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MATERIALS SCIENCE

Oriented assembly of anisotropic nanoparticles into

frame-like superstructures

Jianwei Nai, Bu Yuan Guan, Le Yu, Xiong Wen (David) Lou*

It is fascinating but challenging for nanoscientists to organize nanoparticles (NPs) into ordered architectures
just as it is for chemists to manipulate atoms and molecules to form functional molecules and supramolecules.
We explore a strategy to assemble anisotropic NPs into open frame-like superstructures via oriented attach-
ment (OA), experimentally realizing a nanoscale analog to the bonding behavior in MgL,,-type supramolecular
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cubes. We highlight the role of NP shape in the OA-involved assembly for constructing predictable superstructures.
In addition, the frame-like superstructures can retain their basic structure when undergoing postcrystallization of
the building blocks as well as annealing for conversion toward functional electrocatalytic materials. Our work
enables fundamental insights into directional “bonding” among NPs and adds to the growing body of knowledge
for bottom-up assembly of anisotropic NPs into sophisticated functional materials.

INTRODUCTION

A grand challenge in the realms of chemistry and materials science is to
construct assemblies with precise control over the placement of each
component for tailoring a given property. As chemists can manipulate
atomic or molecular bonds to synthesize complex and functional mol-
ecules or supramolecules, bottom-up assembly and organization of col-
loids allow nanoscientists to build sophisticated architectures to address
materials needs (). Apart from the functionalization goal (2, 3), nano-
particles (NPs) also demonstrate the ability to mimic atomic habits
when they assemble into ordered structures, such as superlattices
(4-10) and crystals (11-13). It is appealing to draw the analogy be-
tween assembly from NPs and atoms/molecules to better understand
the interactions between NPs and thus achieve desirable assemblies
with guidelines from well-developed atomic and molecular chemistry.
A notable assembly technique to address this analogy is the DNA-driven
self-assembly of NPs (8-13). In general, this approach uses spherical NPs
(for example, Au) as templates for the immobilization and orientation
of surface-bound DNA strands, followed by fabricating programma-
ble constructions, where building blocks of NPs act as the “atoms”
and DNA hybridization as the “bonds.” Although these spherical NP-
based DNA bonds allow regular network structures and well-ordered
superlattices to be assembled by fairly isotropic interactions that mimic
metallic or ionic bonding, some effort has also been devoted to devel-
oping methods to break the spherical symmetry and achieve greater di-
rectional interactions between the building blocks that more closely
mimic covalent bonding (14, 15). One conceptually straightforward, al-
beit experimentally challenging, way to achieve this is to replace the
spherical cores with anisotropic ones (16, 17). The organized assembly
of anisotropic particles is typically governed by specific interactions or
directing factors associated with the particle building blocks. For exam-
ple, self-assembly of nanorods into sparse triclinic lattices can be
realized by electrostatic interactions in nematic liquid crystal hosts
(18). The oriented attachment (OA) of colloidal NPs can also be re-
garded as an assembly process but is different from the aforementioned
NP self-assemblies in terms of the strength of the driving forces, being
interatomic bonding of opposing crystal facets in OA (19) and van der
Waals interactions or entropic factors in others (20-24). Some remark-
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able examples have shown that one-dimensional (1D) and 2D assem-
blies can be fabricated by attaching different facets of PbSe NPs along
linear, square, or honeycomb pathways (25, 26). Other alternative stra-
tegies have also been developed for engineering assembly of anisotropic
NPs, such as chiral self-sorting (27), spray-drying (28), and capillarity (29).

In principle, the addition of the shape and interaction anisotropy to
NPs could not only mimic the atomic directional bonds but also extend
the possible assemblies to motifs as complex as those molecules with
more open and anisotropic structures formed from molecular direc-
tional bonding, for example, supramolecular coordination complexes
(SCCs) (16). The SCCs encompass discrete systems in which selected
metal centers or metal clusters are bridged by organic ligands through
metal-ligand coordination bonds oriented with particular angularity to
generate a finite supramolecular complex (30, 31). In contrast to the
atomic building blocks of simple molecules, metal clusters and organic
linkers become primary structural components to participate in the su-
pramolecular assembly system. With predictable symmetry of the
known molecular geometries in hand, chemists are able to rationally
select these molecular building blocks to design a broad range of 2D
systems [triangles (32), squares (33), and higher polygons (34)] and
3D systems [tetrahedra (35), cubes (36), and dodecahedra (37)] with
required symmetries. For instance, the geometries of supramolecular
polyhedra and their general formula of M,L,, can be predicted when
metal ions (M) with square planar coordination sphere and rigid bent
ligands (L) are mapped onto the vertices and edges, respectively, of the
polyhedra (38). This symmetry consideration provides an inspiring
strategy to govern the formation of discrete open constructs assembled
from highly directional building blocks of molecules (30, 31) and even
biomacromolecules (39, 40). However, it remains poorly developed
from NP building blocks due to the daunting synthetic challenge. A
compelling demonstration of NP assembly that closely mimics the
oriented coordination bonds among molecules in SCCs would be even
more difficult to produce.

