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Abstract: While bottom-up syntheses of ordered nanostruc-
tured materials at colloidal length scales have been successful
at producing close-packed materials, it is more challenging to
synthesize non-close-packed (ncp) structures. Here, a metal
oxide nanostructure with ncp hollow sphere arrays was
synthesized by combining a polymeric colloidal crystal tem-
plate (CCT) with a Pechini precursor. The CCT provided
defined confinement through its tetrahedral (T,) and octahe-
dral (O,) voids where the three-dimensionally (3D) ordered,
ncp hollow sphere arrays formed as a result of a crystallization-
induced rearrangement. This nanostructure, consisting of
alternating, interconnected large and small hollow spheres, is
distinct from the inverse opal structures typically generated
from these CCTs. The morphology of the ncp hollow sphere
arrays was retained in pseudomorphic transformations involv-
ing sulfidation and reoxidation cycling despite the segregation
of zinc during these steps.

M acroscopic properties and application-specific perfor-
mance of nanostructured materials are governed by their
compositional heterogeneities and structural features at the
nanoscale.'* To tune such features, various synthesis routes,
such as templating, chemical vapor deposition,”! the Kir-
kendall effect,”! galvanic replacement reactions,” selective
leaching,”®! disassembly and self-reassembly,”! have been
developed. Due to the large surface-to-volume ratios of
nanostructured materials, manipulating the interfaces
involved in the synthesis is crucial to rationally design the
nanostructures and tailor their properties.'” In spite of many
efforts in this direction, it remains challenging to precisely
control morphology and composition on multiple length
scales.
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One approach to manipulate the morphology of nano-
structured materials is through templating methods, including
templating with colloidal crystals.""! With close-packed
CCTs!"” as molds one typically expects to produce the
inverted structure of the original template, keeping the
overall periodic features. For example, with face-centered
cubic (fcc) assemblies of colloidal spheres, the templated
structure is a solid skeleton that surrounds fcc arrays of
spheroidal voids, i.e., an inverse opal. While the assembly of
colloidal systems is a flexible route to prepare close-packed
nanostructures,™ such a method is lacking for their ncp
counterparts.

Ncp hollow sphere arrays are desirable, for example, in
photonic crystal applications for devices including optical
switches, all-optical chips, and light emitting diodes.'"! A
photonic crystal consisting of hollow spheres located at fcc
lattice sites and connected to nearest neighbors by cylindrical
rods can, with a sufficiently high refractive index gradient,
produce multiple large photonic band gaps that are wider
than in the case of analogous close-packed photonic crys-
tals.™ The dielectric contrast needed for band gap formation
is lower in the ncp structure than in related close packed
photonic crystals."®! Hollow sphere arrays are also attractive
because of their large fraction of void spaces where functional
molecules can be loaded and released."”! Such open structures
provide good access to relatively large surfaces, making them
interesting for reactive applications, including sorption and
catalysis.

Fabrication of ncp nanoshells with hollow interiors that
offer increased accessibility typically relies on the use of ncp
templates!'™ or tedious manipulation of colloidal crystals with
nanofabrication techniques such as etching,'” soft lithogra-
phy,?” pulsed laser irradiation,”! nanorobot-assisted assem-
bly,?? and other multi-step procedures.”**! However, ncp
hollow sphere arrays are not expected by direct templating
from a close-packed template. The results presented here are,
therefore, surprising as they establish that through control of
intermolecular interactions between the surface of a polymer-
ic CCT and precursors for a multicomponent oxide, it is
possible to directly template interconnected arrays of ncp
hollow spheres.

Here we demonstrate this new method to fabricate 3D
ordered, ncp hollow sphere arrays using polymeric CCTs in
combination with a Pechini precursor,” and applying it to
a Zn0O-CeO,-Al,0; ternary system. The ncp nanostructure,
which features ordered arrays of alternating, interconnected
large and small hollow spheres, is distinct from the inverse
opal structures typically generated from colloidal crystals."!
When subjected to sulfidation and reoxidation processes, the
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major component in the ncp hollow sphere array, ZnO, can be
sulfidated to ZnS and then oxidized back to ZnO while the
unique architecture is retained, demonstrating the robustness
of this inorganic nanostructure. This method opens up a new
avenue for designing and synthesizing hollow nanostructures
with complex architectures and multiple components that are
potentially suited for photonic, optoelectronic, biological, and
catalytic applications.

