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Crystal structures underpin many aspects of nano- LigBi Octahedra

science and technology, from the arrangements of atoms in nanoscale :

materials to the ways in which nanoscale materials form and grow to Antifluorite Rocksalt

the structures formed when nanoscale materials interact with each
other and assemble. The impacts of crystal structures and their
relationships to one another in nanoscale materials systems are vast. *

This Tutorial provides nanoscience researchers with highlights of _
Zincblende

many crystal structures that are commonly observed in nanoscale o
materials systems, as well as an overview of the tools and concepts
that help to derive, describe, visualize, and rationalize key structural

features. The scope of materials focuses on the elements and their -
compounds that are most frequently encountered as nanoscale

materials, including both close-packed and nonclose-packed structures. Examples include three-dimensionally and two-dimensionally
bonded compounds related to the rocksalt, nickel arsenide, fluorite, zincblende, wurtzite, cesium chloride, and perovskite structures,
as well as layered perovskites, intergrowth compounds, MXenes, transition metal dichalcogenides, and other layered materials.
Ordered versus disordered structures, high entropy materials, and instructive examples of more complex structures, including copper
sulfides, are also discussed to demonstrate how structural visualization tools can be applied. The overall emphasis of this Tutorial is
on the ways in which complex structures are derived from simpler building blocks, as well as the similarities and interrelationships
among certain classes of structures that, at first glance, may be interpreted as being very different. Identifying and appreciating these
structural relationships is useful to nanoscience researchers, as it allows them to deconstruct complex structures into simpler
components, which is important for designing, understanding, and using nanoscale materials.

Cubic close
packed (ccp)

crystal structures, solid state chemistry, layered structures, nanoscience, structural relationships, close-packed structures,
perovskites, metal oxides, metal chalcogenides

structure also plays a prominent role in the synthesis of
nanoscale materials. The arrangements of atoms in the smallest
seeds that often form first can define the structure of the
products, as well as the pathways by which they evolve and grow
during synthesis.*™®

As a result of the breadth that is a hallmark of this
interdisciplinary field, many nanoscience and nanotechnology
researchers have not had the opportunity to study crystal
structures in depth during their education and training, and
therefore are not fully conversant with how crystal structures can
be described systematically and how more complex crystal
structures are derived from simpler structures. They may also be
unaware of interrelationships among structures, as well as subtle

The subdisciplines encompassed by nanoscience and nano-
technology are inherently diverse, spanning the physical and
biological sciences as well as engineering and medicine.
Nanoscale solids are foundational to these and many other
research areas, including nanocrystals used for catalysis, medical
diagnostics and therapeutics, energy conversion and storage, and
flat panel displays, as well as in miniaturized devices and in
applications that leverage their unique size- and shape-
dependent physical properties. The way in which atoms arrange
in solids—the “crystal structure”—defines how the atoms
interact, which in turn defines the foundational properties of the
solid." For nanoscale solids, morphological features such as size,
shape, and dimensionality can further modify these properties.”

Additionally, at the surface of a nanoscale material, the April 3, 2024 Ginoscrency
arrangement of atoms is generally different when different May 8, 2024 “ i
crystal planes (facets) are exposed, as is the case for nanocrystals May 9, 2024

having different shapes. These structural differences can lead to May 17, 2024

differences in catalytic activity and selectivity, as well as to
differences in surface chemistry and reactivity.” > Crystal
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Figure 1. Derivation of common close-packed and nonclose-packed structures of the elements that are frequently encountered in nanoscale systems.
(a) Structure of a close-packed layer, including equivalent three-dimensional (3D), side, and top views. (b) When two close-packed layers are stacked
directly on top of one another (eclipsed), they form an AA bilayer. (c) When a third layer is staggered relative to the two below it, the stacking sequence
is AAB. Adding another eclipsed layer on top of B forms (d) AABB, and adding another staggered layer followed by another eclipsed layer forms (e)
AABBCC. Side and top views are shown in each panel. An expanded AABBCCAA side view is shown in (f), along with an overlaid unit cell. This unit
cell, which is extracted and rotated in (g), corresponds to the diamond structure. The color coding corresponds to the close-packed layer from which
the diamond structure is derived. Returning to the close-packed layers, if the second layer is staggered relative to the first, an AB stacking sequence
results, as shown in (h). Two options for placing the third layer, relative to the first two, are possible. If the third layer is staggered relative to the second,
but eclipses the first, an ABA stacking sequence results, as shown in (i). However, if the third layer staggers relative to both the first and second layers, an
ABC stacking sequence results, as shown in (j). The ABABAB stacking sequence, expanded in (k), is referred to as hexagonal close packed (hcp), while
the ABCABC stacking sequence, expanded in (1), is referred to as cubic close packed (ccp). The hcp unit cell is shown in (m) while the ccp unit cell is
shown in (n). In (n), on the left-hand side, the color coding and orientation of the unit cell clarify the relationship to the ABCABC stacking sequence
from which it is derived, while the right-hand side shows the same color coding but with the ccp unit cell (analogous to face centered cubic, fcc) in a
more familiar orientation. Starting with a nonclose-packed cubic arrangement of atoms, shown in (o), we can similarly derive a body centered cubic
(bcc) structure, as shown progressively in (p), (q), and (r). Here, the third layer always eclipses the first layer. The bcc unit cell is shown in (s), and a
related body centered tetragonal unit cell, which is expanded in one direction relative to the other two, is shown in (t). In (g), (m), (n), (s), and (t),
color-coded unit cells are shown simply to relate them to the stacked close-packed or nonclose-packed structures from which they are derived.
Grayscale unit cells are also shown to better represent the actual structures, where each crystallographic site is equivalent.

(but important) differences among closely related structures. In this Tutorial, we aim to equip researchers from across the
Given the central role of crystal structures in the synthesis, breadth of the nanoscience and nanotechnology communities
with the language of crystal structures at a level that is
approachable and insightful. For those who already have
familiarity with crystal structures, we hope that these concise
structures that are most often encountered in nanoscale systems. highlights will refresh and inspire. We begin with the simplest

properties, and applications of various types of nanomaterials, it

is important to understand these fundamental details for the
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crystal structures—those of the elements that are frequently
encountered as nanoscale metallic and semiconducting
materials—to introduce vocabulary, concepts, and visualization
strategies, as well as examples of how crystal structures translate
to frequently observed nanoscopic features. We then begin
deriving common crystal structures from these simpler
structures of the elements. To do so, we show how the
structures of binary, ternary, quaternary, and more composi-
tionally complex compounds systematically evolve through the
presence or absence of different atoms filling holes in parent
structures, as well as through other modifications at precise
locations within the structures. These examples allow us to
highlight interrelationships among common crystal structures
and to provide a cohesive framework by which to analyze and
understand them. Finally, we provide a more in-depth
comparative overview of several families of crystal structures
that are common among nanoscale materials systems.
Throughout these examples, we highlight common misconcep-
tions and fill in knowledge gaps involving crystal structures that
are frequently encountered in the growing literature of
nanoscale materials systems.

This Tutorial is intended as an overview of crystal structures
and the ways in which they can be visualized and compared. It
includes a lot of information but is purposely not exhaustive.
Rather, it focuses on instructive examples that highlight key
structural interrelationships. Our hope is that readers can apply
similar structural analyses to the systems they are studying so
that they can gain deeper understanding of them while also
sparking new ideas and insights. Readers are directed to more
comprehensive resources for a thorough treatment of the
topics;”~'® in many cases, these resources have inspired the
content we chose to include and emphasize in this Tutorial.
Readers are also directed to resources on complementary topics
involving characterizing materials and their crystal struc-
tures. >’

Throughout this Tutorial, crystal structure graphics were
generated using the CrystalMaker software package.”' Crystal-
Maker files for selected structures, labeled based on the figures to
which they correspond, are provided in the Supporting
Information to give readers the opportunity to interact with
them, including rotating them to visualize them in different
orientations. The free demo version of CrystalMaker, available
online at https://crystalmaker.com/crystalmaker/download/
index.html, may be used to open and view the files.
Accompanying CIF files (CIF = crystallographic information
file) are also included in the Supporting Information for users
who have access to other structure visualization software.
Crystallographic data for all structures included in the
Supporting Information was obtained from Pearson’s Hand-
book of Crystallographic Data and the Materials Project.””*’
Additionally, Figures S1 through S13 in the Supporting
Information contain selected crystal structures from throughout
this Tutorial with crystallographic axes superimposed so that the
orientations in which they are shown can be correlated with their
unit cells.

Many crystal structures, including those of most of the
16 .

elements, ~ are derived from planes of atoms that are arranged

in a way that maximizes their packing efficiencies. Figure la

shows a “close-packed” plane, along with a top-down view to

highlight the arrangement of the atoms in this plane. We can

stack two close-packed planes directly on top of one another

292

(Figure 1b), but doing so is inefficient, as it does not maximize
the fraction of space that is filled. Rather, there is significant open
space between atoms in this “eclipsed” geometry and the
resulting density is low. If we label the vertical registry as “A”,
then two close-packed planes stacked directly on top of one
another (ie., eclipsed) will have a stacking configuration of
“AA”. (“Vertical registry” refers to the relative positions of
subsequent stacked layers relative to the first layer.) Each close-
packed plane has depressions in it created by the curvature of the
spheres that represent the atoms. It is preferable to stagger one
close-packed plane relative to the other rather than to stack them
such that they are eclipsed. If a subsequent close-packed plane
shifts relative to the one below it such that the bottom of the
second layer of spheres rests in the depressions at the top of the
first layer of spheres, we designate this shifted vertical registry as
“B”. If we place a staggered close-packed layer on top of our two
eclipsed layers from Figure 1b, we now have an arrangement of
“AAB”, shown in Figure lc. If we add another eclipsed close-
packed layer, we now have “AABB” (Figure 1d). If we instead
wish to add another staggered close-packed layer, there are two
closely related, but distinct, options for where it can sit from the
perspective of vertical registry. It can either sit directly on top of
the “A” layer that is below, or it can shift slightly and sit such that
it defines a new vertical registry (relative to the previous layers),
ie, “C”. Figure le shows two “C” layers placed on top of
“AABB” to generate “AABBCC”.

For readers who are already familiar with close-packed
structures, it may seem a bit odd to begin with a stacking
sequence of “AABBCC”. However, this stacking sequence allows
us to define a common crystal structure, diamond. The diamond
crystal structure, adopted by carbon as well as the ubiquitous
semiconductors silicon and germanium, can be described as an
“AABBCC” stacking sequence of close-packed planes. A unit
cell, which is the smallest repeating unit of the crystal structure
that can generate the entire crystal structure simply through
translation (and not rotation), can be excised from the larger
“AABBCC” structure to show the familiar diamond structure
(Figure 1f). Rotating the diamond unit cell, with a few other
atoms in adjacent unit cells shown for clarity, helps to visualize
the “AABBCC” stacking sequence within diamond (Figure 1g).

Returning to the single close-packed plane in Figure la, we
can place a second close-packed layer staggered relative to the
first, creating the “AB” stacking sequence shown in Figure 1h
that contrasts with the “AA” stacking sequence shown in Figure
1b. As was the case for the “AABB” example in Figure 1d, we
have two options for where to place a third layer on top of the
“AB” layers in Figure 1h. We can choose to stack the new close-
packed plane directly above the “A” layer, forming “ABA”
(Figure 1i) or in a new vertical registry to form “ABC” (Figure
1j). Continuing these sequences, we end up with either
“ABABAB” (Figure 1k) or “ABCABC” (Figure 11). The
“ABABAB” stacking sequence is commonly known as
“hexagonal close packed” or “hcp” and the “ABCABC” stacking
sequence is “cubic close packed” or “ccp”. Taking the hcp
structure, which is adopted by metals such as Mg, Ti, Re, and Ru,
the hexagonal unit cell in Figure Im can be defined. This
common depiction of the hcp unit cell makes it challenging to
visualize the close-packed structure from which it is derived, but
it is important to remember this relationship. Using a similar
approach, in Figure 1n we define a unit cell for the ccp structure,
which is adopted by most of the elemental metals that are
encountered in nanoscale systems, including Ni, Cu, Rh, Pd, Ag,
Ir, Pt, Au, Al, and Pb. This cubic unit cell is also known as “face

https://doi.org/10.1021/acsnanoscienceau.4c00010
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Figure 2. Descriptions and visualizations of crystal planes and facets. (a) A generic unit cell oriented relative to the x, y, and z axes and showing the unit
cell dimensions g, b, and c. A crystallographic plane that intercepts the x, y, and z axes at a, b/2, and ¢/3 is shown; this plane corresponds to the Miller
index (123). (b) A series of crystallographic planes are shown, including low-index and high-index planes, as well as series of related planes for
comparison. (c) The structure of a hypothetical single-crystal fcc nanoparticle is shown, along with the surface structures (assuming no reconstruction)
of four different facets. The surface atoms are color coded; the atoms in the layer directly below the surface layer are included as well, colored light
purple. Structures of hypothetical single-crystal fcc, hep, and bee nanoparticles are shown in (d), (e), and (f), respectively, along with the structures of
the (100), (110), (111), and (112) planes. For each plane, the atoms in one layer are shown in orange while atoms in a layer directly below are shown in

light blue.

centered cubic” (fcc). Here we recognize that ccp and fcc are
often used synonymously, although as will be discussed below,
they are truly equivalent only when there is only one element,
i.e., for elemental metal systems. The fcc unit cell contains four
layers of the ccp structure, stacked “ABCA” along the body
diagonal (i.e., the diagonal line running from one corner of the
unit cell to the opposite corner); the color coding in Figure 1n
helps to highlight this relationship.

