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15 ABSTRACT: The self-assembly of nanoparticles, a
16  process whereby nanocrystal building blocks organize
17 into even more ordered superstructures, is of great interest
18 to nanoscience. Here we report the layer-by-layer
19 assembly of 2D perovskite nanosheet building blocks.
20  Structural analysis reveals that the assembled superlattice
21 nanocrystals matche with the layered Ruddlesden—Popper
22 perovskite phase. This assembly proves reversible, as these
23 superlattice nanocrystals can be reversibly exfoliated back
24 into their building blocks via sonication. This study
25 demonstrates the opportunity to further understand and
26 exploit thermodynamics to increase order in a system of
27 nanoparticles and to study emergent optical properties of
28 a superlattice from 2D, weakly attracted, perovskite
29 building blocks.

30 ompared to bulk perovskites, quantum confined perov-

31 C skites offer significant improvements, including stronger
32 exciton binding energies, increased photoluminescence quan-
33 tum vyield, longer photon lifetime and increased stability.'
34 Over the years, various groups have tuned the dimensionality,
35 phase, and composition of perovskite nanocrystals. Typically,
36 we can synthesize perovskites from 0D quantum dots,” 1D
37 nan0w1res,mll to 2D nanosheets.”'”"® We can tune the
38 composition of ABX; perovskite by substituting various X-
39 anions, A- and B-site cations.'”® We can also tune the
40 arrangement of atoms in a perovskite crystal by tuning the
41 phase,'"” due to the rich phase transitions available in the
42 halide perovskite system. These are all ways to engineer and
43 tune the optical properties at the atomic length scale. However,
44 by systematically arranging the connection between the
4s individual crystals themselves, we gain access to another level
46 of tunability at a greater length scale. It is widely reported that
47 superlattice nanocrystals offer emerging and interesting
48 properties that are not found in their individual building
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blocks.”'®"? Typical strategies for creating such layered
superlattices rely on complex methods, such as DNA grafting,
direct layer-by-layer mechanical stacking, or liquid—air and
liquid—liquid interface techniques.”’>* A solvent-evaporation-
based self-assembly process can produce high uniformity
layered superlattices, but often yields an irreversible
assembly.”>*” In previous work, the intercalation of 2D sheets
of metal-halide octahedral [MX,]*~ atomic building blocks
with alkylammonium cations offered an approach to produce
long-range ordered, well-crystalline 2D layered superlattices.”®
These layered structures typically formed Ruddlesden—Popper
(RP) phase, an ideal class of perovskite analogues. RP crystals
are of special interest due to their intrinsic confinement of the
perovskite units and their increased stability.””>"-

Currently, the most widely adopted method for the
preparation of 2D layered perovskites involves a solution-
processed crystallization.”” This conventional crystallization

technique often relies on either the slow cooling of ¢

concentrated solutions or quick solvent evaporation, which
makes it difficult to engineer the shape, size, lattice structures
and chemical compositions at the nanoscale level. Here, we
address this challenge by synthesizing 2D perovskite nano-
sheets of precise thickness, which assemble, through a layer by
layer process, into 2D layered RP phase superlattice nano-
crystals with composition of (CgH,,NH;),Cs,_,Pb,Brs,,,
(where n represents the number of [PbBrg]*” octahedral
layers). Figure 1A schematically illustrates the layer-by-layer
self-assembly process, from individual perovskite nanosheets
with an alkylammonium ligand surface to many superlattices
matching the RP phase. The nanosheet building blocks were
synthesized by a modified, ligand-assisted, air-free, hot-
injection method’ (Figures S1 and S2), which is similar to

the synthesis reported by Manna et al.">
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Figure 1. (A) Schematic illustration of the layer-by-layer, self-assembly of CgH;;NH;-capped CsPb,Br, nanosheets into layered
(CgH,;NHj;),CsPb,Br; superlattices. The superlattice nanocrystals can be reversibly exfoliated back into monolayer building blocks by sonication
in toluene. (B) Initial CgH;,NH;-capped CsPb,Br, nanosheets. (C, D) Superlattice intermediates. (E) Final (CgH;,NH;),CsPb,Br, superlattice

nanocrystals. Scale bar, 500 nm.

82 To analyze the self-assembly process, after synthesis, we took
83 transmission electron microscopy (TEM) images at different
84 stages of the process (Figure 1B—D and Figures S3—6).
85 Initially, the CgH;,NH;-capped CsPb,Br, building blocks were
86 well dispersed in hexane, with limited assembled superlattices
87 (Figure 1B and Figure S3). After 20 min, many of the crystals
88 had increased contrast, indicating increased thickness of the
8o superlattices (Figure 1C—D and Figures S4—7). Tapping-
90 mode atomic force microscopy (AFM) images (Figure S8)
o1 taken after 30 min show that the thickness of these
92 superlattices, taken as the assembly progressed, varied from
93 three (about 6.3 nm), to eight (about 16.8 nm) and
94 occasionally to tens of layers (25 layers, about 54.3 nm). As
95 the self-assembly progressed, and the stacking of the building
96 blocks continued, individual building blocks gradually
97 decreased, forming many superlattices (Figure 1E). The
98 overall thickness of the final nanocrystals superlattices were
99 in the range of 100—400 nm after 4 h of self-assembly. Some
100 TEM images taken during the assembly process reveal
101 interlayer slipping between the periodic building blocks,
102 which indicates the weakness of the force between the layers
103 (Figure S9).