The CCT was composed of poly(methyl methacrylate)
(PMMA) spheres assembled into fcc arrays (Figure 1a).
Rather than the expected inverse replica of the close-
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Figure 1. Characterization of the ncp hollow sphere arrays: a) SEM
image of the polymeric CCT. b) SEM image of the hollow sphere
arrays. c) XRD pattern of the hollow sphere arrays and standard line
patterns for ZnO, CeO,, and 0-Al,0;. d) HAADF-STEM image of

a single hollow sphere, and e) atomic resolution image from the
center of the hollow sphere in d showing the individual crystalline
grains. f) Atomic resolution HAADF-STEM images with the corre-
sponding crystal structures overlaid for ZnO and CeO,. g) HAADF-
STEM image and corresponding STEM-EDX elemental maps of the
hollow sphere arrays. The hollow sphere arrays were synthesized from
a Pechini precursor with a Zn/Ce/Al ratio of 6/3/1 using CCTs with
243 nm diameter PMMA spheres.

packed template, here a novel nanostructure of hollow
sphere arrays resulted from the templating synthesis with
a Pechini precursor. The Pechini precursor was prepared from
citric acid (CA), ethylene glycol (EG) and nitrate salts with
a Zn/Ce/Al ratio of 6/3/1 (see Supporting Information). The
SEM and TEM images in Figure 1b and S1 demonstrate that
this structure contains ncp arrays of large and small spheres,
which are periodically arranged and interconnected to form
empty spaces. Figure 1d shows a high-angle-annular dark-
field scanning-TEM (HAADF-STEM) image, which reveals
hollow features of the alternating, interconnected large and
small spheres with outer diameters of ~ 120 nm and 40 nm,
respectively (Figure S1). The higher resolution HAADF-
STEM images in Figure 1e,f show that the spheres consist of
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nanocrystallites with small grain sizes. The Brunauer-
Emmett-Teller (BET) surface areas of the ncp hollow
sphere arrays, calculated from Ar sorption data, are 53—
86 m*g ', depending on the size of templating PMMA spheres
used. The shapes of the adsorption isotherms change as the
voids in the hollow sphere arrays cross the boundary from
mesopores to macropores (> 50 nm, see Figure S2). That the
ncp hollow sphere arrays are uniform over a long range is
further demonstrated by the low magnification SEM images
in Figure S3.

The crystalline components of the hollow sphere arrays
consist mainly of zinc oxide and cerium oxide (Figure 1c). No
peaks from the minor aluminum oxide component are
observed in the XRD pattern. The HAADF-STEM image
and corresponding STEM-EDX elemental maps in Figure 1g
illustrate that the three components are relatively uniformly
distributed in the large and small hollow spheres and
connecting bridges. From a typical set of HAADF-STEM
images of a single sphere of the hollow sphere arrays
(Figure S4), the fractions of Zn, Ce and Al are 27.4%,
13.7% and 2.7 %, respectively, comparable to the theoretical
metal ratio in the precursor (Zn/Ce/Al = 6/3/1).

The Pechini precursor is one of the key factors that dictate
the morphology of the synthesized nanostructures. Tuning of
this precursor can alter the intermolecular interactions with
the surface of the CCT and consequently generate nano-
structures with different morphological features. In particular,
ethylene glycol plays an essential role in obtaining the hollow
sphere arrays (Figure S5). A composition appropriate for
synthesizing the hollow sphere arrays required an EG/CA/
metal ratio of 4/2/1. Reducing the EG content by adjusting the
EG/CA/metal ratio to 2/2/1 gave a product with the inverse
opal structure. In addition, the surface of the CCT matters.
Under otherwise identical conditions, we failed to obtain the
ncp hollow sphere arrays with PMMA spheres having
a negative surface charge. Focusing on CCTs with a positively
charged surface, other morphologies such as cube arrays and
disassembled hollow spheres could be generated if the Zn/Ce/
Al ratio in the Pechini precursor was tuned (Figure S6 and
S7).

