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Abstract

This study outlines the synthesis and characterization of a unique superlattice composed of
vertex-truncated indium oxide (In,O3) nano-octahedra, along with an exploration of its response to
high-pressure conditions. Using a bright-field transmission electron microscope (BF-TEM), we
determined an average circumradius of 15.2 nm for these octahedral building blocks. The resilience
and response of the superlattice to pressure variations, peaking at 18.01 GPa, were examined by
employing synchrotron-based Wide-Angle X-ray Scattering (WAXS) and Small-Angle X-ray
Scattering (SAXS) techniques. The WAXS data revealed no phase transitions, reinforcing the
stability of the 2D superlattice comprised of random layers in alignment with a 2D p3 /m symmetry.
Notably, the SAXS data unveiled a pressure-induced, irreversible octahedron translation and ligand
interaction occurring within the random layer. Through our examination of these pressure-sensitive
behaviors, we identified a distinctive translation model inherent to octahedra and observed
modulation in the superlattice cell parameter induced by pressure. This research signifies a
noteworthy progression in deciphering the intricate behaviors of 2D superlattices under high-
pressure conditions.



Introduction

Superlattices represent a distinct category of materials with periodic structures, potentially
exhibiting unique properties such as dielectric,! optical,!* magneto-optical,® electrical,’
mechanical,” and gas sensing characteristics.® Within the realm of nanoscale self-assembly, the
investigation of nano-polyhedron-based superlattices has been a subject of comprehensive research,
both experimentally and theoretically, spanning several decades.”!'S Prior research has
predominantly centered on superlattices assembled using non-spherical building blocks,'*!” such
as nanocubes, which typically adopt either simple cubic structures.'®?! However, employing nano-
octahedra as the assembly building blocks presents a compelling deviation.'*?? For instance, Zhu??
et al. observed a fascinating monolayer arrangement comprising 70 nm gold nano-octahedra, while
Gong?* et al. confirmed the presence of simple hexagonal and monoclinic (reconstructed as triclinic
in this paper) superstructures of gold nano-octahedron self-assemblies via an SEM technique.
Similarly, other research groups have also reported the existence of such simple hexagonal
superstructures.'* Moreover, novel body-centered-cubic (bcc) superlattices, self-assembled with
Pt;Ni nano-octahedra, have been unveiled,?* ?* thus introducing another unique arrangement to this
family of packings. Notably, Minkowski proposed a widely recognized arrangement incorporating
octahedral building blocks, which boasts the highest packing density of 18/19.?° Interestingly, self-
assembled superlattices adopting the Minkowski structure have been observed, regardless of the
octahedron's compositions and sizes.'* 2%

Despite the presence of the aforementioned superlattice structures, which represent three-
dimensional (3D) arrangements of building blocks and can be described using conventional unit
cells, the reality of self-assembly involves building blocks with imperfect shapes and non-uniform
sizes.? Additionally, various factors, including changes in concentration gradient during the
assembling process, variation in assembling rate, and different environmental conditions such as
temperature and humidity, further contribute to increasing the complexity of the self-assembly
process. Consequently, self-assembled superlattices often exhibit abundant structure defects,**3!
such as planar defects, which can significantly impact structure characteristics and may even
mislead the structure evaluation if treated as a classic 3D periodic arrangement.

Among planar defects, stacking faults frequently appear in both natural and synthetic lamellar
materials,> with instances observed in substances like coals,*® graphene oxide,** vermiculite,*
calcium silicate hydrates,*® zeolite,*” two-dimensional (2D) oxide colloids,*® clay,* transition metal
dichalcogenides such as WS, and MoS,,* and chalcopyrite semiconductor nanosheets, notably
CulnS,.*' These lamellar structures, characterized by stacking faults, present as irregularly
accumulated layers, giving rise to XRD patterns that stand distinct from conventional crystalline
materials. The inception of XRD analysis of layered structures dates back to Laue’s discussion*? in
1932, furthered by Warren's elaboration on the theory for XRD of random layer lattices.*
Subsequent studies have vigorously sought to simulate and fit the XRD patterns of materials rich
in stacking faults.*4-52 With stacking faults being a widespread phenomenon, our delve into the
self-assembled superlattice of indium oxide (In,O3) nano-octahedra has surfaced a superstructure
defined by its randomly oriented, trigonally close-packed octahedral layers. To the best of our
knowledge, no previous work has charted such a superstructure derived from truncated nano-
octahedra. Unveiling this random-layer superlattice not only expands the catalog of known self-
assembled superlattice structures but also paves the way for innovative approaches in interpreting
structural insights from Small-Angle X-ray Scattering (SAXS).>