Here, we explore and demonstrate the extension of the symmetry
consideration to fabricate open and discrete architectures from aniso-
tropic NPs, in which single crystal-like, 3D frame-like superstructures
can be constructed via the assembly of nanocuboids (NCBs) on the
edges of a cube. Toward this goal, we choose Prussian blue analogs
(PBAs) as the target materials in view of the limited success in exploiting
these PBA-type materials for colloidal assembly and their transformation
versatility toward functional materials with retainable structures (41-43).
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Besides, the Co-Fe combination is one of the most important PBA-type
materials with switchable magnetic and electronic properties (44-49),
which enables promising application in catalysis to be realized (50).
Comprehensive investigations reveal that phase transition, epitaxial
growth, confined assembly, and OA are involved in the formation
process for the superstructures reported here. Specifically, we show
that the typical NCB-assembled frame-like superstructure (NAFS) is
a 20-component cubic ensemble, with a high degree of similarity to a
proposed supramolecular MgL;,-type cube (31). We then expound how
the natural symmetry effect derived from NP shape can be considered
and applied rationally as the design principle for predictable OA-involved
assembly. In addition, the synthetic strategy in this work allows us to rea-
lize the postcrystallization of the building blocks into single-crystalline
Co-Fe PBA nanoframes (NFs) at a proper temperature. After the thermal
treatment in air, the Co-Fe PBA NAFSs and NFs are further transformed
into Co-Fe mixed oxides with preserved structures, which manifest as
efficient electrocatalysts for the oxygen evolution reaction (OER).

RESULTS

Characterization of the discrete frame-like superstructures
X-ray powder diffraction (XRD) pattern (fig. S1A) is consistent with a
face-centered cubic (fcc) structure (a = 9.82 A). Energy-dispersive x-ray
spectroscopy (EDX) spectrum reveals the atomic ratio of K/Co/Fe =
0.67:1:0.71 (fig. S1B), hereafter denoted as KCoFe-1. The morphology
of the KCoFe-1 NAFSs is characterized by field-emission scanning elec-
tron microscopy (FESEM). As shown in Fig. 1A (also see fig. S2), these
KCoFe-1 particles are highly uniform with a cubic geometry, a 3D
frame-like architecture, and an average size of ca. 350 nm. Closer in-
spection of a representative NAFS (inset of Fig. 1A and fig. S3) reveals
an ensemble braced by small NCBs with different side lengths (70 to
150 nm) serving as building blocks. These unique NAFSs display dis-
tinctive architectural features as follows: (i) A typical superstructure
comprises 20 components (NCBs) that distributed onto 12 edges, (ii)
three adjacent (two or four in a few cases) NCBs attach to one another
in an orderly way to build up an edge, and (iii) the NCBs on the corners
provide three facets for attachment, whereas those in the middle of
edges offer two. On the basis of the above observation, we could illus-
trate this structure with schematic models, as provided in Fig. 1 (B to D).
The models display, from three directional orientations, a cubic frame
superstructure constructed by 12 orthogonal edges, on each of which
the NCBs have a 1D assembly. Transmission electron microscopy
(TEM) images (Fig. 1, E to G) of the superstructures in different
directions on the substrate are all similar to the corresponding schematic
models (Fig. 1, B to D), further confirming that well-knit NCBs constitute
the 3D frame-like architectures with a highly open structure. Each of these
NAFSs appears as a single crystal, as evidenced by selected area electron
diffraction (SAED) patterns from common zone axes of <100>, <110>,
and <111> of a cubic system in Fig. 1 (H to J). Small arcs of the spots seen
in the SAED patterns imply that only slight crystallographic rotation
exists among the NCBs. We can infer that these building blocks hold
highly similar crystallographic orientation, although they may not align
well on every edge of the frames. An integrated analysis of the TEM image
(Fig. 1E) and related SAED pattern (Fig. 1H) allows us to conclude that
the NCBs are dominated by six {100} facets because the <100> zone axis is
positioned perpendicularly across the side faces of these NCBs, in con-
formity with an fcc crystal habit. Meanwhile, the corresponding high-
resolution TEM (HRTEM) and fast Fourier transform (FFT) images
imply that each NCB should be a single crystal (Fig. 1, K to M). We
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also observe that adjacent NCBs on edges could attach and coalesce at
their interparticle interfaces (marked by arrows), as depicted in Fig. IN.
The lattice fringes around the attachment region (square 1 for the
NCB-1/NCB-2 couple, square 2 for the upper/nether edge couple, and
square 3 for the NCB-3/NCB-4 couple) share a common crystallo-
graphic orientation in a continuous manner. Moreover, the interpla-
nar spacing (4.9 A for {200} planes) of the upper edge is identical to
that of the nether edge, as evidenced in Fig. 1N and further con-
firmed by the FFT patterns in Fig. 10. These observations further
prove the single crystal-like feature of the 3D NAFSs, in line with
the SAED result (Fig. 1H) and our related inference above. There-
fore, each KCoFe-1 frame-like structure could be regarded as a
supercrystal formed from the ordered assembly of small NCB single
crystals via a face-to-face ({100} facets) OA arrangement.

Formation process and mechanism of the NAFSs

To obtain a direct observation of the evolution for the unique KCoFe-1
NAFSs, we monitor reaction products at different stages. We observe
that truncated nanocubes (NCs) around 250 nm in size form in 5 s
(Fig. 2A). Further characterization reveals that these uniform NCs are
Co-Fe PBA single crystals with the fcc structure (a = 10.10 A) and are
dominated by {100} facets (atomic ratio of K/Co/Fe = 0.07:1:0.67,
hereafter denoted as KCoFe-2) (fig. S4). As the reaction time reaches
2 hours, small NPs preferentially form on the edges and corners of
the NCs. However, these NPs cannot be easily defined as cuboid in
shape or well detected as the KCoFe-1 phase until the reaction time
reaches 6 hours, as revealed by related FESEM images (Fig. 2A)
and XRD patterns (fig. S5). Most of the NCBs are still discretely distrib-
uted on the NCs as satellites at this stage. They then would arrange in an
orderly way one by one on each edge of the NCs after reaction for 9
hours (Fig. 2A and fig. S6). From the FESEM images of the intermediate
at 18 hours, we find that the attachment of the NCBs results in a cubic
frame-like structure by taking advantage of the NC core template. Si-
multaneously, these cores gradually dissolve, leaving cavities and holes
in the central regions of these core@satellite superstructures. As the
reaction time goes to 36 hours, the complete removal of the KCoFe-2
core eventually leads to the formation of 3D NAFSs with a pure
KCoFe-1 phase (Fig. 2A and fig. S5). On the basis of the foregoing
observations, the following points are crucial for us to disclose the
formation mechanism of the NAFSs and thus appealing for further
investigation.