Considering the elements that are most frequently studied as
nanoscale materials, it is important to introduce two other
crystal structures that are not derived from the stacking of close-
packed planes. (Some elements adopt additional distinct crystal
structures that will not be discussed here.) If we begin with a
cubic (instead of close-packed) arrangement of atoms in a single
layer (Figure lo,p) and stagger subsequent layers relative to the
one below it (Figure 1q,r), we define the “body centered cubic”
(bece) structure, which is adopted by elements that include Li, V,
Cr, Fe, Nb, Mo, and W. The bcc unit cell is shown in Figure 1s.
Stretching the bcc unit cell vertically produces a “body centered
tetragonal” (bct) variant (Figure 1t), which is adopted by In and
one form of Sn.

The unit cells shown in Figure 1 represent cubic, tetragonal,
and hexagonal systems. There are seven lattice systems—cubic,
tetragonal, orthorhombic, hexagonal, rhombohedal, monoclinic,
and triclinic—from which 14 Bravais lattices are defined. For
example, within the cubic system, there can be primitive cubic,
body-centered cubic, and face-centered cubic Bravais lattices. It
is important to note that lattice systems and Bravais lattices are

293

not crystal structures; they define the three-dimensional
periodic arrays of lattice points onto which a “basis” (the
arrangement of atoms on each lattice point) is placed. It is
therefore insufficient to refer to a crystal structure as “cubic” or
“tetragonal” or “hexagonal” without further qualification or
context. For example, elemental metals that are fcc are said (by
convention) to adopt the Cu structure type, because Cu is the
name given to a crystal structure generated by placing a single
type of atom (basis) on each of the fcc lattice points. Elemental
silicon also has a fcc lattice, but its basis is different, and therefore
its crystal structure (“diamond”, named after the carbon variant)
is different.

Now that we have discussed the crystal structures of many of the
elements, it is useful to consider how these crystal structures
translate to nanoscale features. One of the hallmarks of
nanocrystal chemistry is the ability to access different shapes,
which can have different properties such as surface plasmon
resonance frequencies”* or catalytic activities and/or selectiv-
ities.”>*® Synthetic control of nanocrystal shape is often
achieved by using different surfactants and/or reaction
conditions that slow down or accelerate growth in certain
crystallographic directions, based on a complex interplay
between surface energies and ligand binding strengths.” It is
therefore important to have a framework for labeling and
discussing the different crystal planes, facets, and directions.””

https://doi.org/10.1021/acsnanoscienceau.4c00010
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Figure 3. Derivation of NaCl (rocksalt) and NaCl-related structures. (a) Top view and side view of an ABC stacking sequence of close-packed layers,
indicating the relative positions of the A (dark blue), B (pink), and C (yellow-orange) layers. The green circles highlight the location (in both the top
view and the side view) of a single octahedral hole. The location and coordination environment are further highlighted in (b), which shows the same
crystallographic site in various orientations and moving from a filled octahedral hole between close-packed layers to a familiar octahedron with an atom
in the center. Different side views are shown in (c). Here, the locations of all octahedral holes in an ABC (ccp) stacking sequence of close-packed layers
are shown. In the rotated structure in (c), the unit cell of NaCl (rocksalt) is shown. The unit cell is rotated to adopt a more familiar orientation in (d),
while retaining the color coding that correlates to the A, B, and C close-packed layers from which it is derived. In (e), the same unit cell orientation is
shown, now color coded according to the identities of the atoms (Na = green, Cl = purple). The octahedral coordination environments for both the Na
and Cl are highlighted. Two versions of the NaCl unit cell are shown in (f); both unit cells are drawn in a ball-and-stick model which emphasizes both
the atoms and the interactions between atoms. One unit cell has chlorine at the origin while the other has sodium at the origin. A space filling model in
the same orientation is shown in (g), along with a polyhedral model in (h) that includes all constituent octahedra. Several NaCl-derived and NaCl-
related structures are also shown: (i) NbO, (j) pyrite FeS,, (k) GeSe, and (1) the metal—organic hybrid compound Nd[Co(dcbpy);]-14H,0.

Figure 2 shows some of the planes that are frequently plane is defined by the following three points in the unit cell: 1/2
encountered for various types of crystal structures, as they are along a, 1/2 along b, and 1/2 along c. A h, k, or [ value of “1”
often exposed on the outer surfaces of nanocrystals having means that the plane crosses the unit cell at a distance of g, b, or ¢,
different shapes and faceting. The labels for each plane represent respectively, relative to the origin. As an example, the (123)
their “Miller index”, or (hkl) value, which uniquely defines them. plane, which intersects the unit cell at 4, /2, and ¢/3, is shown in
Here, it is useful to recognize that h, k, and [ are integers and that Figure 2a. A h, k, or I value of “0” means that the plane includes
they correlate with g, b, and ¢, respectively, which are the lattice that axis. For example, the (001) plane is the a-b plane that
constants of the unit cell that are in the directions of the «, y, and includes the x and y axes, and the distance between the (001)
z axes, respectively (Figure 2a). The Miller index “h” means that planes is equal to ¢, or the lattice constant in the z-axis direction.
the plane to which it corresponds extends 1/h of the way along Likewise, the (111) plane is the body diagonal and the (101)
the x-axis to the edge of the unit cell, and therefore has a distance plane includes the y-axis and is the face diagonal.
between planes of a/h. Likewise, “k” extends 1/k of the way Figure 2b shows several planes for a cubic unit cell with their
along the y-axis to the edge of the unit cell and has a distance corresponding Miller indexes. The examples shown include both
between planes in that direction of b/k, and “I” extends 1/1 of the “low index” planes (where h, k, and ! are small integers, typically
way along the z-axis to the edge of the unit cell and has a distance 0 and 1) and “high index” planes (where h, k, and I are larger
between planes in that direction of ¢/I. Accordingly, the (222) integers); the latter are often sought after in catalysis because of
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their lower coordination numbers and different interatomic
distances.”® Figure 2b also shows examples of parallel and
nonparallel planes. The (100), (200), and (400) planes are
parallel to one another, but have different interplanar spacings of
a, a/2, and a/4, respectively. When some index numbers change
but others do not, the planes are not parallel, as demonstrated
with the (111), (112), (113), and (114) planes in Figure 2b.
There can also be negative integers that comprise (hkI)
(denoted by an overline), which orients the planes in different
directions. For example, (111), (111), and (111) all have the
same interplanar spacings and are all part of the {111} family of
planes (with brackets denoting families of equivalently spaced
planes), but with different orientations depending on where they
intersect the axes.

To demonstrate the importance of different crystallographic
planes translating to different facets that could have distinct
catalytic activities and selectivities, we show in Figure 2c¢ an
example of a multifaceted nanocrystal of a fcc metal. Here, the
faceting exposes planes with different (hkl) values, and the
corresponding structures of the surfaces of the ideal exposed
planes (assuming no reconstruction) are shown. As can be seen,
the structures of the surfaces are quite different, with a range of
atom arrangements and interatomic spacings. It is worth noting
that a crystallographic direction is distinct from a crystal plane.
Crystallographic directions, which are denoted by square
brackets, are perpendicular to the planes having the same
(hkl) values.

When analyzing nanocrystalline materials to determine the
planes, facets, and directions, it is important to remember that
the structure visualized by high-resolution transmission electron
microscopy, which can show lattice fringes or be atomically
resolved, may have a different orientation than the unit cell.
Figures 2d, 2e, and 2f show depictions of metal nanocrystals
having ccp, hep, and bec structures, respectively. All three
nanocrystals are oriented in the same direction based on the
close-packed (for ccp and hcp) or cubic (for bec) planes that
stack vertically to create the 3D structure. The arrangements of
atoms in various crystallographic planes are shown as well, along
with the (hkl) values of these planes based on the unit cells. As
can be seen, the atomic arrangements in planes corresponding to
the same (hkl) values can be structurally very different for ccp vs
hep vs bee, which is simply a consequence of the different
orientations and sizes of the unit cells for each structure. Figure
2d-f therefore demonstrates why it is important to consider and
compare structurally similar regions in different crystals rather
than simply rely on planes with the same (hkl) values, as these
can be different for different structures and not always represent
comparable regions.

We have discussed how the crystal structures of many of the
elements can be derived by stacking close-packed planes in
different sequences. Now we can turn to multielement
compounds that can be described as derivatives of close-packed
structures. In these crystal structures, additional atoms reside in
the empty space (“holes”) between the close-packed atoms. The
systematic filling of these holes, in different ways and amounts,
results in different crystal structures,”'”'* many of which are
frequently adopted by nanoscale materials.

We begin by identifying and filling the octahedral holes in a
ccp arrangement of close-packed atoms. Figure 3a shows both
top and side views of the “ABCABC” ccp stacking sequence.
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Enlarged regions, shown in Figure 3b, highlight the location and
orientation of the octahedral hole relative to the atoms that
comprise the close-packed planes. If we consider the atoms that
comprise the close-packed structure to have an arbitrary radius
of 1, then the hole in the center of the six-atom close-packed
“pocket” can be ideally filled with an atom having a radius
around 0.414. This smaller atom fills an octahedral hole, as the
six larger close-packed atoms around it comprise an octahedron
and the smaller atom sits at the center (Figure 3b). In most
cases, anions are larger than cations, so anions generally
constitute the larger atoms that comprise the close-packed
structure while the smaller cations fill the holes. For every
“packing atom”, i.e., every atom that comprises the close-packed
layers, there is one octahedral hole, such that the ratio of close
packed atoms to octahedral holes is 1:1. It follows, then, that if
every available octahedral hole is filled by cations in a close-
packed structure of anions, then the cation:anion ratio will be
1:1. Figure 3c shows expanded views (in two orientations) of
such a structure having all possible octahedral holes files, with
each close-packed layer (“ABCA”) represented as a different
color. A unit cell extracted from this expanded structure, shown
in Figure 3d, is one of the most common ionic crystal structures,
rocksalt (NaCl). Indeed, if the anions are Cl~ and the cations are
Na*, then the ccp array of Cl™ anions with all octahedral holes
filled by Na* cations defines the rocksalt structure; the color
coding shows how the “ABCA” stacking sequence translates to
the unit cell. Filling all of the octahedral holes with Na* cations in
a ccp lattice of CI™ anions results in an array of corner-sharing
octahedra with either Na* or CI™ at the center (Figure 3e). One
interesting aspect of the rocksalt structure is that it can be
described as two interpenetrating fcc lattices: one having CI™ at
the origin and the other having Na* at the origin (Figure 3f).

The rocksalt structure, which is adopted by nanoscale
materials such as PbS, PbSe, MnS, NiO, and TiN,>*~** provides
an instructive example for showcasing the different representa-
tions of crystal structures that are commonly depicted in
nanoscale materials systems. For example, Figure 3f shows ball-
and-stick models that emphasize the connections between
atoms while Figure 3g shows a space filling model that better
highlights the relative sizes and interconnectedness of the
constituent ions. Figure 3h presents a polyhedral view that
emphasizes both types of octahedra (Cl-centered and Na-
centered) and their connections to one another. All views of the
structure are useful, and being able to switch back and forth
among them can be helpful as one seeks to visualize, emphasize,
and/or understand various features and interrelationships
within the crystal.