To understand how the hollow sphere arrays developed,
we characterized the products formed at various stages of the
synthesis. After the Pechini precursor was infiltrated into the
CCT and heated at 90 °C, a metal-containing polymer network
was formed as a result of the polyesterification between CA
and EG and enveloped the CCT (Figure 2a). Due to the
favorable intermolecular interactions between the precursor
and the CCT surface, the deposited oxide tended to closely
trace the contours of the PMMA spheres and form a con-
formal coating over the surface of the CCT.* Calcination at
310°C removed most of the CCT and the polyester compo-
nents of the Pechini mixture (Figure S8), resulting in a skel-
eton of the inverse replica of the template (Figure 2b). A
TEM image (Figure 2d) reveals that the product at this stage
consisted of alternating large cubes and small tetrapods with
concave surfaces (see also Figure S9). The concave, smooth
surfaces of the intermediate material obtained by calcination
at 310°C indicate that it is composed of homogeneous,
amorphous nanoparticles. This result is consistent with the
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Figure 2. Characterization of products at different stages of the syn-
thesis: a) SEM image of the CCT with the Pechini precursor infiltrated
and heated at 90°C for 24 h. b) SEM image of the sample calcined at
310°C for 6 h. c) XRD patterns of the infiltrated CCT and the product
after calcination at 310°C for 6 h. d) TEM image and the SAED pattern
of the sample after calcination at 310°C for 6 h. ) TEM image and the
SAED pattern of the hollow sphere arrays obtained after calcination at
310°C followed by further calcination at 550°C for 2 h. f) Line scan
plots of the radially averaged SAED patterns confirm the crystallinity of
the hollow sphere arrays upon calcination at 550°C.

amorphous nature of the material revealed by the XRD
pattern (Figure 2¢) and the selected area electron diffraction
(SAED) pattern (Figure 2d inset). Because of its low
crystallinity, the concave surfaces, and associated sharp
corners, the material produced by calcination at 310°C was
not stable against further sintering at higher temperatures,
and calcination at 550°C led to the crystalline hollow sphere
arrays (Figure 2e and Figure 1). The evolution from the
concave cubes to the ballooned hollow spheres occurred
concurrently with the crystallization of the metal oxides as
demonstrated by peaks in radially averaged SAED patterns
(Figure 2 f). This suggests that nucleation at the periphery of
the cubes and high mobility of the amorphous species are
likely key factors enabling this transformation.””!

The hollow sphere arrays were not generated as residual
shells of the templating polymer spheres, but rather in the
interstitial spaces of the CCT. The large hollow spheres (~
120 nm) are much smaller than the PMMA spheres (243 nm),
and the size difference is even greater for the smaller hollow
spheres, making it unlikely that they were derived from
shrunk shells of PMMA spheres. Moreover, it would be
difficult to explain the connectivity of the hollow sphere
arrays if they were formed simply by removal of the PMMA
spheres, as the geometry of the ncp hollow spheres arrays
differs from that of the densely packed CCT. Figure 3a shows
the relationship between the CCT and the hollow sphere
arrays and illustrates that the geometry of the large and small
hollow spheres matches that of the O, and T, voids in the fcc
colloidal crystal. The sizes of the hollow sphere arrays could
be tuned by the size of the PMMA spheres in the CCT.
Hollow sphere arrays with larger sizes (& 160 nm and 60 nm
for the hollow spheres generated in the O, and T, voids) were
prepared with PMMA spheres with an average diameter of
~ 435 nm (Figure S10). Because the periodicity of the hollow
sphere arrays originates from the CCT, any specific features
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Figure 3. Schematic illustration of the structure and formation of the
3D ordered, ncp hollow sphere arrays: a) The relationship between the
CCT and the final hollow sphere arrays viewed along three zone axes of
the CCT. Each of the three pairs depicts on the left the final ncp hollow
sphere array (grey) embedded in the template (red) and on the right
the final array from which the CCT is removed. b) Proposed formation
sequence. The empty space of the CCT is filled by amorphous oxide
(left) and an inverse opal structure is obtained upon removal of the
template (middle). Upon crystallization the inverse opal oxide is
transformed to a ncp hollow sphere array (right).

of the template, including defects, could also be inherited
(Figure S3), implying that ncp hollow sphere arrays of
different connectivity should be possible if a template with
another symmetry were employed.

Based on the above discussion, the microstructural
evolution sequence leading to the formation of this novel
hierarchical nanostructure is illustrated in Figure 3b. The
CCT provides confinement through its Ty and Oy, voids which
are infiltrated with the metal-containing precursor. When the
CCT is removed by calcination at 310°C, an amorphous
skeleton consisting of interconnected cubes with concave
surfaces is generated, with a morphology typically associated
with surface templating."'* Open windows, originating from
contact between adjacent PMMA spheres, become enlarged
due to the densification of the metal-containing precursor.
Upon further calcination at 550°C, crystallization-induced
rearrangements transform the interconnected, concave cubes
into ballooned spheres of the same connectivity, leading to the
formation of the ncp hollow sphere arrays.

