with the regular pitch of 7.8—9.2 nm
between nanorods as revealed in the HRTEM images. At a
higher scattering angle, surprisingly, the sample does not show
the common orthorhombic or cubic crystal phase signatures of
cuboid CsPbBry NCs. Rather, the diffractogram indicates the
nanorods adopt a tetragonal phase with I4/mcm symmetry
(Figure 2c). The corresponding d-spacing values of the
tetragonal phase match well with the lattice fringes observed
in Figure Ic, with the fringes around 4.2 A assigned to the (1 1
2) plane. Unfortunately, the difference between the (0 0 4) and
(2 2 0) planes is less than 0.01 A, so that an unambiguous
assignment is not possible. Nonetheless, the fringes along the
long axis appear to have slightly larger spacing than those along
the short axis, suggesting the nanorods were grown along the
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<0 0 2> direction with the {1 1 0} surfaces being the exposed
facets. If so, this growth would be consistent with conventional
orthorhombic CsPbBr; crystals for which the {1 1 0} facets
have the lowest surface energy and are thus the primary
exposed surfaces."”"’

Thermodynamic Insights into 1-D Growth. The key
experimental protocol that promotes one-dimensional nanorod
growth is the slow, simultaneous injection of the separate
precursor solutions. We hypothesize that slowing the release of
Cs and Br modulates the rate at which atoms accumulate on
growing nanocrystal seeds. With the slow injection, the adatom
surface diffusion rate is likely greater than the rate of
deposition, leading to the exposure of the most stable {1 1
0} facets as side surfaces, with crystal growth predominantly
along the <0 0 2> axis. In support of this hypothesis, a control
experiment was performed in which both precursor solutions
were fully injected at the first instant of synthesis. As revealed
in Figure S3, conventional CsPbBr; cuboid NCs and a few
larger Cs,PbBrg nanocrystals were produced. This result
indicates that, under fast reaction conditions, with sufficiently
large concentrations of all precursors, the growth at the {1 1 0}
and {0 0 2} facets is nearly identical, so that an isometric shape
is eventually generated. This interpretation is further supported
by the fact that 1-D products were not synthesized in other
studies with comparable reaction parameters but with fast
precursor injection.”"m_47

Yet, adjusting the precursor injection rate is not the sole
factor governing the reaction. As discussed in depth in our
previous report, it is crucial to manage the interaction between
Br and Cs to define reaction outcomes, with much less
dependence on the interaction between Br and Pb or between
Cs and Pb for the OA-OAm-ODE synthetic system.”” If any of
the precursors are injected individually, one-dimensional
CsPbBr; nanocrystals are not generated. For example, when
only Br is slowly introduced to the system, the strong Br—Cs
interaction entails that CsBr nanoparticles form first, followed
by gradual phase transitions to Cs,PbBrs and eventually to
CsPbBr; nanocubes.” On the contrary, if only the Cs
precursor is slowly supplied, two-dimensional CsPbBr; nano-
platelets result (Figure S4), as has also been demonstrated in
other work.* In this latter case, the local nucleation and atom
deposition rates are sufficiently high to result in growth
predominantly at both the {0 0 2} and one pair of the {1 1 0}
facets.

The growth observed here is fundamentally different from
previous reports of anisotropic CsPbBr; nanoparticle synthesis,
which typically requires special ligands,''® preformed nuclei,”
or undergoes phase transitions.'*~'® Moreover, as opposed to
semiconductor systems with an isometric crystal symmetry,
such as lead chalcogenides, which require oriented attachment
or solution-liquid—solid mechanisms for anisotropic
growth,*** the production of CsPbBr; nanorods in this
study appears to depend on the lower symmetry of the crystal
lattice. In other words, because the cubic crystal phase of
CsPbBr, is thermodynamically preferred above 120 °C,'”**
one-dimensional growth is not favored above that reaction
temperature. As clearly seen in Figure S5a, samples prepared at
120 °C are a mixture of nanocubes and nanorods having
significantly smaller aspect ratios. When the temperature is
further raised to 130 and 140 °C (Figure SSb,c), isotropic
nanocubes are produced exclusively. This is similar to the
morphological transition from platelets to cuboids around 100
°C observed for conventional hot injection syntheses.”