First, why does the KCoFe-1 form only on selected regions of the
KCoFe-2 NCs? Control experiments reveal that trisodium citrate should
play a significant role here by controlling the reaction kinetics (table S1). It
could promote the formation of cobalt-citrate complexes in aqueous so-
lution, which adjusts the release of cobalt ions from the complexes and
thus the precipitation rate of the Co-Fe PBA. In addition, citrate ions
might selectively cap on the {100} facets of the Co-Fe PBA as the
shape-directing agent, facilitating the formation of {100}-dominated
NCs. This role might be similar to that of bromide ions for the formation
of palladium NCs (51). Thus, a proper amount of trisodium citrate is of
importance for obtaining the desired template, meaning an amount that
could lead to the formation of the cube-like template with passivated side
faces and exposed truncated edges and corners that are highly reactive.
Note that the size of the NCs hardly changes after they form (in 5 s)
when only about one-third amount of K;[Fe(CN)g] is added into the re-
action system. Therefore, a site-selected deposition of the remaining re-
actants on those reactive regions of the NCs can be expected (stage I in
Fig. 2B). As a consequence, we can observe that the KCoFe-1 NPs form
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100 nm ! 500nm : NCB-2

Fig. 1. Discrete frame-like superstructures of Co-Fe PBA assembled from the attachment of NCBs. (A) FESEM images of the KCoFe-1 NAFSs. Inset: A magnified
FESEM image displays a single NAFS. Schematic models of a NAFS from three orientations (B to D), and their corresponding TEM images (E to G) and SAED
patterns (H to J) from different zones. The spots located on each ring in (H) to (J) (semirings are marked by blue dots) represent those families of lattice planes
with the same interplanar spacing (from the inner to outer ring): {200}, {022}, {400}, {024}, and {600} in (H); {200}, {220}, {222}, {400}, and {600} in (I); and {220}, {440}, and {660} in
(J). (K to M) HRTEM images of the white square shown in (E) to (G), respectively. Interplanar spacing of 4.9 and 3.5 A represents {200} and {220} planes, respectively. Insets:
Corresponding FFT images. (N) HRTEM image of a part of two separate edges within a NAFS (marked by a red rectangle) in (E). The dashed line delineates the boundary profile
of the upper edge (high contrast on the left) from the nether one (lower contrast on the right). The left arrow reveals the attachment interface between NCB-1 and NCB-2 on
the upper edge, whereas the right one reveals that of NCB-3 and NCB-4 on the nether edge. The squares display continuous lattice fringes across the region around the
attachment interface of the adjacent NCBs. (O) FFT images from the three squares shown in (N).
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Fig. 2. Formation process and mechanism of the KCoFe-1 NAFSs. (A) FESEM images of the samples obtained at 5 s and 2, 6, 9, 18, and 36 hours of the reaction
process, showing the morphological change from NCs to NAFSs. (B) Schematic illustration of the formation mechanism of a NAFS, in which four stages were involved: |, site-
selected deposition; Il, the formation of the new KCoFe-1 phase; lll, epitaxial growth of the NCBs; IV, core@satellite superstructure transform to NAFS. (C) Mechanism of the
hydroxyl-potassium ion insertion triggered PCET. (D) Ordered arrangement of NCBs on three orthogonal edges of the core@satellite superstructure in (B) (marked by black
dashed lines). (E) Two types of outcome from the OA of adjacent NCBs: type |, neck attaching; type II, total integration.
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restrictedly in these regions and grow into a frame rather than a shell
structure.