Results and Discussion
Average Size of Building Blocks and 2D Superlattice

Fig. la presents the Wide-Angle X-ray Scattering (WAXS) pattern of a superlattice composed
of In»O; nano-octahedra, recorded at ambient pressure, which unveils the structure of these building
blocks. All observed characteristic peaks align well with those from the standard In,O; powder
XRD (PXRD) pattern, as refined by Marezio®* (Fig. 1b). This alignment confirms that the building
blocks possess a pure InoO3 phase with a body-centered cubic (bcc) structure (space group (206),
1a3). A Rietveld refinement on the experimental WAXS pattern suggests a lattice parameter of a’
=10.1412(3) A, closely matching the unit cell size (10.118 A or 10.14 A) listed in the JCPDS
cards (no. 06-0416 or no. 65-3170, respectively). Fig. 1¢ depicts a bright-field transmission electron
microscopic (BF-TEM) image of the In,O; nano-octahedra in various orientations, showcasing
their morphology and size. Given that most of these octahedra have slightly truncated corners (as
shown in Fig. 1d), determining their circumradius (7.) via direct measurement from the center to a
vertex is challenging. To evaluate the thickness of the assembly layer containing the In,O3 nano-
octahedra, the distance d; between two parallel facets {111} in an octahedron was measured in the
selected projection images, in which the imaged edge angle (109.92°) closely corresponds to the
dihedral angle (109.47°) as illustrated in Fig. le. Consequently, the circumradius can be expressed

as r.=di\/3/2 (see Fig. S1 for details). By measuring the d; of more than ~25 nano-octahedra with
the same orientations (Fig. S2), the average value was determined as 17.58 nm, resulting in an
average circumradius 7 of 15.22 nm.

Fig. 2a exhibits a secondary electron TEM image, showing the self-assembled superlattice
composed of the In,O; nano-octahedra. This image reveals that on a 2D plane, the octahedral
building blocks align themselves in straight lines with consistent orientations, thereby forming
well-ordered layers. Based on these observations (refer to the zoomed-in image in Fig. 2b), we
propose a model that features a trigonally close-packed octahedral layer (Fig. 2¢). Similar to the
2D hexagonal close packing of spheres, in an ideally packed octahedral layer, each octahedron is
surrounded by six neighboring octahedra of the same orientation, leading to a coordination number
of six. The unit cell (Fig. 2d) for this 2D octahedral structure adopts a lozenge shape with an obtuse
angle of 120°, which aligns with the 2D group p31m. For any two contiguous octahedra in a layer,
the vertex of one octahedron is positioned at the edge center of the other, with their adjacent facets
parallel to each other. For every three contiguous octahedra, two tetrahedral voids, sharing a
common vertex, form at their center, which results in a packing fraction of 8/9.5 This specific 2D
trigonally close packing has also been observed for gold and silver octahedra.”* > As for all
octahedra within a layer, their top and bottom facets establish two planes parallel to the layer,
suggesting the potential for stacking these layers on top of one another (Fig. 2a). Such stacking of
layers has been confirmed to yield either a simple hexagonal superlattice'* ** or a monoclinic
superlattice,* which we confirmed as triclinic.
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Fig. 1. Indium oxide (InoO3) nano-octahedra. (a), WAXS pattern of In,Osz superlattice; (b),
calculated In,O3 PXRD pattern; (c), typical bright-field TEM (BF-TEM) image of In,O; nano-
octahedra; (d), selected BF-TEM image of an In,Os nano-octahedron; and (e), a model of an

octahedron, showing . = d: v/3 /2 (s is a side-length of the nano-octahedron, s = V2 ).