https://doi.org/10.1021/acsnano.2c02474
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Time-Dependent Growth Study. The evolution of The increasing size was confirmed by HRTEM analysis, as
nanorods during the course of a S min injection was monitored depicted in Figure 4 and statistically summarized in Figure S
ex situ. As shown in Figures 3a, an absorption feature around
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Figure 3. (a) Absorption, (b) PL spectra, and (c and d) XRD

patterns of samples collected at different reaction times during a §

min injection reaction. Table 1. Average Length and Diameter of Samples
Collected at Different Reaction Times”

410 nm attributed to CsPbBr; clusters can be identified at 1

min 30 s.”" This feature declined at later times, along with the sample length (nm)  diameter (nm)  aspect ratio  fwhm (nm)
evolution of peaks around 430—435 nm corresponding to 1m30s  20.27 + 622 291 + 047 697 33.94
nanocrystals with sizes around 2 nm. The absorption peak and i:ms z;gz i i'ig i'fg i g'iz ;'ii zgz;
absorption edge as well as the PL peak (Figure 3b) red-shifted 3m 28.96 ; 75 21 ; 046 002 5191
monotonically as the reaction progressed, indicating growth of 4m 33.54 4+ 9.02 407 + 048 824 22,04
the nanocrystals during the time frame of injection. The Sm 3932 + 1034 3.88 + 0.57 101 21.16
spectral evolution implies that the growth of nanorods follows “The fwhm is derived from Figure 3b.

a classical mechanism, i.e., generation of clusters that then grow
into larger crystals.

Figure 4. HRTEM images of samples collected at (a and b) 1 min 30 s, (c and d) 2 min, (e and f) 2 min 30 s, (g and h) 3 min, and (i and j) 4
min. Note that the upper panel shows assemblies of the growing nanorods aligned side-by-side. FFTs of individual nanorods are provided in
the insets. The 4.2 A fringes can be assigned to the (1 1 2) plane of tetragonal phase. The samples collected at 1 min 30 s, 2 min, and 2 min
30 s are imaged without purification by centrifugation.

8321 https://doi.org/10.1021/acsnano.2c02474
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Figure 6. XRD patterns of samples prepared with different concentrations of (a) Br precursor, (b) Cs precursor, (c) Pb precursor, (d) OAm,
(e) OA, and (f) at different reaction temperatures. The standard reaction concentrations correspond, respectively, to 0.40, 0.050, 0.10, 0.70,

and 2.54 mmol.

and Table 1. Note that, in the HRTEM images, the growing
nanorods appear to assemble side-by-side in filament or
ribbon-like structures. Samples collected at 1 min 30 s, 2 min,
and 2 min 30 s were analyzed as-synthesized, without further
purification, due to technical difficulties in isolating early
products by centrifugation. The unreacted metal precursors,
particularly Pb-oleate, were prone to being reduced by the
electron beam forming the dark particles in the images, as also
discussed above. For samples collected at 1 min 30 s, the
assembled nanorods were already apparent (Figure 4a,b), with
diameters focused around 2.9 nm but with a larger distribution
in length. At reaction times between 2 and 4 min, multiple
assemblies of nanorods with a uniform length were seen
(Figure 4c—j). We observed a monotonic elongation from ~22
to 33 nm, whereas the average diameter gradually increased
from ca. 2.9 to 4.0 nm, leading to an increase in aspect ratio
from ca. 7 to 9. No obvious morphological change was noticed
after the finish of the injection. These results show a linear
relationship between the nanorod size and reaction time such
that via a dual slow injection both the size and aspect ratio can
be defined. This degree of fine-tuned control over the kinetics
of the nanorod growth has not been reported for other
synthetic methods that result in one-dimensional CsPbBr;
nanocrystals.*™'® Crucially, this morphological control is
obtained in a size regime that promotes quantum confinement
(below ~8 nm), which may benefit optical anisotropy and
other features of the electronic fine strucure.’”>?