Second, what is the origin for the generation of the new phase
(KCoFe-1) in the presence of a preformed phase (KCoFe-2) in a one-
pot synthesis? We obtain some useful clues by comparing the structure
of the initially formed KCoFe-2 phase and the newly generated
KCoFe-1 phase. The K proportion in the KCoFe-1 phase is conspicuously
higher than that in the KCoFe-2 phase, that is, 0.67 versus 0.07 (atomic
ratio to Co), as revealed by the EDX mentioned before. This difference is
also evident in the elemental mapping of a typical core@satellite super-
structure (fig. S7). Also, the shift of the peaks in XRD patterns indicates a
cell parameter contraction of the KCoFe-1 phase (9.82 A) relative to the
KCoFe-2 phase (10.10 A) (fig. S5). Such a contraction is observed in Co-Fe
PBAs when Co™=-N=C-Fe! is transformed to Co™-N=C-Fe'! (46). Fourier
transform infrared (FTIR) spectra further prove this transformation
(fig. S8). Compared with the KCoFe-2 phase, we observe a significant
decrease of the v (CN) peak for Co"-N=C-Fe™ and the emergence of a
new strong v (CN) peak for Co™-N=C-Fe" in the KCoFe-1 phase (table S2).
Note that we use Co(II)- and Fe(III)-based compounds as the reactants,
which means that the intramolecular electron transfer from Co" to Fe'"
sites occurs after the generation of Co"-N=C-Fe" molecules. Hydroxyl
ions are also detected in the KCoFe-1 phase by the FTIR measurement.
These observations allow us to propose a formation mechanism for the
KCoFe-1 phase (stage II in Fig. 2B): Hydroxyl-potassium ion insertion
triggered proton-coupled electron transfer (PCET) (52), as shown in
Fig. 2C. As the local concentration of K" ions in the solution increases
with the addition of the remaining K3[Fe(CN)g4], K" ions would migrate
into the nanoporous framework of the Co-Fe PBA deposition on the
edges and corners of the NCs, driven by the concentration gradient.
Synchronously, the hydroxyl ions provided from hydrolysis of trisodium
citrate would also transport into the framework as the charge-balance
counterions of the K* ions. PBA frameworks are well known for
containing water molecules in terms of zeolitic water and ligand water
(coordinate to the Co sites in our work). Hydroxyl ions in the pore chan-
nels could attack the H atoms of the weakly acidic ligand water molecules
bound to the Co" species, which would reinforce the H,O to Co™ ¢ do-
nation and thus lower the Co™/Co™ redox potential (46). Moreover, the
insertion of K" ions might also decrease the Co™'/Co" redox potential
while increasing the Fe'"'/Fe' potential by interacting with the cyanide spe-
cies (47). These two factors could trigger the electron transfer from Co" to
Fe'' sites through the cyanide bridges. The oxidation of Co sites would
enhance the acidity of their ligand water and cause the deportonation re-
action, forming zeolitic water molecules with the neighboring hydroxyl
ions. The Co-H,O sites act at the same time both as electron donor toward
the Fe” sites (electron acceptors) and as proton donor toward the hydrox-
yl ions (proton acceptors). This type of electron transfer in PBAs which is
mediated by chemical modification (specifically, ion insertion) has been
reported before (46, 53), and is distinct from other means using external
stimuli, such as photoradiation (44), temperature (48), and pressure (49).

Third, how do the NCBs assemble into single crystal-like super-
structures? It is well reported that core-shell nanostructures of PBAs
can be synthesized via epitaxial growth (54, 55). Here, the relatively small
lattice mismatch between KCoFe-1 and KCoFe-2 (2.64, 2.63, and 2.71%
for the {100}, {110}, and {111} planes, respectively) encourages us to hy-
pothesize an epitaxial growth process for the KCoFe-1 phase. As verified
by TEM and SAED results, the morphological and crystallographic
alignments (fig. S9A) of the KCoFe-2 NC and the KCoFe-1 NCBs
support our hypothesis above. The cube-based shape of the NCBs indi-
cates that the growth of different crystal planes is also manipulated by
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the citrate ions, leading to the formation of {100}-dominated NCBs
similar to the KCoFe-2 NCs. Here, the epitaxial growth enables the
immobilization of these NCBs on the NCs and thus markedly con-
strains the movement and rotation freedom of the NCBs (stage III
in Fig. 2B). Because of the confined growth on the NC template, anchored
NCBs can achieve in situ assembly spontaneously on each edge of the
NC once they form (Fig. 2D). As a result, all NCBs are directed with
the <100> zone axis along the edges and ready for subsequent attach-
ment, although some spatial misalignment may exist (fig. S3). As the
reaction proceeds, a classical coarsening mechanism would favor the
growth of each single NCB via the addition of ions or molecules to
particle surfaces from the reaction solution. When the NCBs grow
to be close enough to each other, the confined assembly would regu-
late these prealigned NCB satellites into a cubic frame-like structure
by OA. A further coarsening could extend the fusing interface of the
as-attached NCBs to make a robust architecture. However, this pro-
cess is limited by the low temperature (35°C), resulting in a partial
coalescence of the NCB building blocks (“type I” in Fig. 2E and re-
vealed in Fig. IN). Note that the core NCs form quickly at the very
beginning of the reaction and thus have many defects that make them
weak and “soft,” and cause them to gradually dissolve during the pro-
cess (55), which transforms the core@satellite superstructures to the
NAFSs (stage IV in Fig. 2B). Apparently, the frame-like structures
would be loose and easily collapse into free-floating NCBs if there is
no attachment involved. Moreover, we observe that an OA event leads
to the fusion of the nearly full interface of two small NCBs (fig. S9B).
An integral larger NCB is expected if these two small NCBs could
undergo further attachment and coarsening. This observation indicates
that some of the NCBs in the NAFSs could be grown from relatively
small NCBs found in the intermediates (for example, obtained at 6 hours)
by the OA and subsequent coarsening process (“type II” in Fig. 2E). In a
general process for OA, the NPs need to continuously diffuse into suffi-
cient proximity by means of Brownian motion and then rotate to find an
optimum configuration before enduring attachment takes place (19). Our
assembly strategy bypasses these conventional steps. More specifically, the
“optimum configuration” in the present system is achieved instead in a
template-assisted manner. The NC templates serve as the substrates for
the epitaxial growth of the NCBs, thus offering intrinsic crystallographic
alignment of the NCBs when they are initially formed. Subsequently, the
additive and crystal structure-dependent coarsening process renders a
cube-based shape for the NCBs as they grow further. Besides, the growth
of the NCBs would be restricted because they have been anchored on
the oriented edges of the NCs. The anisotropy of the NCs prevents
the random growth of the NCBs and guarantees the growth of these
NCBs along the initial crystallographic orientation (<100> direction),
followed by attachment via their prealigned {100} facets. Therefore,
the pathway of this OA assembly is quite different from those using
free-floating NPs in solution (19, 25, 26). We also expect a gradual de-
tachment of the capping molecules on the bonding regions when the
attachment of NCBs starts (25).