104 The square nanosheet building block has a lateral size of
105 around ~500 nm (Figure 2A). Energy-dispersive X-ray (EDX)
106 analysis of single nanosheets (Figure S10A,B) shows an atomic
107 ratio of Cs:Pb:Br of approximately 1:1.9:7.2. A high resolution
108 TEM (HR-TEM) image of a single monolayer reveals a single-
109 crystalline structure matching with an orthorhombic crystal
110 phase (Figure 2B and Figure S11). The best matching from a
111 series of simulated images is overlaid in Figure 2B, showing
112 agreement with the experimental HR-TEM images. The
113 average in-plane lattice constants of the monolayer were
114 calculated to be a ~ 8.2 A and b ~ 8.4 A from selected-area
s electron diffraction (SAED) (Figure 2C). The well-dispersed
116 monolayers in hexane exhibit a strong exciton absorption peak
117 at 427 nm (inset of Figure 2D). Confocal photoluminescence
18 (PL) of a single monolayer showed an emission peak centered
119 at 431 nm (Figure 2D). The corresponding height profile

obtained by tapping-mode AFM confirms the monolayers have 120
a thickness around 2.2 nm (Figure 2E,F and Figure S10C,D). 121

After the self-assembly process is complete, uniform 122
superlattice nanocrystals with an average lateral size of around 123
500 nm were formed (Figure 3A and Figure S12). After 1241
examining more than 10 individual assembled superlattices by 125
EDX analysis (Figure S13 and Table S1), we found that the 126
superlattices have an atomic ratio of Cs:Pb:Br of approximately 127
1:2:7. This ratio matches well with the 2D layered 128
(CgH,,NH;),CsPb,Br, RP phase crystal stoichiometry. The 129
SAED images taken on a single nanocrystals superlattice 130
(Figure 3B) confirm a crystalline structure with in-plane lattice 131
constants of a &~ 8.1 A and b ~ 8.2 A, which are slightly smaller 132
than those of the nanosheets measured by SAED. Powder X- 133
ray diffraction (XRD) measurement of a drop-casted film of 134
assembled crystals show characteristic periodic diffraction 135
peaks of textured RP crystals: the (002), (004), (006) and 136
(008) diffractions (Figure S14). Because of the nature of the 137
textured sample, it is challenging to clarify the crystal structure 138
of the superlattice. To further confirm the detailed crystal 139
structure, we grounded the assembled crystals into a powder 140
and loaded them on a glass substrate for grazing incidence 141
wide angle X-ray scattering (GIWAXS) measurements (Figure 142
S15). For comparison, we also synthesized the micron-sized 143
(CgH,7,NH;),CsPb,Br; RP phase single crystals by solution- 144
processed crystallization with the same organic ligands and 145
inorganic perovskite precursors (Figures S16 and S17, crystal 146
data summarized in Tables S2—4). Figure 3C shows that the 147
in-plane diffraction peaks of the assembled superlattice 148
nanocrystals match well with the crystal structure calculated 149
from the (CgH;,NH;), CsPb,Br, RP phase micrometer-sized 150
single crystals. The diffraction peaks from the powder XRD 1s1
matches the d-spacing of the (CgH;;NH;),CsPb,Br; RP 152
nanocrystals captured with GIWAXS (Figure S15). Compared 153
to the nanosheet’s emission peak at 431 nm, the superlattice 154
nanocrystals show a slightly red-shifted emission peak at 440 1ss
nm (Figure 3D). Our previous work demonstrated that such 1s6
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Figure 2. (A) TEM image of CgH,;NH;-capped CsPb,Br, nano-
sheets. Scale bar, 100 nm. (B) HR-TEM image of a single CgH,,NH;-
capped CsPb,Br; nanosheet. Inset of panel B shows simulated TEM
image. Scale bar, 1 nm. (C) SAED pattern taken from a single
CgH,,NH;-capped CsPb,Br, nanosheet. Scale bar, 5 nm™. (D)
Confocal PL of a single CgH;;NHj-capped CsPb,Br; nanosheet. Inset
of panel D shows optical absorption of CgH,;NH;-capped CsPb,Br;
nanosheets dispersed in hexane solution. (E) AFM image. Scale bar,
500 nm. (F) Height profile of the CgH;,NH;-capped CsPb,Br,
nanosheets.

157 slight PL red-shift could be induced by the lattice contraction
158 upon assembly."?