The time evolution was also examined by XRD (Figure
3c,d). Interestingly, the diffraction patterns of samples
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collected at 3 min show asymmetric broadening around 15°
and 30°. As seen in Figure 3d, the highest intensity peak
around 30° and its higher angle shoulder can be assigned to
the tetragonal and orthorhombic phases, respectively. The
corresponding d values were ca. 3.0 and 2.9 A, which match the
values for the lattice spacing measured along the long and short
axes during HRTEM analysis (Figure 4 and Figure S6),
respectively. As the reaction proceeded to 4 and 5 min, the
shoulder gradually disappeared, presenting diffraction patterns
close to a pure tetragonal phase. This is consistent with the
findings that only lattice spacing around 3.0 A can be identified
along both axes in HRTEM images of the later products. Such
lattice expansion during the time evolution and the probable
existence of both crystal phases in individual nanocrystals were
not commonly observed in other studies. Note that the lattice
expansion observed here is opposite to a previous report of
size-dependent lattice changes in LHPs, in which the lattice
was observed to decrease in size as the NC size increased.”
Nonetheless, the XRD analysis suggests that the two ghases are
compatible, as has been revealed by Whitcher et al,”® and the
phases may readily interconvert during growth. A similar
interconvertibility has been reported for the CH;NH;PbBr;
system, with phase transitions from cubic (Pm3m) to
tetragonal (I4/mcm) at 236 K and to orthorhombic (Pnma)
around 145—149 K.>>*° This compatibility and interconvert-
ibility can be attributed to the fact that the phases are very
similar and are distinguished mostly by the PbBr;™ sublattice,
i, the orientation and deformation of [PbBr]*~ octahedra
(Figure 2c,d).

https://doi.org/10.1021/acsnano.2c02474
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Mechanistic Insights into Phase Control. Further
experiments with varied concentrations of Br, Cs, Pb, OAm,
and OA as well as different reaction temperatures were carried
out. A primary finding is that systematic, continuous
modification of the crystal lattice between pure tetragonal
and pure orthorhombic phases is achieved by modifying
reaction parameters (Figure 6 and Figure S7). Further, the
one-dimensional nanorod morphology is maintained, inde-
pendent of the underlying crystal lattice parameters. As
displayed in Figure 6a, the major scattering peak monotoni-
cally shifts to higher angles with higher Br precursor
concentrations, signifying a continuous transformation from
the tetragonal to orthorhombic phase. However, opposite
trends were observed for Cs and Pb. The peaks shift downward
as more metal precursors were supplied (Figure 6b,c). Similar
to our previous work,> the crystal phase of product appears to
be determined by the chemical availability of bromide
compared to cesium and lead, where the tetragonal or
orthorhombic phases were formed under comparably Br-poor
or metal-poor conditions, respectively. In summary, the
preference for the crystal phase depends on the magnitude
of the following ratio:

[Br]g

[Cslegr [Pblege (1)
in which [Y].; denotes the effective concentration, i.., the
actual number of reactants participating in the chemical
reaction.

This inference is further supported by experiments adjusting
the ligand concentrations or reaction temperature. It is well-
known that additional OAm in the reaction system has a
significant influence on Br. By reacting with OA, oleylammo-
nium is produced, further increasing the solubility of bromide
in the solution phase:*’ >’

R-COOH + R'-NH, < R-COO™ + R'-NH;* (2)
The same effect was noticed in this work. When more OAm
was incorporated, the extra oleylammonium stabilized Br in the
solution phase and thus decreased its effective concentration
for reaction, resulting in the formation of the tetragonal
structure (Figure 6d). As for increases in OA concentration,
one may anticipate a similar outcome according to Le
Chatelier’s principle. Nevertheless, we observed an opposite
tendency such that the orthorhombic phase became favorable
at higher OA concentrations (Figure 6e). This is plausible
because additional OA not only shifted the acid—base
equilibrium but also raised the solubility of metal ions,
particularly the cesium.”” Additionally, OA also likely played a
role “activating” the halide. The reaction between OA and
oleylammonium halide yields oleylammonium oleate and
hydrogen halide, which is an unstable, highly reactive species
in the nonpolar solution:

R-COOH + R'-NH,;"X™ < R-COO (NH,")-R’ + HX
®3)

Apparently, the stabilization of metal ions in the solution phase
and the activation of halide were the major outcomes with
increased OA. Finally, because of the exothermic acid—base
reaction (eq 2), less oleate and oleylammonium, and more OA
and OAm are present at higher reaction temperatures.
Accordingly, the orthorhombic phase is preferred, as indicated
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by the XRD peak shifting to higher angles (Figure 6f) for
reactions carried out at a higher temperature.