Supramolecular chemistry-inspired design principle for
OA-involved NP assembly

An early survey has provided us a hint from the growth kinetics point
of view that the OA process has “molecule-like” features, in which the
nanocrystal growth via OA behaves as the collision and reaction be-
tween molecules (56). Here, we notice that the topological structure of
our assembled superstructures is similar to that of the proposed MgL;,
supramolecular cubes. This motivates us to learn from the supramolecular
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chemistry (from a spatial layout perspective) to attempt to obtain better
insight into the role of the anisotropy of NPs and their OA in governing
the motifs of the final architectures. A typical example of a 3D molecule
assembly of MgL,, supramolecular cube is given by Roche et al. (57), as
illustrated in Fig. 3A. When [Ru([9]ane-S;)CL(DMSO)]** is combined
with 4,4’-bipyridine (bpy), the chlorides and dimethyl sulfoxide
(DMSO) ligands are displaced. The capping nature of the [9]ane-S; lig-
and endows availability of the remaining three binding sites in the oc-
tahedral Ru coordination environment for occupation by incoming
ligands. Thus, this Ru-based compound can be considered as a “trito-
pic” building block, where the bond angles hold at 90° with respect to
one another. Similarly, the 4,4’-bpy linker can be regarded as a linear
“ditopic” building block because its two lone pairs of electrons are 180°
apart and ready for donating. The vector of the M-L bond is simply
from the ligand to the metal, collinear with both the coordination vector
of the metal-based center and the linker. Consequently, thermody-
namics of the system delivers the favored 3D supramolecular cubic
cage from 8 tritopic 90° corner units and 12 ditopic linear edge linkers,
following the directional coordination bonding approach. Here, the NP
assembly seems to comply with conceptually similar rules (Fig. 3B).
Specifically, each NCB has a particular shape dominated by six {100}
facets whose normal vectors stand at 90° or 180° with respect to one
another. This configuration enables each NCB to serve as the molecule
equivalent of the metal-based complex or the linear linker for nanoscale
assembly, providing either three (tritopic) or two (ditopic) facets for at-
tachment. As for the bonding manner, the directionality of OA origi-
nated from the high selectivity of facet bonding is quite similar to that in

the coordination bonds. Therefore, the possible attachment angle of the
adjoining NCBs can only be 90° or 180°. In the present system, the OA
of these NCB building blocks leads to the MgL;,-type NAFS, within
which 8 tritopic NCBs locate on the vertexes, whereas 12 ditopic NCBs
stretch as the edges of the cubic frame.

Inspired by the concept of “symmetry-interaction self-assembly”
in supramolecular chemistry (30, 31), we propose here that the
symmetry from the morphological anisotropy of the NPs might serve
as the cornerstone in the design principle for the nanoscale assemblies
via OA. This is because the inherent preferences for particular geome-
tries and highly directional binding motifs (dipole-induced electrostatic
interaction) are “encoded” in certain NPs depending on the crystal sys-
tem (58, 59); these moieties help control the way in which the building
blocks assemble into well-defined discrete superstructures. Although the
use of the symmetry interaction has not been exploited well by nano-
scientists, it is nonetheless a potential tool (60) and, in some cases, is
actually used without notice. In the process of OA-involved assembly,
the geometry of the normal vectors to the attachment facets is critical to
defining the symmetry of the NP building blocks. We take the typical
truncated NCs as the building blocks to illustrate the concept for sim-
plicity (Fig. 3C). A truncated cubic NP can be enclosed by 6 {100}, 8
{111}, and 12 {110} facets. The normal vector angle of every two facets
within one family of crystal planes is rigidly fixed, that is, 90° or 180° for
{100} facets; 70.5° 109.5° or 180° for {111} facets; and 60° 90°, 120°, or
180° for {110} facets. Thus, the normal vector geometries are octahedron,
cube, and cuboctahedron for {100}, {111}, and {110} facets, respectively.
In general, only one type of facet will be involved in the OA in a certain

( Geometries of building blocks N\ Bonding manner 3D assembly approach
A >
S
S, | N N\ 7/ \ —
‘Ru’ \ / N ’ -
4 | N~ — ‘ e
Y 11 11 | I
Molecules L 8 + 12 . '
assembly _— /1& T —) I ‘
< > ——— V
«— L —
Octahedral Coordination bond L .
metal-based complex Linear linker (covalent) Tritopic Ditopic ML, cube
B
P
3D
NPs “ > ‘ —
ey - ﬁ ’ G t i
L {100}-dominated NCB )| Oriented attachment | Tritopic Ditopic M,L, -type NAFS
C
@ {100} facets -Vector geometry: - Vector geometry: - Vector geometry:
octahedron cube \ cuboctahedron
R 1,')]
Q {111} facets - Maximum facets for - Maximum facets for - Maximum facets for
attachment: 6 attachment: 8 attachment: 12
\_ {110} facets -Angles between vectors: -Angles between vectors: -Angles between vectors:

90°, 180°

70.5° 105.5°, 180° 60°,90° 120°, 180°

Fig. 3. Schematic illustration of the analogy of 3D assembly from molecules and NPs. (A) Assembly of a typical MgL,, supramolecular cube from the directional
coordination bonding of specific molecules. Red arrows represent the coordination vectors. (B) Assembly of an MgL,,-type NAFS from the OA of anisotropic NPs. Red
arrows represent the normal vectors to the {100} facets. Red polygons represent the facets of NCB for attachment. (C) Features of diverse types of facets of a typical
truncated NC for the OA-involved assembly. Arrows represent normal vectors to the corresponding facets. Colored polyhedra outside the NC represent the normal

vector geometries of the relevant facets.
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system, and the OA takes place along the direction parallel to the normal
vectors of the attachment facets. The number of facets on a certain NC
that participated in the attachment can theoretically be in the range of
1 to 6 for {100} facets, 1 to 8 for {111} facets, and 1 to 12 for {110} facets.
On the basis of these habits encoded in the NCs, we generalize some
guidelines from the relationship among five elements—the type of at-
tachment facets, attachment angle, normal vector geometry, number
of attachment facets of a certain NP, and possible attachment motif
(symmetry)—for the cubic system (table S3). For a certain NC, the
attachment angle for the incoming NCs is predictable if the type of at-
tachment facet is given and vice versa. Meanwhile, the short-range at-
tachment geometries of NCs can be diverse and predicted as well
because they are located at different positions of the ensembles where
a particular number of the facets for attachment are required. For exam-
ple, the NCBs in the present study serve as both tritopic at the vertexes
and ditopic on the edges, manifesting the versatility of anisotropic NPs as
the building blocks for assembly. One can expect that both linear and
square assemblies could be realized by the attachment of the building
blocks through the {100} facets (26). Furthermore, this relationship allows
us to see that only using {100} facets for OA can guarantee the building
blocks as both 90° tritopic and linear ditopic in one system, which is a
key precondition for facilitating the assembly of cubic superstructures in
this work (Fig. 3B). That is, the cubic geometry of these superstructures
cannot be reached if the NCBs attach to one another through other types
of facets, even in the present template-assisted system. For instance, we
model the OA of {110} facets of NCs and find that a frame-like super-
structure can possibly be acquired but with a cuboctahedral geometry
(fig. S10). Ideally, divergent nanoscale assemblies analogous to the
metal-organic frameworks could be constructed by octahedral hexatopic
and linear ditopic NP building blocks. This relationship also suggests that
a particular entity assembled by this OA-involved strategy should logi-
cally manifest as a geometrical ensemble of all included motifs of the
short-range attachment. A thorough investigation of the PbSe NC
assembly via OA confirms this assertion (25).

Related structures and catalysis of the

frame-like architectures

On further investigation, we find that the average sizes of both the
NAFSs and respective building blocks (NCBs) can be tuned by control-
ling the reaction conditions (fig. S11). Also, that this strategy can be per-
formed at a higher temperature of 80°C (versus 35°C for NAFSs) to
synthesize another type of frame-like/cage-like structure (61). As shown
in Fig. 4A (also see fig. S12), the product is composed of uniform NFs
with an average size of ca. 350 nm. A magnified FESEM image in Fig. 4B
reveals the detailed structure of the NFs. We did not find any footprint
about assembled NCBs within the NFs like those in NAFSs. Instead,
we saw intact edges with a smooth surface and an average thickness of
~115 nm. XRD and EDX results reveal that these NFs are also Co-Fe
PBAs but with a different atomic ratio as K/Co/Fe = 0.97:1:0.84, hereafter
denoted as KCoFe-3 (fig. S13, A and B). As the K proportion (relative to Co
element) increases in the order of KCoFe-2 (0.07), KCoFe-1 (0.67), and
KCoFe-3 (0.97), the color of the corresponding products changes from
red to blue, and then violet due to the violet spectral lines of the potassium
ions (62). The FTIR spectrum of KCoFe-3 NFs is closer to that of the
KCoFe-1 NAFSs compared to that of the KCoFe-2 NCs (fig. S13C and
table S2). Time-dependent experiments (fig. S14) verify that the NFs are
formed by a very similar mechanism to that of the NAFSs (Fig. 2B). In
addition, the higher temperature offers more energy that drives the post-
crystallization of the as-attached NCBs by a higher degree of supple-
mentary crystal growth and interparticle ripening in the coarsening
process, which leads to the complete coalescence of all these building
blocks into the final NF architecture. TEM images (Fig. 4, C and D)
further confirm the open structure of the NFs and their integrity
throughout the edges, in line with the FESEM images. As expected, a
typical NF (Fig. 4D) is displayed as a high-quality single crystal, as dem-
onstrated in the SAED pattern in Fig. 4E. Moreover, the HRTEM image
in Fig. 4F reveals clear lattice fringes, implying the high crystallinity of
the NF. The interplanar spacing is ca. 5.0 A, which can be assigned to
{200} planes, consistent with the SAED analysis (Fig. 4E).

(A and B) FESEM images. Inset of (B) is a schematic model of the NF. (C and

D) TEM images. (E) SAED pattern. (F) HRTEM image and the corresponding FFT image (inset).
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Fig. 5. Morphology and structural characterization of Co-Fe PBA-derived
composites. (A to C) FESEM (A) and TEM (B and C) images of Co-Fe mixed oxides
derived from KCoFe-1 NAFSs. Arrows show the interparticle interfaces within the
NAFSs. (D to F) FESEM (D) and TEM (E and F) images of Co-Fe mixed oxides
derived from KCoFe-3 NFs. The details of the edges of the frame-like structures
in the left column of (B), (C), (E), and (F) (red dashed squares) are displayed in the
right column.