The rocksalt structure also provides an opportunity to
highlight more complex crystal structures that can be described
as derivatives. Figures 3i-l show several examples. NbO can be
generated from rocksalt by removing the cations on the top and
bottom faces and the anions on the side edges, relative to the Na-
origin structure in panel (f) (Figure 3i). Pyrite (FeS,) can be
derived from rocksalt by replacing each anion with an anionic
dimer (S,*”) centered where the anion in rocksalt was located
(Figure 3j). SnS, SnSe, GeS, and GeSe™? adopt a distorted
rocksalt structure with a series of longer and shorter bonds
(Figure 3k). The distorted structure arises from the presence of
the 4s* and Ss” electrons in Ge®" and Sn**, respectively, which
are not significantly involved in bonding and therefore function
as lone pairs.”> The longer bonds are shown as dashed lines in
Figure 3k, highlighting the pseudolayered structure that results.
It is important to recognize, though, that the arrangement of
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Figure 4. Derivation of NiAs and NiAs-related structures. (a,b) Depiction of an ABAB (hcp) stacking sequence of close-packed layers with all
octahedral holes filled, which corresponds to the NiAs structure. Three side views with different rotation angles are shown; each highlights different
characteristics of the structure. In (b), the presence of both octahedral and trigonal prismatic coordination environments is shown. The NiAs structure
has two common unit cells: one, shown in (c), places Ni at the origin while the other, shown in (d), places As at the origin. Several variants of the NiAs
structure are also shown: (e) Ni,In, which has additional metal cations; (f) AuCuSn,, which has ordered Au and Cu; and (g) rutile TiO,, which fills

only half of the octahedral holes in a distorted hcp anion structure.

atoms is still commensurate with a distorted rocksalt structure,
which is composed of distorted octahedra, of which the apparent
interlayer region is a part. Larger structures also adopt the
rocksalt structure, including hybrid metal—organic crystals such
as Nd[Co(dcbpy),;]-14H,0 (dcbpy = 4,4'-dicarboxy-2,2'-
bipyridine), where neodymium and cobalt occupy the cation
and anion sites in rocksalt, with organic spacers that balance
charge (Figure 31).%*

Recall that the rocksalt structure was derived by placing
cations in all of the octahedral holes of a ccp lattice of anions. If
we instead place cations in all of the octahedral holes of a hcp
lattice of anions, we get the nickel arsenide (NiAs) crystal
structure (Figure 4a). The only difference in how the NaCl
(Figure 3c) and NiAs (Figure 4a) crystal structures are derived is
the stacking sequence of the close-packed layers, i.e., ccp and
hep, respectively. However, this subtle structural difference
translates to significant chemical differences that directly impact
the types of compositions that prefer to adopt the NaCl versus
NiAs structure types, as well as their properties and even how we
tend to visualize the crystal structures at the unit cell level. As
one example, the rocksalt structure has octahedral coordination
for all cations and anions, while in the NiAs structure the cations
have different coordination geometries than the anions. In NiAs,
the cations still sit in the center of an octahedron formed by
anions, but the anions sit in the center of a trigonal prism of
cations (Figure 4b).
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Two distinct unit cell depictions are common for the NiAs
crystal structure and both are equivalent, differing only in
whether cations (Figure 4c) or anions (Figure 4d) comprise the
origin. Both unit cells are hexagonal and emphasize the key
structural and chemical consequence of filling all octahedral
holes in a hcp (“ABAB”) lattice: the cations are eclipsed.
Depending on the size of the anions in the close packed layers,
the cations can be close enough to facilitate metal—metal
bonding that directly impacts their electronic properties.
Because of the proximity of the eclipsed cations, the NiAs
structure disfavors highly ionic compounds, but rather is
adopted by polar compounds that are less ionic. As an example,
oxides having small cations with high charge densities will prefer
the rocksalt structure while chalcogenides having transition
metals capable of forming metal—metal bonding interactions
will often be found to adopt the NiAs structure.

Many structural variants of NiAs exist, and many of these are
observed in nanoscale systems. Figure 4e—g shows some
examples; all are derived from NiAs by inserting or removing
atoms at various places. For example, the Ni,In structure inserts
additional cations in interstitial sites within the close-packed
planes of anions (Figure 4e). Various ordered motifs are also
known, including AuCuSn, (AuysCuqsSn) with alternating Au
and Cu atoms on the metal sites (Figure 4f).*> The rutile
structure (Figure 4g), adopted by the ubiquitous photocatalyst
TiO,’® as well as by IrO, and RuO,, which are commonly used
catalysts for the oxygen evolution reaction,” is a distorted

https://doi.org/10.1021/acsnanoscienceau.4c00010
ACS Nanosci. Au 2024, 4, 290-316


https://pubs.acs.org/doi/10.1021/acsnanoscienceau.4c00010?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.4c00010?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.4c00010?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.4c00010?fig=fig4&ref=pdf
pubs.acs.org/nanoau?ref=pdf
https://doi.org/10.1021/acsnanoscienceau.4c00010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nanoscience Au pubs.acs.org/nanoau

(@) Top view Side view
/’—~\

Side view (rotated) showing
all octahedral and
tetrahedral holes filled

Octahedron Tetrahedra

Li;Bi Full Heusler Half Heusler
(octy, = green, tetr,, = blue) (oct = green, tetr = blue) (oct = green, tetr = blue)

Antifluorite (Mg,Si) Antifluorite (different origin)
(h) (i) -
tetr tetr
B B

tetr
tetr tetr
A A

tetr -
tetr tetr
{ B B
e tetr
tetr tetr
A A

Too close

tetr

Hexagonal fluorite Waurtzite (ZnS)  Unitcell ~ Expanded unit cell
(all tetrahedral, unstable) (half tetrahedral) plus (ZnS), ring

m (m)

(n)
tetr
tetr
> o ?

tetr
tetr
Antifluorite Zincblende (ZnS) Unit cell
(all tetrahedral) (half tetrahedral) plus (ZnS); ring

Figure S. Crystal structures derived from full or partial occupancy of tetrahedral holes. (a) Top and side views of two close-packed layers, A (dark blue)
and B (yellow-orange), showing one octahedral hole filled (with a large green sphere) and two distinct tetrahedral holes filled (with smaller light blue
spheres). The corresponding polyhedra are shown, along with their locations within the close-packed layers. A side view with an ABC stacking
sequence, showing all octahedral and tetrahedral holes filled, is also presented. Unit cells are shown for several structurally related phases, based on
similarities and differences in how various tetrahedral and octahedral holes are filled: (b) Li;Bi, (c) full Heusler, (d) half Heusler, (e,f) antifluorite

297 https://doi.org/10.1021/acsnanoscienceau.4c00010
ACS Nanosci. Au 2024, 4, 290-316


https://pubs.acs.org/doi/10.1021/acsnanoscienceau.4c00010?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.4c00010?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.4c00010?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.4c00010?fig=fig5&ref=pdf
pubs.acs.org/nanoau?ref=pdf
https://doi.org/10.1021/acsnanoscienceau.4c00010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Figure S. continued

Mg, Si with two unit cells showing Si and Mg at the corners, respectively, and (g) fluorite CaF,. The hypothetical hexagonal fluorite structure, based on
an ABAB (hcp) stacking sequence, is shown in (h); this structure is generally unstable because of the close contact of the cations in the tetrahedral
holes. The wurtzite structure is shown in (i). Wurtzite can be derived by removing half of the cations in alternating layers from the hexagonal fluorite
structure in (h) and/or by filling half of tetrahedral holes, i.e., every other row, in an hcp arrangement of anions. The wurtzite unit cell is shown in (j),
along with an expanded version in (k) that highlights the 6-membered Zn—S$ ring that comprises the structure. A different view of the antifluorite
structure, which highlights the ABCABC stacking sequence of the close-packed layers, is shown in (1), along with the zincblende structure in (m).
Zincblende can be derived by removing half of the cations in alternating layers from the fluorite structure in (1) and/or by filling half of the tetrahedral
holes, i.e., every other row, in a ccp arrangement of anions. The zincblende unit cell is shown in (n), along with the 6-membered Zn—S ring that
comprises the structure. The derivation of wurtzite and zincblende differ only in the stacking sequence of the close-packed layers: hcp for wurtzite and

ccp for zincblende.

variant of NiAs. Rutile can be derived from NiAs by distorting
the hep anion lattice and filling only half of the octahedral holes,
alternating in a checkerboard motif that results in edge sharing
octahedra that are aligned in chains, with every other layer tilted
in the opposite direction.

‘We now switch to filling tetrahedral holes with cations in ccp and
hep anion lattices. While every packing atom in a close-packed
structure was associated with one octahedral hole, as shown in
Figure 3, there are two tetrahedral holes associated with each
packing atom in a close-packed structure. The ideal radius for an
atom occupying a tetrahedral hole, relative to a radius of 1 for
each packing atom, is 0.225, which is smaller than the ideal
radius of 0.414 for an atom filling an octahedral hole. Figure Sa
shows top-down views of overlaid close-packed layers (“AB”),
along with the locations of the octahedral and tetrahedral holes
that exist between these layers. Figure Sa also shows side views of
these same octahedral and tetrahedral holes, along with
corresponding polyhedral views of the tetrahedra and octahedra.
Since there are two tetrahedral holes per packing atom, there will
be a 1:2 ratio of anions to cations if all tetrahedral holes are filled,
assuming that the anions are larger and comprise the close
packed layers. If all possible octahedral and tetrahedral holes are
filled in a ccp structure, there will be one octahedral and two
tetrahedral atoms per packing atom. The resulting formula is
X,YZ, where X and Y are the tetrahedral and octahedral cations,
respectively, in a ccp lattice of Z anions. When the X and Y atoms
are the same, the corresponding crystal structure is Li;Bi (Figure
Sb). When X and Y are different, the resulting structure is
commonly known as a full Heusler compound, such as Cu,MnAl
(Figure 5¢).”® When all of the octahedral holes are filled but only
half of the tetrahedral holes are filled alternately, the result is a
half Heusler compound with a formula of XYZ, such as TiCoSb
(Figure 5d).*"

If all possible tetrahedral holes are filled with cations in a ccp
lattice of anions and no octahedral holes are filled, we obtain the
antifluorite structure, shown in Figure Se. The antifluorite
structure can be derived from the full Heusler structure by
removing all of the atoms in the octahedral sites. Antifluorite is
the structure adopted by many oxide and sulfide compounds
having small alkali metal cations, such as Li,O, Na,S, and Mg,Si.
The antifluorite unit cell can be constructed with either the
anion (Figure Se) or the cation (Figure Sf) at the origin; each
view emphasizes different characteristics of the structure. The
fluorite structure (Figure Sg), which is named for the mineral
CaF,, has the positions of the anions and cations reversed
relative to antifluorite. Fluorite therefore has a close-packed
arrangement of cations with anions in all of the tetrahedral sites,
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since the fluoride anion is quite small compared to cations such
as Ca*". Compounds adopting the fluorite structure are
common among nanostructured catalytic materials, including
ceria (Ce0O,) and zirconia (ZrO,).””*" NaYE,, a ubiquitous
nanoparticle host material for rare earth dopants that leads to
excellent upconversion properties,”’ also adopts the fluorite
structure, with Na* and Y** randomly occupying the cation site,
Le.,, Nay Yo sF,.

Interestingly, the hcp analogue of fluorite and antifluorite—
hep close-packed layers with all of the tetrahedral holes filled—
does not generally form. This instability can be rationalized by
the electrostatic repulsion introduced by having eclipsed cations
in close contact, as depicted in Figure Sh. If one removes half of
the cations occupying the tetrahedral holes—specifically every
other layer of tetrahedral cations so that there are no longer any
that are directly eclipsed—this electrostatic repulsion and
structural instability is removed. When one makes that
modification, the commonly observed wurtzite crystal structure
emerges (Figure 5i). The unit cell for wurtzite, shown in Figure
Sj, emphasizes the hexagonal nature of the structure but de-
emphasizes the longer-range structural features. Figure Sk also
shows the wurtzite unit cell, but with a few additional atoms
outside the boundary of the unit cell included. This view
emphasizes the tetrahedral bonding and how the motif within
the unit cell becomes the building block of the structure. Figure
Sk also highlights a series of bonds within the wurtzite structure
that form a six-membered ring; this ring is shown, enlarged and
rotated, below the expanded unit cell. The six-membered ring
extracted from the wurtzite structure contains three sets of
alternating anions and cations, (ZnS),, in a motif that chemists
will recognize as a “boat conformation”; this “boat conforma-
tion” is one of the structures that can be adopted by the
cyclohexane molecule.