Overall, when coupling multiple synthetic effects, we notice
that the system is more sensitive to the Br/Cs ratio and is less
sensitive to the Pb concentration, as also reported in our
previous work.” With this detailed understanding of the effect
of each reaction variable, CsPbBr; nanorods with comparable
size and shape in nearly pure tetragonal or orthorhombic
phases as well as in intermediate lattice configurations were
produced by carefully controlling the precursor concentrations
(Figures S8 and S9). It is important to emphasize that this
synthesis allows for a continuum of lattice parameters in the
product nanocrystals, rather than driving the system
completely to one phase or the other. That said, some
reaction conditions summarized in Figure 6 also appear to
promote products with the likely coexistence of both
tetragonal and orthorhombic phases. Independent of the
diverse crystal lattice geometries, the nanorods exhibited
similar overall optical properties, as evaluated by PLQY,
fwhm, and by taking the ratio of emission due to suspected
localized states versus the emission from free exciton (FE)
recombination (Table S1 and Figure S10). This result
highlights the consistent, high optical quality of nanorods
synthesized via the dual slow injection method, independent of
the crystal phase. Further, the continuous lattice modification
shows that the two phases are interconvertible, with
intermediate configurations that can be isolated.

It is interesting to consider that the conversion between the
tetragonal and orthorhombic phases involves two major steps:
tilt along the z-coordinate and out-of-phase rotation in the x—y
plane of the [PbBrg]*” octahedron units (Figure 2c,d). The
isolation of intermediate phase products indicates that the
effective precursor concentrations dictate the lattice geometry,
ie, the degree of octahedra orientation, bond lengths, and
bond angles. As mentioned earlier, the rotation and distortion
of octahedra units are known to significantly impact the lattice
dynamics in LHPs, modifying electronic properties such as the
electron—phonon coupling and the exciton binding energy.””””
Taking advantage of the synthetic control demonstrated here
may enable strategies to engineer the charge transport, polaron
formation, and related electronic properties that are a
consequence of the soft lattice.

Hypothesis for Phase Control. We propose two distinct
hypotheses that may explain why the reaction drives the system
to the tetragonal or orthorhombic phase: thermodynamic
control or kinetic control. Thermodynamic control relates to
the dependence of total surface energy on the effective
precursor concentrations. As demonstrated computationally,
the surface energy of each facet of an orthorhombic CsPbBr;
crystal changes under Br-rich or Br-poor conditions.*” In this
study, it may be that the {0 0 2} and {1 1 0} facets of an
orthorhombic crystal together present lower total surface
energy in Br-rich environments, whereas the facets of a
tetragonal CsPbBr; nanocrystal may have a lower surface
energy under opposite precursor concentrations. Then, the
preference for crystal phase may be a thermodynamic result
that minimizes the total surface energy of the crystal, similar to
our hypothesis for why the reaction provides a 1-D nanorod
morphology.

A kinetic control hypothesis, on the contrary, suggests that
the reactivity of monomers determines how the crystal
assembles, and this monomer reactivity depends on the
coordination strength of the monomer with ligand or solvent

https://doi.org/10.1021/acsnano.2c02474
ACS Nano 2022, 16, 8318—8328
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Figure 7. TEM images of (a) CsPbCl,, (b) CsPb(Br/Cl);, (c) CsPb(I/Br);, and (d) CsPbl; nanorods. (e) XRD patterns and (f) absorption

and (g) PL spectra of the corresponding nanorods.

molecules or the local geometry during monomer deposition.
For example, Cu,ZnSnS, nanocrystals are produced in the
kesterite phase with low reactivity precursors, while a wurtzite
phase is promoted using high reactivity precursors.’” A similar
effect may be expected in this study, as the dependence on
effective concentration in eq 1 likely relates to the relative
reactivity of the halide or metal monomers. It is well-known
that Pb(II) can adopt various coordination numbers, exhibiting
different configurations and cluster forms. Specifically,
[PbX,]*" octahedra can conjugate with each other through
corner-, edge-, and face-sharing, to create 1-D chains, 2-D
layers, and 3-D frameworks.”’ In the OA-OAm-ODE system,
the formation of two-dimensional oleylammonium bromo-
plumbate (R'NH,),PbBr, has been reported, with higher
coordination states (R'NH;"),(PbBr,,,)” (n < 6) obtained at
higher oleylammonium bromide concentrations.””*> Pb(II)
can also form Pb-alkylamide species with OAm.”® These
species may serve as monomers but with different reactivities
and undergoing different reaction mechanisms. Additionally,
the chemical environment of metal precursors is dependent on
the concentration of ligands. Under high ligand concentrations,
metal—ligand pairs surrounded by noncoordinated ligand
molecules, namely, reverse micelles, are likely to form.>
Changes in concentrations or temperature can modify the size,
density, and even the geometry of reverse micelles, potentially
leading to different metal ion reactivities. Overall, the
monomer reactivity may be determined by the -effective
precursor concentrations, kinetically directing the phase of
the nanorod crystallization.