Fig. 2. Indium oxide superlattice. (a), a TEM image using the secondary electron signal; (b), a
zoomed-in secondary electron TEM image; (c), a model of a trigonally close-packed octahedral
layer; (d), a unit cell of the 2D trigonally close-packed octahedral structure.

Considering that the secondary electron TEM image provides local superstructure details rather
than overarching packing information, we utilized synchrotron SAXS to investigate the superlattice
structure. Fig. 3a,b presents the 2D diffraction pattern and its corresponding intensity-integrated
one-dimensional (1D) pattern, respectively. The diffraction patterns exhibit five peaks/rings,
including a notably faint one (marked in the inset of Fig. 3b) at 7.3 nm. The first and second strong
rings (Fig. 3a) or sharp peaks (Fig. 3b) imply a high degree of crystallinity in the superlattice. The
spotty diffraction rings in Fig. 3a indicate that the superlattice contains large crystallites with non-
uniform orientations. The prominence on the left of the first peak in Fig. 3b, rather than a diffraction
peak, denotes the high-intensity central area resulting from the beam stop’s deviation, as depicted
in Fig. 3a. If considered a diffraction peak, this prominence would suggest a d-spacing of
approximately 21 nm, implying the existence of a diffraction ring with a d-spacing of around 21
nm, which, however, is not observed in the 2D pattern. Efforts to index peaks in the search of
potential unit cells yielded no structure that aligns with the experimental pattern. To decipher the
superstructure, we simulated SAXS patterns of several reported self-assembled octahedron
superstructures, including simple hexagonal®*, triclinic,* and bcc® superlattices, for comparison
with the experimental pattern (Fig. S3a-c). When constructing the unit cells of the reported
superlattices, we positioned the coordinates of the octahedra at the octahedral geometric center. Fig.
S3d-f depicts the unit cells, space groups, and derived cell parameters of the corresponding
superlattices that we proposed, respectively. As presented in Fig. S3d-f, we calculated the sizes of
these simulated superlattices using our experimental measurements of the In,Os nano-octahedra as
the building blocks (i.e., r. = 15.22 nm). Upon comparing the experimental patterns, none of the
reported structures matched. The fact that the number of diffraction peaks in the simulations
significantly exceeds that in the experimental pattern suggests that the In.Os superlattice possesses
a high-symmetry structure and fewer diffraction planes.
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Fig. 3. Diffraction patterns and model of superlattices consisting of In,O3; nano-octahedra. (a),

typical 2D SAXS pattern; (b), corresponding intensity-integrated 1D pattern. The inset is a zoom-

in 1D pattern, showing the weakest reflection peak; (c), proposed 2D trigonally close-packed

pattern model and its in-plane reflection lattice lines; (d), calculated SAXS peaks according to this

2D trigonally close-packed pattern; (e) illustration of a cross-section of the packed building blocks,
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Given the observation that the superlattice presents only five observable diffraction planes, it
is plausible that the actual lattice is comprised of monolayers with various sizes and orientations,
negating the presence of a conventional 3D unit cell. Warren* expounded the diffraction rules of
lattice structures within such random layers. In scenarios where the layers are parallel, equidistant,
and arbitrary in translations and rotations, the usual reflections (4k/) vanish, given the lack of
ordered building block arrangements between layers to form (/k/) planes, thereby preventing
conditions for constructive interferences. Instead, the diffraction pattern comprises two types of
peaks: out-of-plane reflections (00/), stemming from the stacked layers, and in-plane reflections
(hk) that originate from the layers themselves.* It's notable that the (00I) reflections fail to exist
when the layers are neither parallel nor equidistant, or when there are insufficient layers to stack
up and generate detectable constructive reflections. The superlattice, comprising trigonally close-
packed octahedral layers, is capable of generating the first four in-plane reflections (Fig. 3c), (10),
(11), (20) and (21), irrespective of the layer stacking. The p31m symmetry of this assembly results
in identical cell parameters a = ¢, thereby causing an overlap of the (k) and (k) reflections. We
chose the d-spacing of the (//) reflection to calculate the parameter for two reasons: 1) the (/0)
reflection might merge with (001) reflection, potentially leading to an inaccurate value for
parameter calculation; 2) the (20) and (21) reflections are too weak to accurately determine their d-
spacings. Consequently, we calculated the superlattice unit cell parameter a as a = 2 * dq.
According to this superstructure model, Table 1 provides a comparison of d-spacing between the
experimental determinations and the calculated values. Fig. 3d showcases the calculated peaks in
the in-plane diffraction pattern, which aligns well with the experimental SAXS peaks, excluding
the weakest one at ~7.3 nm (Fig. 3b). This faint reflection could arise from slight positional
deviations of the octahedra within certain layers. Having obtained the superlattice parameter ameasure