OER is an important half reaction in electrochemical water splitting.
In practice, however, the high overpotential caused by sluggish OER
markedly diminishes the overall energy efficiency of the water splitting.
Therefore, catalysts are always required to lower the activation energy
and enhance conversion rate. Because of their high activity, low cost,
and earth-abundant storage, transition metal oxides have been
considered as promising catalysts for OER and well developed in the
past few years (43, 63, 64). Here, we convert the KCoFe-1 NAFSs and
KCoFe-3 NFs to Co-Fe oxides by simple annealing in air at 350°C for 2
hours. XRD analysis shows that the oxide products are composites com-
posed mainly of Co;0,4, CoFe,O4, and K,CoOj; for both of the derived
samples (fig. S15). We observed that the as-prepared Co-Fe oxides re-
tain the uniform 3D cubic frame-like structures of their precursors well
but with rougher surfaces (Fig. 5, A and D, and fig. $16). TEM images
further indicate that these frame-like structures are porous and com-
posed of very small NPs (Fig. 5, B, C, E, and F). Notably, the interface
of the particles can still be seen in the structures derived from KCoFe-
1 NAFSs, demonstrating that these ensembles could also be regarded as
superstructures constructed by small Co-Fe oxide NCBs (Fig. 5, A to C).
We then evaluate the feasibility of using both the NAFSs and NFs of
Co-Fe oxides as electrocatalysts for OER. We conduct the measurements
in a standard three-electrode system in 1.0 M KOH electrolyte. Figure 6A
shows the linear sweep voltammetry (LSV) curves for OER. To reach a
current density of 10 mA cm ™2, which is a common criterion to evaluate
the OER activity, the Co-Fe oxide NAFSs need a potential of 1.57 V
corresponding to an overpotential of 0.34 V, whereas the NFs require
an overpotential of 0.35 V. These values are comparable with those ad-

Nai et al., Sci. Adv. 2017;3:e1700732 23 August 2017

1001 —— NAFSs B 0364 ----NAFSs
— NFs =---NFs
804 w 0341 61 mV dec'
& E oA
E 60 . P
2 £ 0324 o
E 401 < - 57 mV dec”!
= = -
- 0.30 -
201 10mAcm L
"""""""""""""""""""""""""" 0.28
O_
12 13 14 15 16 17 00 02 04 06 08 1.0
E (V) vs. RHE Log [j(mA cm’z)]
C 30
—— NAFSs E@j=10mAcm™

254 — NFs
w o i
IQE:_ 2.0 ~7% increase
M.
= 159
w

1.04

0.5 T

0 2 4 6 8
t (hours)

Fig. 6. Electrocatalytic oxygen evolution on Co-Fe mixed oxides. (A) LSV
curves of NAFS and NF catalysts. (B) Tafel slopes of NAFS and NF catalysts.
RHE, reversible hydrogen electrode. (C) CP response of NAFS and NF catalysts

at the current density of 10 mA cm™.

vanced electrocatalysts based on transition metal oxides (table S4),
which indicates that the Co-Fe oxide NAFSs and NFs have high electro-
catalytic activity toward OER. From the Tafel plots (Fig. 6B), the NAFSs
and NFs exhibit a Tafel slope of 57 and 61 mV dec ™", respectively, sug-
gesting the enhanced kinetics for the NAFSs. Note that the “gaps” ob-
served at the particle interface of the Co-Fe oxide NAFSs might provide
a larger electrochemical active surface area (ECSA) than that of the
Co-Fe oxide NFs (fig. S17), suggesting that the improved electrocatalytic
activity of the former should come from a larger ECSA. In addition to
the activity, the stability of the catalysts is also crucial for their practical
applications. As seen from the chronopotentiometry (CP) curves in
Fig. 6C, the NFs could maintain the current density of 10 mA cm™>
for 5.7 hours with only ~7% increase required for the potential,
whereas the NAFSs could even last for 8.6 hours with the same
potential increase.

DISCUSSION

In summary, we have successfully developed a synthetic strategy to
create discrete 3D assemblies with highly open structure from NPs.
The combination of the template-mediated epitaxial growth, confined
assembly, and the OA mechanism in this strategy opens an avenue
that promises access to the unique frame- or cage-like superstructures.
As a demonstration, we successfully synthesized Co-Fe PBA NAFSs,
which extends both the diversity of the NP building blocks and the en-
semble motifs. We have also elucidated how to seize the symmetry
features that are intrinsically encoded in the shape of the building blocks
as the design principle. The present work provides fundamental insights
into directional bonding among NPs, which mimics directional molec-
ular assembly, and also adds to the growing body of knowledge for
assembling superstructures with anisotropic building blocks. Fur-
thermore, we have demonstrated that high-quality single-crystal
Co-Fe PBA NFs can be obtained by this strategy. To demonstrate
the practical application, we converted both NAFSs and NFs of Co-
Fe PBA into corresponding Co-Fe mixed oxides with little alteration
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in structure. These NAFSs and NFs of Co-Fe oxides exhibit excellent
electrocatalytic activity for the OER with an overpotential of about 0.34 V
to reach the current density of 10 mA cm™>.

MATERIALS AND METHODS

Synthesis of Co-Fe PBA NAFSs and NFs with an average
size of 350 nm

In a typical synthesis of Co-Fe PBA NAFSs, 0.15 g of cobalt(II) ac-
etate tetrahydrate and 0.147 g of trisodium citrate dihydrate were
dissolved in 40 ml of deionized (DI) water to form solution A. Potas-
sium hexacyanoferrate(III) (0.132 g) was dissolved in 60 ml of DI water
to form solution B. Then, solution B was added into solution A under
magnetic stirring in 15 s. After continuous stirring for 1 min, the ob-
tained mixed solution was aged at 35°C for 36 hours. The precipitate
was collected by centrifugation, washed with DI water and ethanol, and
dried at 70°C overnight. Co-Fe PBA NFs were obtained by a similar
procedure except that they were aged at 80°C for 6 hours.