To probe our differing hypotheses for the phase selectivity,
the thermodynamic stability of nanorods was investigated. At
the end of precursor injection, the tetragonal nanorods were
aged at the reaction temperature for one additional hour before
cleaning. No obvious change was noticed in the nanorod shape
(Figure Slla); yet, the main XRD peaks slightly shifted to
higher angles after aging (Figure S11c,d). This elucidates that
the orthorhombic phase is thermodynamically preferred under
the reaction conditions. Moreover, compared to the ortho-
rhombic counterparts, tetragonal CsPbBr; nanorods show a
poorer stability. As revealed in Figure S12, nanoplatelets were
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found in a tetragonal phase sample after two months sitting at
room temperature, and the main XRD peaks shifted toward a
more orthorhombic character. In comparison, orthorhombic
phase samples remained morphologically, structurally, and
optically identical after two months (Figure S13). These results
strongly suggest that the tetragonal and intermediate phases
are metastable, being kinetically trapped and isolated during
syntheses. Therefore, it appears that the control over the
crystal phase is a consequence of the reaction kinetics, as
opposed to thermodynamic driving forces and that precursor
reactivity is likely responsible for modifying the PbBr;~
sublattice geometry. In contrast, the growth direction of the
crystal lattice and the resulting 1-D shape appear to be
determined thermodynamically, as discussed above. Thus, it
seems that overall nanocrystal growth is dictated by kinetic or
thermodynamic mechanisms at different growth scales.
Extension to Other Halide Systems. Finally, we show
that the synthetic strategy behaves similarly when the
oleylammonium halide precursor is a chloride or iodide. As
displayed in Figure 7a—e, CsPbX; nanorods with various halide
compositions were successfully prepared when the molar ratio
of the respective halides was included in the precursor
injection step. In particular, the chloride and mixed halide
samples share the same optical features as the CsPbBr;
nanorods: a sharp absorption edge, strong excitonic absorption
peak, and asymmetric PL emission (Figure 7fg). The XRD
patterns of the chloride and iodide nanorods (Figure S14),
surprisingly again, exhibit crystal structures that cannot be
assigned to any of the commonly observed cubic, ortho-
rhombic, or P4mm tetragonal phases. Additionally, the crystal
phase of the CsPbCl; nanorods is continuously tuned between
the orthorhombic phase and the unknown phase via
modification of the reaction parameters, and the phase
preference follows the same rule that was established in the
bromide system (eq 1). Considering this, we suspect that the
unknown crystal structures identified for the CsPbCl; and
CsPbl; nanorods are analogous to the tetragonal CsPbBr,
nanorods with I4/mcm symmetry. Accordingly, XRD diffracto-
grams for CsPbCly and CsPbl with I4/mcm structures have
been simulated (Figure S14a and Table S2), and the patterns
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match well with the experimental scattering patterns. In further
support of our interpretation, the lattice parameters of mixed
halide nanorods correspond as expected for the predicted
stoichiometry on the basis of the molar ratio of halides in the
injection step (Figure S15 and Table S3). Thus, the dual slow
injection method provides 1-D growth and crystal phase
tunability as well as excellent control over the halide
composition for the entire CsPbX; system.

CONCLUSION

In conclusion, we have reported a synthetic strategy based on
the simultaneous, slow injection of separate Cs and halide
precursors. The synthesis can be used to tailor the shape, size,
and crystal phase of CsPbX; perovskite nanocrystals across a
size regime that provides quantum confinement, and the
method is generally applicable for pure and mixed halide
compositions based on Cl, Br, or I. A one-dimensional
nanorod morphology is produced when the synthesis is
performed at decreased temperature because of the thermody-
namic preference of the system for a lower symmetry crystal
structure. Further, the crystal phase is continuously tunable
between an orthorhombic or tetragonal (I4/mcm) structure,
with the ability to control the overall nanorod morphology and
aspect ratio independently of the underlying lattice structure.
The preference for lattice structure is determined kinetically by
the effective concentrations of the three precursor species.
Under comparably halide-poor and metal-rich conditions, the
tetragonal phase is preferred, whereas the orthorhombic phase
is preferred under opposite conditions. This slow injection
strategy offers excellent synthetic control compared with other
reports for the preparation of CsPbX; perovskite nanocrystals
with anisotropic morphologies, and the key innovation of our
strategy, i.e., an effective method to significantly slow the
kinetics of the growing crystal, may be extended to achieve
more sophisticated chemical and structural designs in the
materials system.