from SAXS and the average size of the nano-octahedra from BF-TEM, we calculated the separation

between two facets of two neighboring octahedra as ds = ameasure - % re=(10.41 * 2) — % *15.22

= 2.18 (nm) (Fig. 3¢). Accordingly, the length of the uncharged organic ligands®” (oleic acid and

oleylamine) that join the 2D superlattice should be diigana = ds * sinp = % ds = 2.05 (nm) (refer to

Fig. 3e and Fig. S1), suggesting that the ligands interpenetrate each other to stabilize the connected
octahedra, given that the length of the ligand is around 2.0 nm or less (vide infra).”® Another
question arising from the random layered superlattice pertains to the existence of out-of-plane (00/)
reflections. Given the thickness of the octahedron layer d; (17.58 nm) (Fig. 1b) and the ligand length
diigand = 2.05 nm, the theoretical d-spacing for (001) reflection would be dooi = d; + diigana = 19.63
nm. However, no traces of any diffraction ring in the area where the d-spacing is around 19.6 nm
are observed. This suggests that the close-packed octahedral layers do not stack in a parallel or
equidistant manner, even though Fig. 2a depicts the local features of parallel layers.

Table 1. d-Spacing values of 2D trigonally close-packed octahedral superlattice

Experimental d (nm) | Calculated d (nm)
dio 18.2226 18.0294
di 10.4093 10.4093
o 9.0967 9.0147
a1 6.8106 6.8145




2D Superlattice Unit Cell as a Function of Pressure

To gain further insights into the behavior of In,O; nano-octahedra under pressure, we
conducted high-pressure XRD measurements, capturing both SAXS and WAXS data, up to a
pressure of 18.01 GPa. Previous studies have suggested pressure-induced phase transition onsets
for In,Os at 35.1 GPa*® and 23.58 GPa® for bulk and nano-phase, respectively. As shown in Fig.
S4, our refinement of the WAXS patterns revealed no phase transition throughout the entire
compression and decompression processes, as our maximum applied pressure remained lower than
the reported phase transition pressures. As the pressure increased from ambient to 8.43 GPa, the
lattice parameter @’ for the In,O3 atomic structure consistently decreased from 10.1412(2) A to
10.0565(6) A. When the pressure was further increased continuously up to 11.62 GPa, the o'
slightly rose to 10.0911(6) A. Further compression up to 18.01 GPa resulted in a reduction of o’
down to 10.0592(7) A. Upon release of pressure, a’ followed a general trend of increase and
eventually reverted to a value close to its initial measurement, indicating the reversibility of the
compression process.
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Fig. 4. Indium oxide superlattice under pressure. (a), variation of superlattice cell parameter (a)
during compression and decompression; (b), selected 2D SAXS patterns of randomly layered
superlattice consisting of In,O; truncated nano-octahedra during compression and decompression;
(c - ), models of the trigonally close-packed octahedral layer: (¢) a model corresponding to Stage



I, (d) a model of “ideal” planner packing position with maximum «, (¢) a model corresponding to
Stages II-IV.