159 Next, we used in situ synchrotron-based small-angle X-ray
160 scattering (SAXS), in combination with ex situ small-angle
161 XRD to monitor the self-assembly kinetics. Directly after
162 synthesis, we loaded the fresh solution into a 2 mm capillary
163 tube; we then took a SAXS scan periodically. At first, a weak
164 scattering pattern was observed. As the reaction time
165 progressed past 40 min, the weak diffraction peak at g(opy) =
166 0.289 A™" increased (Figure 4A). The q(op,) matches with the
167 (002) peak from the GIWAXS and powder XRD. The
168 increased intensity of the (002) peak indicates that as the
169 self-assembly progresses, the building blocks became more
170 ordered and stacked face-to-face, along the [00l] crystallo-
171 graphic direction. After 90 min, higher order diffraction planes
172 appeared (Figure 4A). From the (002) and (004) peaks, we
173 can confirm the lamellar nature of the superlattices, with a
174 lattice parameter of 2.2 nm, matching the thickness of the
175 ligand covered building blocks. Figure 4B shows the peak
176 intensity evolution of the (002) and (004) diffraction as a
177 function of growth time. The strong periodicity along the [001]
178 direction from in situ SAXS and ex situ XRD indicates a highly
179 ordered lamellar structure. Since we performed the in situ

...... monolayer

—superlattice
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Figure 3. (A) SEM image of the 2D (C4H,,NHj;),CsPb,Br,
superlattice nanocrystals, Scale bar, 2 ym. (B) SAED pattern taken
from a single (CgH,,NH;),CsPb,Br, nanocrystal. Scale bar, 2 nm™.
(C) Comparison of wide-angle XRD pattern of
(CsH,;NH;),CsPb,Br; nanocrystals with (CgH;,NH,),CsPb,Br,
single crystals. (D) Confocal PL comparison of a single
(CgH,NH;),CsPb,Br, superlattice nanocrystal and a single nano-
sheet building block. Inset shows confocal mapping of a single
(CgH;,NH;),CsPb,Br, superlattice nanocrystal.
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Figure 4. (A) In situ circularly averaged SAXS patterns taken at
different self-assembly stages in hexane. (B) In situ SAXS diffraction
peak intensity of the (002) and (004) reflection as a function of self-
assembly time. (C) In situ UV—vis spectrum taken at different self-
assembly stages in hexane. Inset shows evolution of the absorption
peak intensity as a function of self-assembly time. (D) Ex situ XRD
intensity of (002) diffraction peak as a function of self-assembly time
during self-assembly and disassembly cycles.

SAXS experiment directly after synthesis, there inevitably exists
other nanoparticles (NP) in the solution. We attribute the g-
vector at 0.228 A™' to the assembly of these coexisting
nanoparticles (Figure S18). These nanoparticles can generally
be separated through centrifugation.

The in situ UV—vis spectrum complements the in situ SAXS
and ex situ XRD data, showing similar kinetics (Figure 4C,D).
Within the first 60 min, the absorption intensity at 427 nm did
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188 not change much. The lack of change in attenuation of the
189 light indicates that the nanosheets stay at relatively similar
190 concentration, while suspended in hexane. After 60 min, as
191 shown in the inset of Figure 4C, the absorption intensity
192 begins to decrease and the absorption position slightly red-
193 shifts (from 427 to 429 nm) as a function of self-assembly
194 time. The decrease in attenuation of the light indicates that the
195 nanosheet concentration begins to decrease in solution. We
196 can attribute this decrease in concentration to assembled
197 crystals precipitating out of the solution. The settling down of
198 these crystals is likely due to the increasing mass and
199 decreasing surface area with ligand coverage as the assembly
200 progresses. At the final stage, the weak absorption intensity at
201 429 nm remained unchanged for a continuous 4 h (inset of
202 Figure 4C), indicating that the assembly has plateaued, and the
203 process is in equilibrium.

204 A unique aspect of this colloidal system is the reversibility of
205 the assembly, which has yet to be achieved with alkylammo-
206 nium hybrid RP phase, or solvent-evaporation and Langmuir—
207 Blodgett assembly techniques. The weak van der Waals forces
208 between the building blocks allows for separation using
209 mechanical force. By sonication in a weak polar solvent, the
210 assembled superlattice can be disassembled back into its
211 building blocks. We have tried several different solvents and
212 found that sonication in toluene works the best. Under
213 sonication, for around 15 to 25 min, the building blocks begin
214 to detach from the assembled superlattice (Figure S19). We do
215 note that at intense powers, sonication can break the
216 monolayers due to the soft nature of the halide perovskite
217 lattice. We can see signs of such structural damage in Figure
218 S19E. Within 25 min, most superlattice are exfoliated back into
219 their individual building blocks. The disassembled nanosheets
220 were isolated from toluene by centrifugation, and then
221 redispersed in hexane. Intriguingly, as shown in Figure 4D
222 and Figure S20, these disassembled building blocks will
223 reassemble back into a similar superlattice structure within
224 120 min, and such self/dis-assembly process can be well
225 recycled for three times in the experiment.

226 The layer-by-layer self-assembly process exhibited in this
227 system is a simple yet robust approach to generate large-scale
228 2D layered halide perovskite superlattices with atomic scale
229 precision. Furthermore, the reversibility of this system gives us
230 a way to systematically test properties that arise as a result of a
231 more ordered system. This system may offer a general pathway
232 for synthesizing other 2D layered superlattice nanomaterials
233 for novel electronic and photonic applications.
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