METHODS

Materials. Cs,CO; (99.9%), PbO (99%), oleic acid (OA, 90%),
oleylamine (OAm, 70%), l-octadecene (ODE, 90%), toluene
(99.8%), and hexane (95%) were received from Sigma-Aldrich.
Hydrobromic acid (HBr, 48%) was purchased from VWR Chemicals
BDH. Hydrochloric acid (HCl, 36.5-38%) was purchased from
Macron Fine Chemicals. Hydriodic acid (HI, 55—58%) was
purchased from Thermo Scientific. OA and OAm were dried with
molecular sieves under an Ar environment before use. Other
chemicals were used as received.

Preparation of Cesium Oleate (Cs-OA) Stock Solution.
Cs,CO; (0.2 g) was reacted with 0.6 mL of OA in 10 mL of ODE
at 120 °C under a vacuum for 1 h. Once the chemical was dissolved,
an additional 1.6 mL of OA was added under an Ar atmosphere, and
the solution was allowed to cool down to room temperature and
transferred to an Ar-filled vial for storage.

Preparation of Lead Oleate (Pb-OA) Stock Solution. PbO
(0.185 g) was loaded into a 25 mL flask along with 4.3 mL of ODE
and 0.64 mL of OA, and the mixture was dried at 125 °C under a
vacuum for 1.5 h until the chemical was fully solubilized.

Preparation of Oleylammonium Halide (OAm-X). Ten
milliliters of undried OAm was added in 30 mL of acetonitrile
under vigorous stirring in an Ar-filled, covered beaker. A specific
amount of HX (3.5 mL for HCl; 4 mL for HBr; S mL for HI) was
then injected drop by drop into the solution, which was cooled in a
water bath. The solution was stirred for an additional hour (overnight
for HI) with Ar purging. The precipitate was then purified with
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diethyl ether and hexane several times, dried under a vacuum at 60 °C
overnight, and stored in a glovebox for future use.

Synthesis of CsPbBr; via Slow Injection of Precursors. In a
typical slow injection synthesis, S mL of ODE was loaded into a round
bottom flask and dried under a vacuum at 120 °C. It was allowed to
cool down to 80 °C, and 0.3 mL of Pb-OA stock solution was
injected. To prepare the Cs feedstock, 0.3 mL of Cs-OA stock
solution was mixed with 0.55 mL of OA, 0.25 mL of OAm, and 0.27
mL of ODE. Separately, 0.085 g of OAm-Br was mixed with 0.65 mL
of toluene and 0.45 mL of ODE. The two feedstock solutions were
individually injected into the flask, at a rate of 10.8 mL/h or slower
with an amount of 0.9 mL each. The sample was purified by
centrifugation at 8000 rcf for 15 min. The supernatant was discarded,
and the precipitate was redispersed in hexane and centrifuged at 3000
rcf for another 10 min. The final supernatant was collected for future
analysis. For the time-dependent studies, samples were prepared by
quenching the reaction at different time intervals in separate reaction
batches.

Characterization. XRD data was measured on a BRUKER D8-
Focus Bragg—Brentano X-ray powder diffractometer equipped with a
Cu Ko radiation source. Absorption and PL spectra were collected on
an Ocean Optics Flame-S-UV—vis spectrometer with an Ocean
Optics DH-200-Bal deuterium lamp light source. HRTEM images
were taken on a FEI Tecnai G2 F20 ST FE-TEM operated at 200 kV
equipped with a Gatan CCD camera. PLE measurements were
performed on a home-built L-format optical setup equipped with a
broadband supercontinuum laser light source (Fianium Limited SC4
X 0) as depicted in Scheme S1. The excitation beam was attenuated
using a variable neutral density filter (Thorlabs NDC-25C-2) prior to
exciting the sample. The PL emission from the sample was collected
perpendicular to the excitation beam using an optical fiber attached to
the cuvette holder and resolved with an Ocean Optics Flame-S-UV—
vis spectrometer.

XRD Diffractogram Simulation. The powder XRD patterns of
CsPbCl; and CsPbl; with I4/mcm symmetry were calculated using
the software package VESTA. The lattice parameters were estimated
on the basis of the ratios of lattice constants of the corresponding
cubic (Pm3m) phases.
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