While the WAXS data revealed no phase transition during the pressure variation, the SAXS of
the randomly layered superlattice of In,Os nano-octahedra exhibited intriguing behaviors. To
examine the SAXS patterns, we used the (11) reflection peak, instead of (10), to calculate the
randomly layered superlattice unit cell parameter, a, as the (10) reflection peak is partially obscured
by the beam stop (Fig. 3a,b), which could lead to inaccurate peak fitting (vide supra). Fig. S5
displays selected 1D patterns of SAXS captured during compression and decompression. We fit
the (11) peaks using Fityk software®' across all collected patterns under various pressures,
achieving the superlattice parameter, a. Fig. 4a illustrates the variation of the a throughout the entire
compression and decompression process, whereas Fig. 4b presents some selected 2D patterns of
SAXS during compression and decompression.

The compression process can be categorized into three stages based on changes in a. Stage |
extends from ambient pressure (0 GPa, No. 005) to 4.12 GPa (No. 059), during which a rapidly
decreased from 20.86 nm to 20.16 nm. Throughout this stage, the superlattice maintains its close-
packed layered structure, with no discernible translation of the octahedron within the layers (Fig.
4¢). The decrease in « is attributed solely to the contraction of the ligands, as depicted in Fig. 5a.
Stage II spans the pressure range from 4.61 GPa (No. 061) to 8.43 GPa (No. 077). During this stage,
a slowly drops from 20.14 nm to 20.11 nm at 6.01 GPa (No. 067), followed by a slow increase to
20.14 nm at 8.43 GPa, with minor fluctuations.

This observed phenomenon can be attributed to the rising pressure, which causes the octahedra,
encapsulated with organic ligands, to lose their capacity to retain their relative positions under the
p31m symmetry. Consequently, the octahedra embark on a unique form of translation that is
characteristic of their octahedral shape. As depicted in Fig. 4d, the commencement of this
translation expands the distance between octahedron 1 and octahedron 2, while the angle between
the two octahedra stays constant. This type of translation results in a larger cell parameter relative
to the original unit cell of the superlattice. Simultaneously, the layer transitions from a trigonally
close-packed arrangement to a less densely packed structure. Despite the increasing parameter a,
the relative positions of all reflections persist unchanged due to the constant angle of the randomly
layered superlattice unit cell, while the d-spacings enlarge. Concurrently, the contacting length of
the capped ligands continues to contract, consequently tending to reduce the superlattice cell
parameter, a (Fig. 5a). During the outset of Stage II, the decrease in a continues, albeit at a
considerably slower rate than Stage I, as the onset of the translation begins to counterbalance the
ligand contraction (Fig. 4e, Fig. 5a). Halfway through Stage II, the parameter-augmenting effect
induced by the octahedra translation gradually overtakes the parameter-reducing effect resulting
from ligand contraction.®> This sequence culminates in a decrease of a to its minimal value,
followed by a fluctuating increase. By the closure of Stage II, the persistent increase in a signals
that the influence of ligand contraction has become less significant compared to the effect of the
octahedron translation. During Stage III, the translation of octahedra emerged as the primary factor
influencing a, resulting in a rapid surge in a, from 9.01 GPa up to the peak pressure of 18.01 GPa.
This observation marks the first instance of pressure-induced translation in self-assembled 2D
superlattices comprising nano-octahedra. The translation model, depicted in Fig. 4e, is unique to
octahedra, further reinforcing the trigonally close-packed structure. During decompression (Stage
IV), a continued to rise steadily, reaching 21.77 nm upon the completion of decompression.
Compared with the initial @ (20.86 nm) before pressure was applied, the post-pressure a value
(21.77 nm) is approximately 0.9 nm larger, suggesting that the pressure change process is
irreversible. In contrast to the compression process, during which a was influenced by both