Figures Sl-n show the same situation as for the hcp structure in
Figures Sh-k, but now for a ccp structure. Figure 51 shows ccp
close-packed layers with all of the tetrahedral holes filled; this
arrangement corresponds to the antifluorite structure intro-
duced in Figure Se. If we remove alternating layers of atoms in
tetrahedral holes, we are left with ccp anions having alternating
layers of tetrahedral holes filled with cations, which corresponds
to the commonly observed zincblende crystal structure (Figure
Sm). Figure Sn shows the zincblende unit cell, which emphasizes
the tetrahedral bonding. As we did for wurtzite in Figure Sk, we
can define a six-membered ring of alternating anions and cations
in the zincblende structure, as shown in Figure Sn. This (ZnS),
ring adopts a motif that chemists will recognize as a “chair
conformation”, which is another common structure observed for
the cyclohexane molecule.

Zincblende and wurtzite differ only in the stacking sequence
of the close-packed layers: “ABCABC” (ccp) for zincblende and
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“ABAB” (hcp) for wurtzite. However, as was the case for the
rocksalt versus NiAs structure types that similarly differed only
in the stacking sequences of the close packed layers, the
structural and chemical consequences of these stacking
differences are significant. As one example of this significance,
Figures Sk and Sn show the unit cells for zincblende and
wurtzite, along with the connectivities of the anions and cations
within the structure. Both are observed to form six-membered
rings, as was discussed in the preceding paragraph. The “boat
conformation” in wurtzite has eclipsed anions and cations in
third nearest neighbor positions, which slightly favors more
ionic compounds (due to electrostatic attraction), such as ZnO.
In contrast, these same third nearest neighbors are not eclipsed
in zincblende, favoring less ionic compounds such as the
transition metal chalcogenides and halides. However, the energy
differences between zincblende and wurtzite are small, and it is
sometimes possible to selectively access both structures for a
given composition, provided that one can find an appropriate
synthetic pathway. Zincblende and wurtzite are the most
commonly observed structures for the ubiquitous colloidal
quantum dot materials CdS, CdSe, ZnS, and ZnSe, as well as
GaN, GaP, InN, InP, GaAs, BN, InSb, and many others. ™" It
is not surprising that these common II-V and III-V
semiconductors adopt the zincblende and wurtzite crystal
structures, as they are isoelectronic with Si and Ge. Si and Ge
adopt the diamond structure, which also has exclusively
tetrahedral coordination and can be described as zincblende
where all atoms are identical (Figure 1f). Alternatively,
zincblende can be described as the “AABBCC” diamond
structure shown in Figure le, with alternating layers of anions
(A, B, C) and cations (a, b, ¢), i.e, AaBbCc.

As for rocksalt and nickel arsenide that were shown in Figures
3 and 4, many variants of the zincblende and wurtzite structures
exist, and they are common among nanoscale materials because
of their semiconducting properties that lend well to applications
in solar energy, photocatalysis, nanophotonics, nanoelectronics,
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and sensing."*~*" For example, chalcopyrite, kesterite, and

stannite are cation-ordered variants of zincblende,*® as shown in
Figure 6a. Several are isoelectronic to silicon and germanium,
which adopt the diamond structure (Figure 6b), as mentioned
earlier. Interestingly, as one moves around the periodic table
close to silicon and germanium, compounds that are
isoelectronic generally adopt diamond-like (zincblende and/or
wurtzite) crystal structures, as is the case for GaAs (Figure 6c¢).
Upon replacing As in GaAs with Se, the resulting compound
GaSe adopts a wurtzite-like structure that is layered (Figure 6d).
The structure of GaSe can be described as an AABBCC
arrangement of Se (mirroring the AABBCC arrangement in
diamond-structured Si) with half of the tetrahedral holes filled—
all of the tetrahedral holes within one AA, BB, or CC layer and
none of the tetrahedral holes within the AB and BC layers. This
reduction from three-dimensional bonding in GaAs to two-
dimensional bonding in GaSe results from electronic effects and
occurs by selectively removing both anions and cations in every
other layer to maintain charge balance. Upon replacing Ga in
GaAs with As to form AsAs (or As,, or simply As), the electron
count further increases and the structure further reduces in
dimensionality (Figure 6e). Interestingly, the As chains retain
their structural relationship to the GaAs parent compound. This
progression through p-block tetrahedral semiconductors from Si
to GaAs to GaSe to As nicely captures structural relationships
among seemingly unrelated materials.

The concept of systematically removing atoms in alternating
layers, as described above, is common in crystal chemistry and
leads to the emergence of some of the most prominent 2D
materials studied in the nanoscience and nanotechnology
communities. For example, if we start with either rocksalt
(ccp) or NiAs (hcp) and remove every other layer of cations
filling the octahedral holes within the close-packed anion
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Figure 7. Layered structures derived from the rocksalt and NiAs structures. (a) Removing every other layer of cations from the rocksalt structure
produces the CdCl, structure, while (b) removing every other layer of cations from the NiAs structure produces the Cdl, structure. The CdCl, and
CdI, structures are both van der Waals layered solids and differ only in the orientations of the octahedra and how the layers are stacked relative to one
another. Several layered structures are derivatives of CdCl, and Cdl,, as shown in (c) through (f). (c) Brucite [e.g,, Mg(OH),] is related to CdCl, but
has two-atom OH™ anions, with the hydrogen atoms located in the interlayer space. (d) Hydrotalcite [e.g., MgcAl,CO;(OH) (] is related to brucite
but with alternating orientations of the octahedral layers and carbonate anions between the layers. Water molecules are omitted for clarity. (e)
Delafossite [e.g,, CuFeO,] and (f) NaCoO, have the same orientation of octahedral layers as hydrotalcite, but with copper (in linear coordination) or
sodium (often with partial occupancy) cations between the anionic layers. (g) Bi,Te; can be derived from rocksalt by removing every third layer of
cations (relative to removing every other layer to derive CdCL,). (h) Bil; is related to Cdl, but with additional cation vacancies, in an ordered
arrangement, within the octahedral layers, as shown in both the side and top views of the structure.

structure, we transform a 1:1 cation:anion ratio to a 0.5:1, or 1:2, The crystal structures of many layered hydroxides, including
cation:anion ratio. In doing so, we transform these three Fe(OH),, Co(OH),, Ni(OH),, and their solid solutions, adopt
dimensionally bonded structures into two-dimensional struc- CdlI,-related structures. For example, Mg(OH), crystallizes in
tures with direct anion—anion contacts, i.e., van der Waals the brucite structure (Figure 7c), which is a variant of Cdl, that

layered solids. The rocksalt-derived structure is CdCl, (Figure has OH™ groups in place of each iodide anion. Layered double

7a) and the NiAs-derived structure is Cdl, (Figure 7b). The only hydro?(ides, which are also commonly studied zp ganoscale
materials for catalysis and energy storage applications, are

related to NiAs and Cdl, as well, with additional anions between
CdI,-like metal hydroxide layers to compensate additional
positive charge (Figure 7d). The delafossite structure type,

difference between these structures is the orientation of the
octahedra and how the layers stack relative to each other which,
again, is a consequence of differing anion close packing

arrangement, i.e., ccp vs hep. These are common precursors to typified by CuFeO,, can be described as CACL- or Cdl,-like
2D nanosheets. For example, PdTe,, PtSe,, TaS,, and related layers of edge-sharing octahedra that are connected through
“beyond-graphene” materials have Cdl, structures that are linear bridges with other cations (Figure 7e). Na,CoO,, which
distinct from the more common transition metal dichalcoge- functions as a superconductor,” a thermoelectric material,>*
nides MX, (M = Mo, W; X = S, Se, Te).49_52 and a cathode material for sodium ion batteries,>> depending on
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Figure 8. Structures and reactions of beyond-graphene layered materials. The layered transition metal dichalcogenides adopt several distinct structures
that differ based on the coordination environments of the metal cations, the stacking arrangements of the metal—chalcogen layers, and the distortions
of the metal—chalcogen polyhedra. Three examples are shown: (a) 2H-MoS,, (b) 3R-MoS,, and (c) Tq-MoTe,. The structure of the layered
intermetallic compound CaGe, is shown in (d), along with the structure of germanane (e), which retains the structure of the germanium layers upon

topochemical deintercalation of the calcium. The structures of the prototypical MAX phase Ti;AIC, and the prototypical MXene Ti;C,*”

formed from

deintercalation of the Al in Ti;AIC, by HF are shown in (f). The structure of the stable MAB phase MoAIB and the metastable derivative Mo,AlIB,,
formed from deintercalating half of the Al from MoAIB with NaOH following by thermal crystallization, is shown in (g).

the value of x and the extent of hydration, has a similar CdCl,-
like structure with [CoO,]"" layers interleaved with nNa*
cations (Figure 7f). The crystal structure of Bi,Te;, a layered
compound that is often studled as a nanostructured material for
its thermoelectric properties®® and as a topological insulator,” is
derived from rocksalt by removing every third layer of cations.
The resulting structure has rocksalt-like Bi,Te; bilayers that are
reminiscent of the CdCI, structure, along with direct Te—Te
contacts (Figure 7g). Bil;, a 2D material that has been studied
for its topological properties,”® has a crystal structure that is
related to Cdl,, but with only two-thirds of the metal sites filled
in each bismuth iodide layer (Figure 7h).

Transition metal dichalcogenides (TMDs), which include
MoX, and WX, (X = S, Se, Te), are ubiquitous 2D
nanomaterlals because of their thickness-dependent electronic
properties ° The TMDs adopt multiple polymorphs, Wthh are
different crystal structures for the same composition.” The
structure of the most stable form of MoS, is hexagonal and is
referred to as 2H-MoS,; “H” refers to its hexagonal unit cell and
“2” refers to the stacking sequence. MoS, and other TMDs are
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not close packed structures because they include eclipsed layers,
but the way in which we have been viewing close packed
structures is also helpful for understanding the TMD structures.
Figure 8a shows two views of the 2H-MoS, crystal structure. The
side view shows a nominal ABABAB stacking sequence of MoS,
layers, which corresponds to a stacking sequence of AABBAABB
for the sulfur anion layers. The top view shows a hexagonal
arrangement of sulfur anions. The molybdenum cations are
sandwiched between eclipsed triangles of sulfur anions, leading
to a trigonal prismatic coordination environment. Figure 8b
shows the side view of the triple-layer rhombohedral polymorph,
3R-MoS,, which has a nominal ABCABC stacking sequence of
MoS, layers that also have trigonal prismatic coordination of
molybdenum cations by sulfur anions. MoS, and the other
TMDs have additional polymorphs as well. 1T-MoS, is trigonal
and has eclipsed MoS, layers with octahedral coordination. 1T’
MoS, is related to 1T-MoS, but with the cations forming dimers,
which creates a distorted zigzag arrangement of Mo atoms that
also results in a slight shift of the anions. Ty-MoTe,, shown in
Figure 8¢, has octahedral coordination with staggered layers
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are oriented relative to one another. The unit cells for spinel-type CoFe,0, and olivine-type SiMg,0, (often written as Mg,SiO,) are also shown. The
result of filling two-thirds of the octahedral holes with AI** cations in close-packed ABAB (hcp) layers of O*~ anions forms the corundum structure,
shown for Al,O; in (c). Analogous filling but with two different cations that alternate in layers forms the ilmenite structure, shown for FeTiO; in (d).

For (c) and (d), two views plus the unit cell are presented.

similar to 2H-MoS,, but the distorted octahedra lead to
staggered chalcogen layers on either side of the metal in T;-
MoTe,, which is in contrast to the eclipsed chalcogen layers in
2H-MoS,.

The MoS, system provides an instructive example of how a
fundamental structural building block, in this case S—Mo—S
layers, can arrange in different ways (including different
coordination environments and different stacking sequences)
to generate multiple distinct crystal structures that each have
unique properties. Identifying and understanding these
structural relationships is important in nanoscale systems
because it can provide clues about how to design and access
new nanomaterials. For example, the exceptional and unique
thickness-dependent properties of graphene,61 which consists of
atomically thin 2D sheets of graphite-like carbon, have led to
interesting 2D nanosheet analogues of other metallic and
semiconducting elements and components, includinég germa-
nium (germanene),”> phosphorus (phosphorene),”” boron
(borophene),** metal carbides and nitrides (MXene),” and
metal borides (MBene®® or boridene®”). Moving from
theoretical interest to experimental realization requires synthe-
sizing these and other 2D materials. One prominent pathway to
such 2D materials involves topochemical manipulations, which
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modify composition and local structure while maintaining an
overall extended structural framework.”*™”" This strategy
requires the identification of a crystal structure that contains
the desired 2D material as a subunit, and then the development
of a synthetic pathway to isolate this subunit from the other parts
of the crystal.