Ncp hollow sphere arrays with well-defined morphology
and specific placement of component species open up a new
perspective for applications in catalysis, adsorption, optical
and electrochemical devices, and as precursors to other
nanostructures.”! Engineering the compositional heteroge-
neities and morphological features at the nanometer length
scales can improve, for example, the optoelectronic proper-
ties.”) Although the ncp hollow sphere structure obtained
here is desirable for photonic crystals,™ the refractive index
contrast obtained with these oxides is too low to expect
photonic band gaps. We therefore did not pursue a photonic
application here. Instead we employed these materials as
sorbents for H,S removal from low sulfur gas streams and
observed interesting pseudomorphic transformations.

To showcase the robustness of the produced nanostruc-
ture against chemical transformations, we exposed it to H,S to
transform the ZnO component to ZnS. This was followed by
oxygen treatment to convert ZnS back to ZnO. The SEM and
TEM images in Figures 4a—c and S11 demonstrate that the
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Figure 4. Morphology and microstructure evolution of the hollow
sphere arrays during sulfidation and regeneration: a—c) SEM images of
the hollow sphere arrays before sulfidation, after sulfidation, and after
regeneration, respectively. d—f) STEM-EDX elemental maps showing
the locations of Zn and Ce in a single hollow sphere before sulfidation,
after sulfidation and after regeneration, respectively. g) XRD patterns
of fresh, sulfidated, and regenerated hollow sphere arrays.

overall morphology of the hollow sphere arrays was main-
tained after sulfidation and even after oxidation despite
changes in the elemental distribution and texture. The
elemental maps in Figure 4d,f show a comparison of the
locations of Zn and Ce inside a single hollow sphere. Initially,
all elements were uniformly distributed (Figure lg and
Figure 4d), but after sulfidation, the components became
segregated. Zn moved outward after sulfidation, forming an
outermost layer that encompassed the Ce species. During
sulfidation, it is possible that outward diffusion of Zn was
faster compared with inward diffusion of S, resulting in an
enrichment of Zn at the outermost part of the hollow spheres.
The XRD patterns obtained from these samples (Figures 4¢
and S12) indicate that wurtzite ZnS was the primary product
after sulfidation. Because CeO, has a lower thermodynamic
preference for reaction with H,S than ZnO does,*” CeO, did
not participate in the sulfidation. Upon oxidation, the
wurtzite ZnS was transformed to ZnO. Qualitative inspection
of XRD peak broadening indicates that CeO, crystals
experienced grain growth while ZnO crystallites became
smaller compared to the original oxides before sulfidation.
Sintering of micro-sized CeO, typically requires a higher
temperature,®!! but the initial crystallites here are small
(< 10 nm) and the presence of a transition metal may enhance
the sintering of CeO,.’”! After oxidation, CeQ, is still evenly
distributed. In the case of ZnO, the decrease in peak
intensities is possibly because of decreased crystallite size or
partial loss of crystallinity. As a result of the Kirkendall
effect,” the zinc species migrated during sulfidation and
formed the sulfidated products at the outer layer of the
hollow spheres, which may consist of zinc sulfides with small

www.angewandte.org

Communications

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

Chemie

Internatic

grains. Consequently, the regeneration carried out in an
oxidative atmosphere could possibly generate oxide crystals
with a size smaller than the initial one. Despite these local
rearrangements, the hollow sphere array morphology was
retained. The chemical composition and elemental distribu-
tion, at the resolution of the STEM-EDX (ca. 1 nm), were
identical for different subunits of the ncp hollow sphere arrays
even after sulfidation and partial regeneration (Figure S13).
The ability to retain overall connectivity, order, and hollow
sphere morphology, despite drastic consecutive changes in
composition and crystal structure, may enable uses as reactive
adsorbents, catalysts and as precursors to other functional
nanostructures.

In summary, we present a novel strategy toward a com-
plex, 3D ordered nanostructure featuring ncp hollow sphere
arrays and demonstrate its pseudomorphic transformation
from an oxide to a partial sulfide composition and back to the
oxide, with a redistribution of metal components during the
transformation. The synthesis of this unique architecture
involved a polymeric colloidal crystal as the single template,
which provided defined confinement through its Ty and O,
voids where the 3D ordered, ncp hollow sphere arrays
developed through a remarkable crystallization-induced
transformation of concave cubes to hollow spheres. This
connected structure was retained when the ZnO portion of
the hollow sphere arrays was transformed to ZnS and then
back to ZnO. These approaches provide new tools for
synthesizing nanostructures with complex architecture and
composition.
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