octahedron translation and ligand contraction, the steady increase of a during decompression
suggests that the decreasing pressure primarily leads to the restoration of ligand length, with no
associated octahedron translation. Consequently, the octahedron translation was triggered solely by
increasing pressure and was accompanied by the irreversible disconnection of binding ligands. The
theoretical maximum cell parameter, excluding the ligand, can be calculated as amax = V2 . =21.52
nm, assuming the vertex of one octahedron aligns with the vertex of another as illustrated in Fig.
4d. When the ligand length is considered (Fig. 5a), the maximum theoretical cell parameter, dmax,
should be dmax = @max *+ diigand = 21.52 + 2.05 = 23.57 nm. This indicates that the octahedra didn’t
reach their theoretical maximum positions since 21.77 nm < 23.57 nm.
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Fig. 5. Diffraction and ligand in random-layered superlattice consisting of In,O3; nano-octahedra.
(a), illustration of ligand interaction in different stages; (b), the full width at half maximum
(FWHM) of the SAXS (11) reflection peak as a function of pressure.

Pressure-dependent Crystallinity of Randomly Layered Superlattice

Fig. 5b illustrates the relationship between pressure and the full width at half maximum
(FWHM) of the (11) reflection peak during both compression and decompression processes. The
superlattice preserved its crystallinity during both Stages I and II, where ligand contraction was the
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primary driver of the cell parameter change. This caused the p3/m symmetry of the plane to remain
unchanged, hence exerting minimal impact on the degree of crystallinity. Conversely, during Stage
111, the superlattice partially lost its ordered arrangements, as evidenced by the swift increase in the
FWHM of the (11) reflection peak (Fig. 5b) from 9.01 GPa to 18.01 GPa. Two primary reasons
can account for this change: 1) the extensive octahedron translation process during Stage III wasn’t
consistent across every layer or every point within the same layer, leading to the displacement of
octahedra from their ideal p3/m symmetry positions (Fig. 4e); 2) in contrast to the ligand
contraction process, ligands persisted in binding each other during this stage, and the direction of
octahedron movement was perpendicular to the ligands (Fig. 5a). As aresult, octahedron translation
was paired with the breaking of binding ligands, which likely led to layer fragmentation into smaller
parts and subsequent peak broadening. In Stage IV, the FWHM continued to increase, albeit at a
significantly slower rate, as pressure was released from 17.13 GPa to 0.08 GPa. As noted earlier,
octahedron translation is irreversible during decompression. Hence, Stage IV solely involved
ligand restoration, without any additional octahedron translation, irrespective of local positioning
(at the end or center of the octahedron sides). This led to minimal variation in the superlattice's
crystallinity during this stage. Essentially, the FWHM of the (11) reflection peak was utilized to
further verify the behaviors of octahedron translation and ligand interaction during pressure
variations. It's worth noting that an asymmetric diffraction spot emerged at the edge of the (11)
reflection ring (Fig. 4b) at 13.15 GPa. This spot grew more intense as pressure rose to the peak
value of 18.01 GPa and maintained its intensity during decompression until 11.62 GPa. This
asymmetric diffraction spot is likely the result of a long-range ordered structure initiated by high
pressure.

Conclusions

In this study, we synthesized and characterized a unique superlattice composed of In,O3 nano-
octahedra, notable for their vertex truncation. Leveraging BF-TEM observations, we determined
the average circumradius of the octahedral building blocks to be 15.2 nm. Subsequently, we carried
out synchrotron studies of WAXS and SAXS on this superlattice under various pressure conditions.
The WAXS measurements confirmed the absence of phase transitions across the range of applied
pressures and indicated that the superlattice is comprised of randomly distributed layers. Each layer
adopts a lozenge shape, characterized by an obtuse angle of 120° in alignment with the 2D group
p31m. Concurrently, the SAXS results disclosed an irreversible translation of octahedra within this
randomly layered superlattice under pressure. The examination of the pressure-dependent
superlattice cell parameter and the FWHM of the (11) reflection peak shed light on the differing
influences of octahedron translation and ligand interaction across four distinct stages of
compression and decompression. This investigation constitutes the first unveiling of pressure-
induced translation in a randomly layered superstructure consisting of truncated nano-octahedron
building blocks. The identified unique translation model, inherent to octahedra, further reinforces
the evidence supporting a trigonally close-packed structure.
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