The intermetallic compound CaGe, is an example of a parent
structure that may be amenable to a topochemical trans-
formation to a 2D material. CaGe, (Figure 8d) contains
alternating layers of calcium and buckled sheets of germanium
having a chair-type conformation similar to what we discussed as
a key building unit of the hexagonal wurtzite structure in Figure
Sn. Reacting CaGe, with hydrochloric acid at temperatures as
low as —40 °C results in topochemical deintercalation of Ca, i.e.,
the removal of calcium without disrupting the germanium layers
(Figure 8e).”” Concomitant with the deintercalation of Ca,
hydrogen adds to the germanium, ultimately forming 2D sheets
of germanane, GeH, which is a germanium analogue of graphane
that is formed upon hydrogenation of graphene; the local
structure (chair conformation) is retained. Other prominent
examples where the identification of structural relationships lead
to the synthesis of new classes of nanomaterials include MXenes
(Figure 8f), which form from the topochemical deintercalation
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octahedral holes in ABCABC (ccp) close packed layers with cations, and replacing one-third of the anions with cations. A perovskite unit cell is
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perovskite structure, BaTiO; adopts tetragonal, orthorhombic, and rhombohedral variants to capture various distortions of the Ti—O octahedra, as
indicated by the green arrows (d). Crystal structures are also shown for the perovskite-related compounds (e) YBa,Cu;0; and (f) CsCdCl,. The
structure of CsCdCl; (and similar compounds) is often referred to as a hexagonal perovskite. LaMnOj is an example of a perovskite that exhibits
cooperative distortion (tilting) of the octahedra, as shown in (g). Similar cooperative distortions, coupled with checkerboard-type cation ordering, is
observed in the double perovskite Sr,FeMoOg, shown in (h). Unit cells are also shown for the perovskite-derived structures of (i) ReO; (e.g, WO), (j)
anti-ReOj; (e.g,, Cu;N), (k) antiperovskite (e.g., PANCus), and (1) AuCu, (e.g., FePt;).

of Al from metal aluminum carbides or nitrides (MAX phases)
such as Ti;AIC,,”” and MBenes (or boridenes), which form from
the topochemical deintercalation of Al from substituted metal
aluminum borides (MAB phases) such as (Mo,,3Y;),AIB,.%
Related partial deintercalation processes can lead to the
formation of metastable phases, such as the removal of half of
the Al from MoAIB to form MoAl, B, or Mo,AlB, (Figure 8g),
which has only been synthesized through topochemical
methods.”>”*

Our preceding discussion of the crystal structures of several
prominent classes of 2D nanomaterials provides an opportunity
to address a few common misconceptions. For example, it is
sometimes incorrectly assumed that all MX, compounds, where
M is a transition metal or post-transition metal, are layered van
der Waals solids, given the prominence of TMDs. While MoX,
and WX, (X = S, Se, Te) are certainly layered van der Waals
solids, some TMDs are three dimensionally bonded structures.
For example, FeS,, CoS,, and some other 3d transition metal
dichalcogenides adopt the pyrite structure, which was shown in
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Figure 3j as a derivative of rocksalt. To be a layered van der
Waals solid would require S*~ anions and M** cations, which are
not chemically reasonable options for these elements, where the
metals would prefer to be M** and the sulfur anions compensate
charge by forming the S, dimer. The monochalcogenides SnS,
SnSe, GeS, and GeSe also are sometimes referred to as van der
Waals layered solids, but as is shown in Figure 3k, they too adopt
a distorted variant of the rocksalt structure. The crystal structure
certainly has layered character and crystals typically grow as
plates that reflect the differences in bonding laterally vs
vertically. However, van der Waals structures typically have
metal cations sandwiched between layers of anions, such that
only the anions are exposed, and in contact, within the interlayer
region. For the tin and germanium monochalcogenides, as
rocksalt derivatives, the cations also occupy sites in the same
plane as the anions (even considering the slight distortions), and
therefore are partially exposed in the interlayer region and help
to compensate the charge of the anions. These structural details
are important to recognize when analyzing the nature of the
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bonding and interpreting the properties of dimensionally
confined nanomaterials.

We began by considering how the systematic filling of various
octahedral and tetrahedral holes in close packed lattices allowed
us to derive a large number of distinct, but related, crystal
structures. We then diverged to consider derivative layered
structures formed from removing atoms in certain locations.
Here we return to the approach of building structures by
considering additional motifs that can be generated through
systematic partial filling of various types of holes. If we fill only
half of the octahedral holes and one-eighth of the tetrahedral
holes in a ccp anion lattice, we derive the spinel structure (Figure
9a), which is commonly observed among prominent types of
magnetic and catalytic oxide and sulfide nanoparticles.””~"”
Using oxides as the prototypical examples, spinels have a formula
of AB,0O,, where A corresponds to tetrahedrally coordinated
cations and B corresponds to octahedrally coordinated cations.
The connectivities of the octahedra and tetrahedra within the
spinel structure are shown in Figure 9a. Energetic consid-
erations, which will not be addressed here, help to rationalize
which cations prefer to be in which sites and whether the spinel
is classified as “normal” or “inverse”. The most common oxide
spinel nanoparticles are the ferrites,”® such as CoFe,0,, or more
generically MFe,0,, which have one M** cation along with two
Fe®* cations per formula unit. The same element, in a mix of 2+
and 3+ oxidation states, can comprise all of the cation sites in the
spinel. For example, spinel-type Fe;O, (magnetite) is a
ubiquitous magnetic material, and Fe;O, nano;)articles are
used frequently in magnetic resonance imagin(g7 and as the
steerable components of active nanostructures.” Nanoparticles
of isostructural spinel Fe;S, (greigite) have been explored as
catalysts,”" especially since Fe,S, contains iron sulfur clusters
that are structurally related to those found in many enzymes. For
completeness, we note that analogous filling of holes — half of
the octahedral holes and one-eighth of the tetrahedral holes —
but in a hcp anion lattice (instead of ccp as in spinel) leads to the
olivine structure (Figure 9b). The unit cell for the olivine
structure looks quite different from the unit cell for the spinel
structure, but the ways in which the structures are derived, as
well as the connectivities of the octahedra and tetrahedra, are
related to one another, as can be seen by comparing Figures 9a
and 9b.

Filling two-thirds of the octahedral holes in a hcp anion lattice
forms the corundum structure (Figure 9¢), which is adopted by
AlO; that is used as an insulating layer in nanoelectronic
devices®* and Fe,O, that is studied as a material for solar
absorption and photocatalysis.*’ Filling two-thirds of the
octahedral holes in a hcp anion lattice in an ordered arrangement
leads to the ilmenite structure (Figure 9d), which has the same
M,0; composition but with alternating cations, i.e,, M'M"O,.
FeTiO; is a common ilmenite-type compound that has been
explored at the nanoscale as both a magnetic®* and a catalytic*®
material.

The structures in Figure 9 highlight several important points
that are useful to consider when viewing and comparing crystal
structures. First, unit cells that seem complex, with a large
number of atoms in locations that do not appear related or
systematic at first glance, can relate to simpler structures that are
easier to understand based on how they are derived. Second,
structures that seem, from their unit cells, to be unrelated to one
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another can indeed be closely related, when one considers
aspects of local structure and connectivity, as well as how they
are derived. Finally, structures that have cations (or anions) of
the same element but in distinct crystallographic sites can be
related to structures having cations (or anions) of different
elements, despite looking different because of how the cations
(or anions) are ordered.

Replacing one-third of the anions in a ccp anion lattice with a
cation while also filling one-fourth of the octahedral holes, both
in an ordered arrangement, generates the perovskite structure
(Figure 10a), which, like ilmenite, also has a MM™X,
composition.”® Perovskite-structured materials include mixed
metal oxides,”” halides,*®®’ chalcogenides,go mixed-anion
compounds,”’ intermetallic compounds,”” and hybrid organic/
inorganic systems,”” making them one of the most versatile and
studied classes of materials. As nanoscale materials, perovskite-
structured compounds are widely used as catalysts and solar
materials.”*

In the general perovskite formula of M'M"X3, M" corresponds
to the “A-site” cation, which has a coordination number of 12,
while M" corresponds to the “B-site” cation, which sits at the
center of an octahedron that coordinates it to six X anions. These
coordination environments are shown in Figure 10b. Figure 10c
shows two distinct unit cells for perovskite, each emphasizing
different aspects of the structure. One unit cell emphasizes the
cubic network of corner-sharing octahedra by placing the
smaller B-site cations at the corners, bridged by the X anions,
with the larger A-site cations at the center of each cube. The
other unit cell emphases the octahedral coordination of the B-
site cation by placing it at the center of an octahedron formed by
six X anions, with the A-site cations in the corners.

It is common for the octahedra in the perovskite structure to
be distorted relative to an ideal octahedron that has one atom at
the center and six equidistant atoms surrounding it. BaTiO;, for
example, can exist in several different polymorphs, which are
stable under different conditions. The key differences among the
structures involve the symmetry of the octahedron, which
changes the symmetry of the unit cell. Figure 10d shows the
tetragonal, orthorhombic, and rhombohedral unit cells that exist
for the various polymorphs of BaTiOj;, in addition to a cubic unit
cell like that of SrTiO; shown in Figure 10c.”> The
corresponding octahedra are also shown, highlighting how the
central Ti*" cation displaces in various ways (indicated by the
green arrows next to the octahedra) as the symmetry decreases.
These subtle structural differences are important, as they lead to
different electrical properties for BaTiO;. As is evident for the
orthorhombic BaTiO; cell, sometimes larger unit cells are
required to capture the symmetry of the distorted octahedra. In
addition to distortions, both the A and B sites can accommodate
mixtures of cations, which can arrange either randomly in a solid
solution or in various ordered motifs. For example, the
ubiquitous copper oxide superconductor YBa,Cu;O, (or
Y,/3Ba,/3Cu0, ;) can be thought of as a triple-layer perovskite
(with oxygen vacancies) that has Cu in all of the B sites and an
alternating arrangement of Ba, Ba, and Y layers in the A sites
(Figure IOe).96

Here, it is important to recognize the formal differences
between perovskite and nonperovskite structures that are related
to or derived from perovskite, but that are nonetheless
distinct.”””® Many experts prefer to save the designation of
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Figure 11. Representative examples of layered and intergrowth structures. (a) La,Ti,0 and (b) La,Ti;O, are examples of layered perovskites formed
by cutting and then stacking the perovskite structure along the [110] and [111] directions, respectively, while the layered perovskites in (c) through
(h) form by cutting and then stacking the perovskite structure along the [100] direction. Three common classes of [ 100] layered perovskites are the (c)
Dion-Jacobson, (d—f) Ruddlesden—Popper, and (g—h) Aurivillius phases. Dion-Jacobson phases can be described as an intergrowth of CsCl-like
layers with perovskite layers, which can vary in thickness; a three-layer phase, RbCa,Nb;0, is shown in (c). The unit cell for the CsCl structure is
shown for comparison. Ruddlesden—Popper phases can be described as intergrowths of rocksalt (NaCl) and perovskite layers. The three-layer
Ruddlesden—Popper phase K,La,Ti,0 is shown in (d), along with the single-layer Ruddlesden—Popper phase NaLaTiO,, with ordered alternating
Na* and La** cations, in (e) and the single-layer mixed-anion halide Ruddlesden—Popper phase, with ordered I” and CI~ anions, in (f). Aurivillius
phases, such as Bi,Ti;O,, in (g), are intergrowths of anionic perovskite layers [ (Bi,Ti;O,,)*"] and cationic bismuth oxide [ (Bi,0,)*"] layers. Bi,W,0,,
shown in (h), has distorted ReOj;-like layers with vacant A-sites relative to perovskite. The (B,O,)*" unit, which is the building block for the bismuth
oxide layers, is also shown in (h). Litharge-type PbO has an analogous structure to that of the (Bi,0,)*" layers in the Aurivillius phases; the structure of
PbO-type FeSe is shown in (i). The structure of these (Bi,0,)>*-like layers can be extracted from the fluorite structure, as shown in (j). When these
fluorite-like layers interleave with cations as shown for LaRu,P, in (k), the ThCr,Si, structure emerges. The foundational structural unit of ThCr,Si,
can interleave with perovskite to form Sillen-Aurivillius phases such as BisPbTi;0,,Cl shown in (1). When the (Bi,O,)*"-like layers instead interleave
with a zigzag double layer of anions, mixed-anion phases emerge, such as PbFCl-type BiOCl in (m). Replacing the interlayer C1~ in LaOCI (which has
the same structure as BiOCI) with [CuS] ™ layers forms (n) LaCuOS (or LaOCuS), an intergrowth of [LaO]* and [CuS]".