Synthesis of Co-Fe PBA NAFSs with an average

size of 600 nm

In a typical synthesis, 0.15 g of cobalt(Il) acetate tetrahydrate and
0.221 g of trisodium citrate dihydrate were dissolved in 40 ml of DI
water to form solution A. Potassium hexacyanoferrate(II) (0.132 g)
was dissolved in 60 ml of DI water to form solution B. Then, solution
B was added into solution A under magnetic stirring in 15 s. After
continuous stirring for 1 min, the obtained mixed solution was aged
at 35°C for 36 hours. The precipitate was collected by centrifugation,
washed with DI water and ethanol, and dried at 70°C overnight.

Synthesis of Co-Fe PBA NAFSs with an average

size of 200 nm

In a typical synthesis, 0.15 g of cobalt(Il) acetate tetrahydrate and
0.147 g of trisodium citrate dihydrate were dissolved in 20 ml of DI
water to form solution A. Potassium hexacyanoferrate(III) (0.100 g)
was dissolved in 30 ml of DI water to form solution B. Then, solution
B was added into solution A under magnetic stirring in 15 s. After
continuous stirring for 1 min, the obtained mixed solution was aged
at 35°C for 18 hours. The precipitate was collected by centrifugation,
washed with DI water and ethanol, and dried at 70°C overnight.

Synthesis of Co-Fe mixed oxides

In a typical synthesis, both the as-prepared Co-Fe PBA NAFSs and
NFs were annealed in a muffle furnace at 350°C for 2 hours with a
heating rate of 2°C min~" in air.

Materials characterization

XRD patterns were collected on a Bruker D2 Phaser x-ray diffrac-
tometer with Ni-filtered Cu K, radiation (A = 1.5406 A) at a voltage
of 30 kV and a current of 10 mA. The morphology and structure of
the products were characterized using FESEM (JEOL, JSM-6700F)
and TEM (JEOL, JEM-1400/JEM-2010) equipped with EDX. FTIR
spectra were collected by PerkinElmer FTIR spectrometers.

Electrochemical measurements

We first conducted a RHE calibration. We used a Pt sheet, a Pt wire, and
a Ag/AgCl electrode as the working electrode, counter electrode, and
reference electrode, respectively. For all the electrochemical measure-
ments, an aqueous solution of 1.0 M KOH was used as the electrolyte.
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Before calibration, the solution was bubbled with hydrogen for 0.5 hour
to obtain a hydrogen-saturated electrolyte. Cyclic voltammetry was re-
corded at a scan rate of 2.0 mV s~ (fig. S18). The average of the two
potentials, where the current crossed zero, was taken to be the thermo-
dynamic potential for the hydrogen electrode reactions. All the po-
tentials shown in our tests were calibrated and transformed to RHE:
Ewrug) = E(ag/agen + 0.977 V. For the OER measurement, 2.0 mg of
catalysts (for example, Co-Fe mixed oxide NAFSs) was dispersed in
700 pl of DI water, 268 ul of ethanol, and 32 ul of 5 weight % Nafion
solution to form a homogeneous ink. For fabrication of the working elec-
trodes, 10 pl of catalyst inks was loaded onto a 5-mm-diameter glassy
carbon rotating disk electrode (loading amount was about 0.1 mg cm ™).
Then, the electrode was dried at room temperature. The electrochemical
studies were carried out in a standard three-electrode system using a
Pt wire and a Ag/AgCl electrode as the counter and reference electrode,
respectively (controlled by a Pine Instruments electrochemistry workstation).
N, was used to purge the solution to achieve a N,-saturated condition,
while the working electrode was continuously rotated at 1600 rpm to get
rid of the oxygen bubbles. LSV was carried out at 5.0 mV s~ for the
polarization curves and 0.1 mV s™' for Tafel plots. All polarization
curves were corrected with iR compensation.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/8/e1700732/DC1

fig. S1. Characterization of the KCoFe-1 NAFSs.

fig. S2. Overview FESEM image of the KCoFe-1 NAFSs.

fig. S3. FESEM images of two NAFSs.

fig. S4. Characterization of the KCoFe-2 NCs.

fig. S5. XRD patterns of different samples.

fig. S6. FESEM image of the product obtained at 9 hours of the reaction process.

fig. S7. TEM and EDX mapping images of a typical core@satellite superstructure.

fig. S8. FTIR spectra of different samples.

fig. S9. TEM and HRTEM images of a typical core@satellite superstructure.

fig. S10. Model of the cuboctahedral frame-like superstructure.

fig. S11. Characterization of the NAFSs with different sizes.

fig. S12. Overview FESEM image of the KCoFe-3 NFs.

fig. S13. Characterization of the KCoFe-3 NFs.

fig. S14. FESEM images of the samples obtained from different stages of the growth of NFs.
fig. S15. XRD patterns of the samples derived from KCoFe-1 NAFSs and KCoFe-3 NFs.

fig. S16. Overview FESEM images of the Co-Fe oxide composites.

fig. S17. Estimation of the ECSA of the catalysts.

fig. S18. Reference electrode calibration in 1.0 M KOH solution.

table S1. Observations from the FESEM images for different samples.

table S2. FTIR peak positions of the samples of KCoFe-1, KCoFe-2, and KCoFe-3 and their
assignment.

table S3. Some typical examples of the relationship of the type of attachment facets,
attachment angle, normal vector geometry, the number of attachment facet of a certain NP,
and possible attachment motif (symmetry) in a cubic system.

table S4. Comparison of Co-Fe mixed oxide NAFSs and NFs prepared in this work with some
recently reported transition metal oxide-based catalysts.
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