“perovskite” for true ABX; perovskites, but there are different cations help to facilitate their ordering in a 3D checkerboard
perspectives among different researchers. For example, so-called motif that resembles the alternating cation/anion structure of
hexagonal perovskites (Figure 10f) have face-sharing BX, rocksalt (Figure 10h). Sr,FeMoOg adopts a structure having
octahedra and therefore lack the corner-shared octahedral tilted octahedra that is similar to that of LaMnOj in Figure 10g,
network that defines true perovskites. Nevertheless, the but with the added B-site cation ordering. Double perovskites
fundamental building block of a hexagonal perovskite is closely can also order the B-site cations in alternating layers instead of a
related to that of a cubic perovskite in terms of the distribution of rocksalt-type motif, as well as have A-site ordering. Triple and
atoms placed on the lattice.” quadruple perovskites are also known, as are mixed-anion
BaTiOj; provided a useful example of various distortions of the perovskites with anion ordering, such as SrTaO,N."”*

octahedra that are possible by shifting the position of the central We now consider several broader classes of perovskite-related
metal B-site cation. Distortions can also arise from the influence and perovskite-derived structures. These are structures that one
of the B-site cations. For example, in La.MnO3,100 the manganese can view as starting from perovskite but with systematic
oxide octahedra tilt cooperatively to maximize interactions with modifications that lead to distinct structures.'”® As a first
the B-site La®>" cation (Figure 10g). The result is a highly example, removing the A-site cations from the nondistorted
distorted zigzag tilting pattern relative to the ideal perovskite perovskite structure of SrTiO; produces the ReOj; structure
structure. Additionally, the presence of multiple cations can (Figure 10i), which can be described as a 3D network of corner-
induce ordered arrangements, particularly when the cations have sharing octahedra. ReOj-type oxides are commonly observed as
different sizes and/or charges. For example, Sr,FeMoO,'" is a nanostructured materials such as WO;, which is used as a
“double perovskite” (relative to the formula SrFeysMo,sO5) catalyst support and for its electrochromic properties upon
that contains Sr** on all A-sites but a mixture of Fe** and Mo®* electron injection.'”*'% Note that certain metals, such as Li or
on the B-sites. The very different charges of the Fe>* and Mo®* Rb, can be reductively inserted into the empty A sites of certain

305 https://doi.org/10.1021/acsnanoscienceau.4c00010

ACS Nanosci. Au 2024, 4, 290-316


https://pubs.acs.org/doi/10.1021/acsnanoscienceau.4c00010?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.4c00010?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.4c00010?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.4c00010?fig=fig11&ref=pdf
pubs.acs.org/nanoau?ref=pdf
https://doi.org/10.1021/acsnanoscienceau.4c00010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

redox-active ReOj;-structured oxides. However, this insertion
reaction typically results in a significant structural change, such
as a shift to a hexagonal tungsten bronze, as is the case for
Rby3;WO;.'%° The anti-ReO; structure (Figure 10j) switches
the cation and anion positions of ReO;. A common example is
Cu;N, which is often synthesized as nanoparticles that are active
catalysts for the oxygen reduction reaction.'”” Anti-ReO;-type
Cu;N has copper octahedra with nitrogen at the center. The
vacant A-sites can be filled with Pd to form PdNCu; (more
commonly written as CusPdN), which can also be made as
nanoparticles.' %'

PdNCuj is an example of an antiperovskite structure (Figure
10k), which still maintains the formula of perovskite, ABX;. The
antiperovskite structure can be adopted by mixed metal
carbides, borides,”* nitrides,''® phosphides, "' and subox-
ides."” (In contrast to oxides, which are typically oxygen-rich
with oxygen defining the lattice in which smaller interstitial
metals reside, suboxides are metal-rich with oxygen located in
interstitial sites.''»"'*) Rather than having a small-sized metal sit
in the B-site surrounded by an octahedron of larger anions,
which is the case for perovskite, the octahedron in antiperovskite
is composed of a metal and the B-site contains carbon, boron,
nitrogen, phosphorus, oxygen, etc. Essentially, the positions of
the metals and the anions are switched in antiperovskite relative
to perovskite. The A-site cation is then a more electropositive
metal. Examples of antiperovskites beyond PdNCu; include
superconducting MgCNi;'"> and superionic conducting
CIOLiy.'"® The AuCu, structure, which is common among
intermetallic alloy nanoparticles of interest for catalysis and
magnetic information storage depending on their constituent
elements,''”''® can be thought of as the antiperovskite structure
without the central B-site element (Figure 101).

Other prevalent classes of perovskite-related compounds are
classified as layered perovskites. In layered perovskites, the cubic
perovskite structure is truncated along certain crystallographic
directions and stacked vertically and/or interleaved with other
cations or structural units. For example, cutting a perovskite
along the [110] direction generates a layered perovskite such as
La,Ti,0,"" (Figure 11a), and cutting perovskite along the
[111] direction generates a layered perovskite such as
La,Ti;0y,"*° (Figure 11b). Among the most common layered
perovskites are those that result from cutting along the [100]
direction and inserting another structural unit between the
resulting perovskite slabs, which typically range in thickness
from one to three perovskite units but can be thicker in some
cases. If the perovskite layers are eclipsed and interleaved with a
cation that is lined up with the A-site cations, a class of layered
perovskite called a Dion-Jacobson'*"'** (DJ) phase emerges
(Figure 11c). A Dion-Jacobson phase can be thought of as an
intergrowth of the perovskite and CsCl structures. (The CsCl
structure, which is related to bec in Figure 1s but with different
elements at the center versus in the corner, is also shown in
Figure 1lc.) Dion-Jacobson phases have a general formula
AA’, B,O;,,;, where n corresponds to the number of cubic
perovskite units that comprise the perovskite slabs; RbLaNb, O,
is an = 2 phase and RbCa,Nb;O,, is a n = 3 phase.

If the perovskite slabs are instead staggered and interleaved
with twice the number of cations per perovskite unit and in a
staggered motif, the Ruddlesden—Popper'*>'** (RP) family of
layered perovskites emerges (Figure 11d). Ruddlesden—Popper
phases, which can be thought of as an intergrowth of the
perovskite and rocksalt structures, have a general formula of
AYA 1B, 03,15 K;CaTa, 0, is a n = 2 phase and K,La, Ti;0, is
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a n = 3 phase. Using A cations having significantly different
charges can lead to ordering, as is observed for the n = 1
Ruddlesden—Popper phase NaLaTiO, (Figure 1le). As was
discussed earlier for 2D materials, many of these layered
perovskites can be topochemically manipulated and exfoliated to
produce 2D oxide nanosheets.®” In addition to oxides, there are
many examples of halide perovskites and hybrid organic—
inorganic perovskites that adopt these layered structures,
including (3AMP)(MA);Pb,l;; [3AMP = 3-(aminomethyl)-
piperidinium, MA = methylammonium],'** a n = 4 Dion-
Jacobson phase, and Cs,Pbl,CL,'*® (Figure 11f) a n = 1
Ruddlesden-popper phase with ordered iodide and chloride

anions.

Beyond the layered perovskites discussed above, other families
of layered and intergrowth compounds are also common and
frequently encountered in nanoscale systems. We begin by
considering structures derived by interleaving perovskite slabs
with other structural units. Inter%rowths of perovskite and
bismuth oxide are called Aurivillius'*” phases (Figure 11g) and
have the general formula Bi,O,—A, |B,O3,,,,. A representative n
= 3 Aurivillius phase is Bi,Ti;O,, or (Bi,O,)Bi,Ti;O,, with Ti
occupying the B sites and Bi occupying the A sites, as well as
within the bismuth oxide layers. Note that for these layered
perovskites, the perovskite slabs are negatively charged while the
interlayer cations or structural units compensate with positive
charge. In the case of Bi,Ti;0,, the bismuth oxide layers are
[Bi,0,]** while the perovskite layers are [Bi,Ti;O;]>".
Bi,W,0y, shown in Figure 11h, is an example of an n = 2
Aurivillius-like phase. Bi;W,0o can be thought of as an
intergrowth of bismuth oxide and a distorted ReOj;-like
structure, i.e., perovskite-like layers without A-site cations.

The bismuth oxide layers in Aurivillius phases have a zigzag
metal-anion arrangement, with planar layers of anions (i.e.,
oxide) that are tetrahedrally coordinated to four cations (i.e.,
bismuth) — two above and two below (Figure 11h). The crystal
structure of a-PbO, litharge, is composed entirely of such layers,
as shown for FeSe'** in Figure 11i. This motif is related to layers
that appear in the fluorite structure (initially shown in Figure
Sg); a comparison is shown in Figure 11j. These extended
tetrahedrally coordinated metal—anion zigzag layers, with the
general formula [M,X,]*", are a common building block of many
types of intergrowth structures. If we interleave these fluorite-
like [M,X,]*" layers with CsCl-like layers of cations, we get the
ThCr,Si, structure, which is so commonly observed and
versatile that it has been described as the “perovskite of
intermetallic compounds”.'*” One example, shown in Figure
11k, is LaRu,P,,"*" a superconducting metal phosphide phase. If
we begin with an Aurivillius phase, which is an intergrowth of
perovskite and bismuth oxide, and interleave the perovskite
layers with layers that are structurally related to ThCr,Si, (but
reversing the positions of the anions and cations), we get a family
of Sillen-Aurivillius'*" phases that include compounds such as
Bi;PbTi;0,,Cl (Figure 111).

We now focus on the bismuth oxide layers in the Aurivillius
phases, which as isolated slabs can be described as [Bi,O,]*" that
is charge compensated by the anionic perovskite layers. Using
these [Bi,0,]*" subunits as the primary building block, we can
derive structures like BiOX"*” and LaOX'** (X=F, Cl, Br,I).
These layered compounds have analogous oxide layers —
[Bi,0,]*" in BiOX and [La,0,]*" in LaOX — that are
interleaved and charge compensated by double layers of halide
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Figure 12. Examples of structural distortions, defects, stacking faults, and disordered vs ordered structures. Crystal structures are shown for the (a)
high temperature (rutile) and (b) low temperature (M1) phases of VO,. The dashed boxes highlight the chains of vanadium atoms, which are equally
spaced in (a) and staggered with alternating shorter and longer bond lengths in (b). A single planar layer of MoS, is shown in (c), along with various
types of point defects; anion and cation vacancies are circled in red, a substitutional defect is circled in blue, and antisite defects are circled in orange, as
indicated. Stacking faults in Zn$ are depicted in (d) with alternating regions of ABC and AB stacking sequences of the close-packed planes of sulfur
anions. The crystal structures (with multiple unit cells highlighted) of FePt corresponding to (e) disordered fcc alloy and (f) ordered L1, intermetallic
forms having the same compositions are shown. Similarly, the crystal structures of LiFeO, corresponding to (g) a disordered rocksalt-like solid solution
and (h) an ordered layered phase are also shown. A structural depiction of the five-metal high entropy alloy NiRhPdPtIr, which adopts a face centered

cubic structure, is shown in (i).

anions (Figure 11m). As nanoparticles, BIOX compounds are
widely studied as photocatalysts'** while LaOX compounds are
photoluminescent.'*> The a-PbO structure, discussed above
and shown in Figure 11, is generated by removing the interlayer
halide anions in LaOX and BiOX, concomitant with reducing
the charge on the cation from 3+ to 2+. As nanoparticles, each
halide anion in LaOX can be replaced by a [CuS]™ unit,
transforming LaOX to LaOCuS (or LaCuOS), a layered
intergrowth of lanthanum oxide and copper sulfide (Figure
11n)."%¢

The intergrowth structures and their structural relationships
highlighted in Figure 11 incorporate two primary subunits:
perovskite layers and fluorite-like [Bi,O,]** layers. Our focus
was on showcasing how different and more complex structures
can be derived from combining, in different arrangements,
simpler structures we considered earlier. Many types of
intergrowth compounds exist, and while our focus was on this
small subset, the approach to viewing and comparing structural
subunits is general and can be applied to many other classes of
compounds as well.

The discussion above focused on how various crystal structures
are derived, related, and visualized. Now, we turn to what one
could consider to be more subtle variations in structure and
composition in existing crystal structures that can profoundly
impact their properties, particularly in nanoscale systems. While
there are many relevant examples, here we focus on structural
distortions, defects, and structural ordering vs disordering, as
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well as some examples that demonstrate the important interplay
between crystal structure and properties.

We begin with examples of structural distortions. During our
discussion of perovskites, we already highlighted different
distortions that can occur within or among the interconnected
octahedra that define the structure (Figure 10d,g). These
distortions can give rise to useful properties, including
ferroelectricity and piezoelectricity, that result from cations
that are moved off-center in the octahedra. Another example
that is especially relevant among nanoscale systems is VO,
(Figure 12a). Above 340 K, VO, adopts a rutile structure, with
regularly spaced V*' cations sitting at the center of each oxide
octahedron, as highlighted by the dashed box. However, below
340 K, the rutile structure distorts such that the V** cations form
pairs with alternating short and long V-V distances (Figure
12b). The distorted structure is semiconducting while the rutile
structure is metallic, leading to a metal-to-semiconductor
transition that is accompanied by changes in the optical and
thermal properties as well."**

Like distortions, defects can have a similar impact on
properties. As an example, Figure 12c shows various point
defects that occur in TMD monolayers such as MoS,. These
point defects include vacancies on anion or cation sites and
substitutions of atoms in the structure with different atoms in the
compound that would not normally be at that site (antisite
defects) or with different atoms not originally in the compound
(substitutional defects). Such defects in TMDs can cause
changes in the photoluminescence spectra, define the electrical
transport behavior, induce magnetic ordering, and modify
catalytic activity and/or selectivity.">”'** Other types of defects,
including planar defects, line defects, stacking faults, and grain
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Figure 13. Crystal structures of compounds having greater compositional and/or structural complexity. Unit cells are shown for (a) sulvanite Cu;VS,,
(b) filled skutterudite LaRu,Sb,,, (c—h) tetrahedrite Cu,,Sb,S;5, (i—n) pentlandite-type CoySg, and (o) modderite-type CoP. For tetrahedrite
Cu,,Sb,S,;, in addition to the unit cell in (c), unit cells are also shown that emphasize (d) all polyhedra, (e) octahedra, (f) tetrahedra, and (g) trigonal
planes. In (f), four tetrahedra, which comprise the center of a face of the unit cell, are highlighted in yellow dashed circles; this group of four tetrahedra
are also shown at the top of (h), along with the connectivities of the polyhedra to each other. For pentlandite-type Co,Sg, in addition to the unit cell in
(i), unit cells are also shown in different orientations in (j), (1), and (n) that emphasize all polyhedra, along with corresponding unit cell rotations in (k)
and (m) to emphasize the ABCABC close-packed layers. The inset in (n) highlights four interconnected tetrahedra (at the location highlighted by the
blue dashed circle) that result in close metal—metal contacts. For modderite-type CoP, the unit cell is shown in (0), along with an expanded and rotated
version of the structure to highlight the pseudoclose-packed ABAB layers of zigzag linear chains of phosphorus atoms.

boundaries, can similarly influence properties.'*”'*° Figure 12d the intermetallic (adopting the AuCu, structure type shown in
shows stacking faults in ZnS, which can be viewed as a random Figure 101) having Fe localized to the faces of a fcc unit cell and
intergrowth of ABAB vs ABCABC stacking sequences of the the Pt at the corners.
close-packed layers.”” Related stacking faults are commonly
observed in semiconductor nanoparticles, including nanowires
of II-VI, III-V, and group IV materials."*!

We now turn from structural distortions and defects to various
aspects of structural order vs disorder. Here, we are not

Several important points about solid solutions are worth
noting here. First, in addition to alloys, solid solutions of oxides,
chalcogenides, phosphides, and many other classes of materials
are also very common. Second, solid solutions are differentiated

Considering amorphous materials) Wthh have no long-range from the Compounds discussed above, where different kinds Of
ordering, but rather crystalline materials that have various ways atoms sit almost exclusively on different crystallographic sites
of arranging atoms on the lattice sites. The atomic-scale ordering and therefore are ordered. For example, the composition LiFeO,
vs disordering of various atoms in a crystalline alloy provides can form a disordered solid solution where the Li* and Fe®*

many prevalent examples among nanoscale materials systems.
Mixing two or more atoms randomly on a crystalline lattice leads
to a solid solution between two end members. If the end
members are both metals, the solid solution is referred to as an

cations randomly occupy the octahedral cation sites of a
rocksalt-type structure (Figure 12g), as well as an ordered
compound where the Li* and Fe’" reside in alternating layers

alloy. In contrast, if two or more metallic elements are mixed in (Figure 12h). 14510 Generally, the properties of disordered solid
an ordered way on a crystalline lattice, we refer to it as an solutions are distinct from the properties of ordered compounds
intermetallic compound.”** Intermetallic compounds adopt a having the same overall composition. Third, solid solutions are
wide range of crystal structures, ranging from relatively simple typically differentiated from doped materials based on the

structures such as rocksalt and CsCl to highly complex
structures and compositions.'*> A prevalent example among
nanoscale systems is the disordered alloy vs ordered
intermetallic variants of FePt. As-synthesized colloidal nano-
particles of FePt form a fcc alloy with the Fe and Pt atoms

relative amounts of the elements that are mixed. Dopants are
considered to be present in very small amounts, while solid
solutions are considered to have more balanced amounts of the
elements that are mixed.'*’ Finally, complex solid solutions are

randomly distributed among the lattice sites (Figure 12e); these solid solutions having a large number of end members, where
nanoparticles are superparamagnetic. Upon heating, the FePt randomization of the constituent elements occurs throughout
alloy transforms to an ordered FePt intermetallic, which is the crystal structure."*® Complex solid solutions include high
ferromagnetic with a high magnetoanisotropy that is desirable entropy materials, which are considered to have five or more

for information storage applications.** The crystal structure of
intermetallic FePt, which adopts the AuCu structure type, is
related to that of the fcc alloy of the same composition, but with
alternating layers of Fe and Pt and a c-axis that is compressed due

principal elemental components randomly mixed in a crystalline
lattice (Figure 12i)."*’ Nanoparticles of high entropy materials
are rapidly growing in popularity as researchers seek to

to this ordering and the differences in the sizes of the Fe and Pt understand how they form and how unique synergistic
atoms (Figure 12f), A similar thermally induced alloy—to— properties emerge from interactions among their large number
intermetallic transition occurs for the composition FePt;, with of constituent elements."””"*!
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The preceding sections began with the crystal structures of the
metallic elements that are most commonly studied as nanoscale
systems and built up to the crystal structures of much more
sophisticated compounds with multielement compositions that
include both metallic and nonmetallic elements. Throughout
these sections, the compositions and crystal structures system-
atically progressed from simple to more complex. Our
descriptions and understanding of the simpler “parent”
structures provided a framework for us to describe and
understand many of the more complex structures from which
they were derived. Complexity, though, is somewhat arbitrary of
a term. Some high entropy alloys have more than ten different
elements in near-equimolar ratios, and some crystal structures
have dozens (or more) of distinct crystallographic sites. It is
outside the scope of this Tutorial to cover these more complex
crystal structures in depth. However, here we want to highlight a
few that are observed among nanoscale systems and that appear
to have what could be classified as more complex compositions
and/or crystal structures. We choose these examples to
emphasize how crystal structures that appear complex at first
glance can often be viewed through the framework of simpler
components, much like we have done for the other crystal
structures presented in this Tutorial. Indeed, typical depictions
in the literature for some of these structures make them look
intimidating and intractable, but they can be deconstructed into
simpler components that are easier to visualize, especially in
comparison to the structures we already discussed.

We begin with the sulvanite structure (Figure 13a), which
includes compounds such as Cu;VS, and Cu;NbSe, that are of
interest for their optical and photocatalytic properties.”>'>* At
first glance, one sees a structural framework that is similar to
ReO; or anti-ReO; (Figure 10i,j), with one type of atom at the
corners of a cube and another type of atom on each edge halfway
between the corner atoms. However, unlike in ReOj; or anti-
ReO; which have alternating anions and cations, both types of
atoms in these locations are cations, which would (based on
electrostatic considerations) not be bonded together. Rather,
both cations, which include Cu* and V** in Cu,VS,, are bonded
to sulfur anions that are in locations mirroring where the cations
reside in zincblende or the anions reside in antifluorite. That
recognition leads us to look closer at the antifluorite structure
(Figure 5f), which also has cations located at all of the same sites
that the Cu* and V°* cations are located in Cu,VS,. Indeed, the
sulvanite structure can be described as a cation-ordered variant
of antifluorite with half of the cations—those in the center and on
the faces—missing. LaRu,Sb,, (Figure 13b), which adopts a so-
called filled skutterudite'>* structure, is one of many structurally
related compounds of interest for their superconducting and
thermoelectric properties. In this structure, one can see the bcc
arrangement of the lanthanum atoms, as well as ruthenium
atoms that form a smaller cube inside the larger cube formed by
the lanthanum atoms at the corners. (The skutterudite structure,
typified by CoSbs, is related to filled skutterudite, but without
these corner and center atoms where lanthanum is located.) We
also find that the ruthenium atoms are each coordinated to six
antimony atoms to form a network of cooperatively tilted
octahedra. These two instructive examples—sulvanite and filled
skutterudite—demonstrate a process by which a structure can be
comparatively analyzed and deconstructed into simpler
components.
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We now turn to tetrahedrite, a mineral containing copper,
iron, antimony, and sulfur. We will consider the copper variant
without iron, which has a formula of Cu;,Sb,S;5;, since
nanostructured Cu,,Sb,S;; materials are of interest for their
optical and thermoelectric properties."*>'*® This compound
complements the sulvanite and filled skutterudite examples by
providing an opportunity to deconvolute a complex structure
into the polyhedra that comprise it, which helps to simplify it
considerably. The Cu;,Sb,S;; unit cell is shown in Figure 13c.
While there are many (95) atoms included in the unit cell, we
can simplify it by focusing on each type of atom individually. We
first notice the Sb atoms, which can appear to form a cube similar
to that formed by the Ru atoms in LaRu,Sb,, in Figure 13b.
However, the Sb atoms in Cu,,Sb,S,; are distorted relative to
the Ru atoms in LaRu,Sb,,. Borrowing from the tools we used to
help visualize various characteristics of the rocksalt structure in
Figure 3, we show in Figure 13d the structure of Cu,Sb,S 3, but
with polyhedra instead of the ball-and-stick model. The overlaid
polyhedra are challenging to analyze, but if we isolate each type
of polyhedron and view it individually, we can get a better sense
for how Cuy,Sb,S,; is constructed. Figure 13e shows only the
octahedra in Cu,Sb,S,;, which are formed by central sulfur
atoms surrounded by six copper atoms. (Note that the Sb atoms
have been removed for clarity.) This view of the tetrahedrite
structure simplifies it, showcasing a bcc arrangement of the
S(Cu)g octahedra. Figure 13f shows only the Cu(S), tetrahedra,
which form from copper sitting at the center of four sulfur atoms.
The locations of the tetrahedra may initially seem difficult to
analyze, since there are so many of them. However, closer
inspection reveals a pattern—each face of the unit cell contains
four tetrahedra, with the central copper atoms (highlighted by
yellow circles) forming a square that is rotated 45° relative to the
x- and y-axes on which the unit cell is oriented. This pattern of
tetrahedra gives rise to 24 tetrahedra per unit cell-four
interconnected tetrahedra on each of the six faces. The
remainder of the polyhedra are trigonal planar arrangements
with copper sitting at the center of a triangle formed by sulfur
atoms (Figure 13g). Six of these trigonal planar Cu(S); units are
connected through a central sulfur atom. The result of this
configuration is a superoctahedron in the center and on the
corners, with each of the six trigonal planar Cu(S); units in the
center connecting to the square of Cu(S), tetrahedra on each of
the six faces (Figure 13h).

Pentlandite-type CoySg'>’ provides another instructive
example of structural deconvolution into polyhedra, but in a
system where there is only one type of metal rather than two, as
was the case for tetrahedrite. Figure 13i shows the unit cell for
Co,Sg, which includes 107 atoms: 45 cobalt atoms and 62 sulfur
atoms. The structure contains a combination of Co(S)
octahedra and Co(S), tetrahedra, which are shown as polyhedra
in Figure 13j. For clarity here and in the discussion that follows,
we choose different colors for the cobalt atoms in octahedral
holes (green) and in tetrahedral holes (yellow). In Figure 13j, we
first recognize that the Co(S)s octahedra are located in the
middle of each edge, as well as in the center of the unit cell.
Rotating the structure (Figure 13k) and visualizing the
polyhedra in this different orientation (Figure 131) provides
greater clarity on where the octahedra and tetrahedra are located
relative to one another. Here, we observe that all Co(S)
octahedra reside in alternating layers, with some tetrahedra
among the octahedra in these layers. In the alternating layers that
contain no octahedra, Co(S), tetrahedra are present, linking
together the vertices of the octahedra. Rotating the structure
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Figure 14. Crystal structures of copper sulfides. Unit cells (top) and corresponding expanded and/or rotated structures (bottom) are shown for nine
distinct copper sulfide phases: (a) cubic digenite CuySs, (b) rhombohedral digenite Cu,Ss, (c) roxbyite Cu,Ss, (d) djurleite Cus,S,4, (e) anilite Cu,S,,
(f) low chalcocite Cu,S, (g) high chalcocite Cu,S, (h) tetragonal chalcocite Cu,S, and (i) covellite CuS. The unit cells look quite different from one
another, but the rotated and expanded structures allow almost all of them to be related to a ABCABC or ABAB close-packed sulfur structure, as
indicated, with or without distortions. For cubic digenite and high chalcocite, the blurred copper atoms indicate partial occupancy and therefore
disorder over the multiple crystallographic sites indicated. For rhombohedral digenite, the unit cell has a high aspect ratio and is therefore split over two
columns; the four copper atoms on the bottom of the top half of the cell (to the left) are the same copper atoms as shown on the top of the bottom half
of the cell (to the right).

again (Figure 13m) places it in an orientation that reveals the planes. Within each plane, alternating zigzag chains of
familiar ABCABC stacking sequence of ccp sulfur layers. phosphorus atoms are in opposite orientations with respect to
Integrating the polyhedra in this orientation (Figure 13n) each other—up/down/up/down vs down/up/down/up. These
shows a different view of how the octahedra are separated from planes, which are much more complex than simple close-packed
one another by the tetrahedra. Close inspection of this planes, then stack vertically in an ABAB arrangement, with
orientation also reveals an important feature of this structure cobalt atoms sitting in highly distorted octahedral sites.
that contributes significantly to the properties of Co,Sg, while The examples in Figure 13 provide insights into how crystal
also placing limitations on the types of compounds that can structures that initially appear to be complex can sometimes be
adopt this structure. Several of the Co(S), tetrahedra in the deconstructed into components that are much simpler, which
CoySg structure connect with each other through their edges helps us to understand how they are derived and how they are
instead of their corners (Figure 13n). This arrangement places related to one another. Figure 14 provides one final example.
the metal atoms in the tetrahedral holes within close contact, Here, we focus on the copper sulfides, which are notorious for
leading to metallic conductivity and making this structure viable the wide range of different compositions that form, the ability for
only for metals capable of metal—metal interactions, as is the the same composition to adopt different crystal structures, and
case for cobalt. the complicated nature of their crystal structures. Figure 14a-i
Given their longstanding use as hydrodesulfurization catalysts shows, along the top row, the unit cells for nine different copper
and their more recently discovered use as catalysts for the sulfides. Most of these copper sulfides are routinely synthe-
hydrogen evolution reaction, nanoparticles of transition metal sized'® and used as nanoparticles because of their tunable
phosphides have been widely studied across the energy plasmonic and catalytic properties,'®* as well as for their use as
sciences.”*®"*? As an additional examéple, we showcase templates in topochemical cation exchange-based transforma-
CoP.'® The transition metal phosphides'®" form compounds tion to other compositions.'®'* Initial inspection of the unit
that span a wide range of compositions, including various cells, which span a range of sizes and symmetries, suggests that
empirical formulas for the same metal. Using the Ni—P system they all are very different from one another. Digenite (Figure
an example, synthetically accessible phosphides include the 14a) is cubic and high chalcocite (Figure 14g) is hexagonal; both
metal-rich phosphides Ni;P, Ni,,Ps, Ni,P, and NisP,, as well as have copper cations that are disordered over several crystallo-
NiP, NiP,, and NiP; which are referred to as polyphosphides162 graphic sites. Rhombohedral digenite (Figure 14b) has such a
because of their P—P bonds. Many of these crystal structures can tall unit cell that we had to divide it in half to show it in the
initially appear somewhat complex. Returning to CoP, the unit allotted space. Low chalcocite (Figure 14f), roxbyite (Figure
cell, shown in Figure 130, looks unremarkable—four cobalt 14c), and djurleite (Figure 14d) have 144, 180, and 376 atoms in
atoms and four phosphorus atoms. Upon expanding and rotating their unit cells, respectively. Tetragonal chalcocite (Figure 14h)
the structure (a common process we've now used several times and covellite (Figure 14i) have unit cells with high aspect ratios
for helping to visualize features), we make an interesting (but not nearly as high of an aspect ratio as rhombohedral
observation. In this orientation, we see the familiar ABAB digenite).m7 How do we make sense of all of this?
stacking sequence of phosphorus layers that we recognize from The bottom row in Figure 14 applies what we have been doing
hep structures. CoP is not a close-packed structure, but much throughout this Tutorial—increasing (or decreasing) the
like the TMDs, we can still use the ABAB formalism to number of unit cells being viewed and rotating in different
understand how the structure is derived. Here, one-dimensional ways to see what other features can become visible as we look at
zigzag chains of phosphorus atoms line up in parallel to form the crystal structures in different orientations. Despite the
310 https://doi.org/10.1021/acsnanoscienceau.4c00010
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dramatically different unit cell presentations for the nine
different copper sulfides in Figure 14, all of them can be
analyzed through the lens of either ccp-like or hcp-like
structures. Cubic digenite (Figure 14a) is closely related to the
antifluorite structure, with a ABCABC array of sulfide anions
with tetrahedral holes filled by copper cations. Cubic digenite is
nonstoichiometric relative to antifluorite (i.e., Cu, ¢S instead of
Cu,S), and therefore has cation vacancies. (The blurred atoms
in the structure shown in Figure 14a represent crystallographic
sites on which cations are disordered and distributed, and from
which vacancies emerge.) Rhombohedral digenite (Figure 14b)
has a similar ABCABC array of sulfide anions with copper
cations occupying tetrahedral holes. The unit cell for
rhombohedral digenite is quite tall, as is needed to capture a
large superlattice that arises from the long-range ordering of the
copper cations. The structure of roxbyite (Figure 14c), which
also has a formula of Cu, ¢S, can be approximated by a hcp-like
arrangement of sulfur anions. These hcp-like sulfur layers are
significantly distorted, but their ABAB stacking sequence is
clearly observable. The copper cations sit in a variety of low-
coordinate sites. Djurleite (Figure 14d) is similar to roxbyite,
also having a distorted hcp-like sulfur structure with copper
cations occupying several types of crystallographic sites.
Djurleite, which has a formula of Cu,y;S, is slightly more
copper-rich than roxbyite and digenite. Anilite (Figure 14e) and
low chalcocite (Figure 14f) also have distorted hcp-like sulfur
structures with copper cations sitting in various crystallographic
sites; anilite is copper-deficient (Cu, ,5S) while low chalcocite is
stoichiometric (Cu,S). High chalcocite, also Cu,S, returns to a
nondistorted ABAB sulfur structure (Figure 14g), but with
copper cations that are disordered across a large number of
different crystallographic sites, each of which are only partially
occupied. Tetragonal chalcocite (Figure 14h) is not considered
to have a close-packed anion structure, but rather a sulfur
arrangement that is more in line with a body centered tetragonal
structure. However, the structure of tetragonal chalcocite is
closely related to that of digenite; describing this relationship is
beyond the scope of this Tutorial, but has been detailed
elsewhere.'®® Finally, covellite (Figure 14i) can be viewed as
having a nominal AABAAC stacking sequence of sulfur layers.
The “B” and “C” layers have 3-coordinate copper atoms at the
center of a triangle of sulfur atoms, while in the A layers
tetrahedrally coordinated copper atoms sit above or below the
sulfur atoms.

The crystal structures that we discussed in this Tutorial show up
in many places in nanoscale materials systems. Some of the most
prominent examples occur when nanoparticles, or mixtures of
nanoparticles, are assembled into superlattices.169 In such cases,
nanoparticles are considered as “artificial atoms”, as nano-
particles having uniform sizes can pack together in much the
same way that atoms pack together to form crystals. Uniform
spherical nanoparticles best approximate the spherical shapes of
atoms, and it is therefore not surprising that monodisperse
populations of nanoparticles frequently assemble into close-
packed structures. Figure 15a shows a transmission electron
microscopy (TEM) image of a close-packed bilayer of 12.8 nm
spherical Fe;O, nanoparticles;'’” the “A” and “B” layers, noted
in Figures 3a and 3b, are visible in the TEM image. Binary
mixtures of two distinct populations of uniform nanoparticles
having different sizes can cocrystallize into common ionic crystal
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(e)

Figure 1S. Nanoparticle superlattices that form different crystal
structures. TEM images of (a) a close-packed bilayer of 12.8 nm
Fe;0, nanoparticles,'”* (b) a CsCl-structured superlattice formed from
the coassembly of 5.4 nm Ag and 9.3 nm PbS nanoparticles,"”" (c) a
NaCl-structured superlattice formed from the coassembly of 13.4 nm
Fe,O; and 5.0 nm Au nanoparticles,'”” and (d) a AuCu-structured
superlattice formed from the coassembly of 7.6 nm PbSe and 5.0 nm Au
nanoparticles.172 For each panel, full TEM images are shown at the
bottom, while the enlarged region indicated by the white dashed box is
shown at the top, along with a representation of the corresponding
crystal structure in the same orientation. (e) TEM images of
superlattices formed from the assembly of tetrahedron-shaped gold
nanoparticles, along with corresponding diagrams to show the nature of
the packing.'” Panel (a) is adapted with permission from ref 170,
copyright 2012 American Chemical Society. Panel (b) is adapted with
permission from ref 170, copyright 2013 American Chemical Society.
Panels (c) and (d) are adapted with permission from ref 172, copyright
2006 American Chemical Society. Panel (e) is adapted with permission
from ref 173, copyright 2022 American Chemical Society.

structures. For example, Figure 15b shows a TEM image of a
CsCl-structured binary superlattice formed from the coassembly
of spherical 5.4 nm Ag and 9.3 nm PbS nanoparticles.'”* A TEM
image of a NaCl-structured binary nanoparticle superlattice,
formed from spherical 13.4 nm Fe,O; and 5.0 nm Au
nanoparticles, is shown Figure 15c, while Figure 15d shows a
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AuCu-structured assembly formed from spherical 7.6 nm PbSe
and 5.0 nm Au nanoparticles.'”* These are just some of the many
structures that are encountered in assembled nanoparticle
systems. Nanoparticles having shapes that mimic the various
coordination polyhedra we discussed can also assemble into
superlattices that resemble the various ways in which polyhedra
connect to one another within crystal structures. For example,
Figure 15e shows a type of superlattice encountered from the
assembly and crystallization of tetrahedron-shaped gold nano-
particles.173 Here, the tetrahedra share faces, and these face-
sharing tetrahedral units interdigitate to form the long-range
ordered structure.

In this Tutorial, we highlighted key aspects of how various types
of crystal structures are described, visualized, related, and
derived. We progressed from simple to more complex, in terms
of both composition and crystal structure. In doing so, we
highlighted how many of the foundational structural compo-
nents of simple crystal structures manifest in seemingly more
complex structures. These structural features can often be
viewed as building blocks that stack, connect, and interleave in
various ways to derive different structures that at first glance may
appear to be quite different, but in reality, may be closely related.
This formalism, which is already well established in solid-state
chemistry, is important to recognize and apply within nanoscale
systems as well, given the diverse ways in which crystal structures
play a fundamental role in the synthesis, properties, and
applications of nanoscale materials and assemblies. Additionally,
rapidly accelerating capabilities in the computational prediction
of new crystal structures (and new structures for a given
composition) are providing increasingly fertile ground for the
development and discovery of new nanoscale materials, for
which details of crystal structures may provide the primary
novelty. Materials Project,”” an online database that currently
contains computed crystal structures of more than 150,000
different compounds, is one example of a resource that provides
almost countless opportunities for visualizing, comparing, and
rationalizing crystal structures—many that are experimentally
observed but many that have only been predicted. As has been
the case in the past, transformative future advances in
nanoscience and nanotechnology are likely to come from new
phenomena and capabilities that arise from the expanded study
and application of compounds, concepts, and tools from solid-
state chemistry.

This Tutorial focused on the long-range crystalline structures
of inorganic materials, which from a nanoscience perspective,
may be considered as describing the “bulk” of a nanocrystal.
However, it is important to recognize that in nanocrystals, the
local structure, including coordination geometries and dis-
tortions, may differ from that which is expected for the long-
range bulk structure due to the effects of surface energies and
other size-dependent phenomena. Characterization that con-
siders local structure and bonding, such as pair distribution
function (PDF) analysis, X-ray absorption spectroscopy (XAS),
and nuclear magnetic resonance (NMR) spectroscopy, is also
important for identifying and understanding potential differ-
ences in bulk versus nanoscale materials, including both their
structures and their properties.
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