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As technological advancements in electronic, biomedical,
optical and magnetic applications demand novel func-

tional materials with vastly enhanced and diversified properties,
hybrid inorganic−organic nanocomposites have become a fast
growing area of materials science research.1 Nanocomposites
demonstrate superior properties to their bulk material counter-
parts due to the unique characteristics of the individual
nanoscale building blocks, and their synergistic interactions
with the organic phase. The overall material performance
depends on the structure of the interfacial layer between the
organic and inorganic components and the three-dimensional
(3D) organization of the material across multiple length scales.
Development of a systematic approach to investigate the effect
of microscale architecture on the macroscale properties of
nanocomposites is interesting for numerous reasons. First, the
introduction of 3D architecture provides an opportunity to
impart unique characteristics to materials such as special
deformation patterns,2 negative Poisson's ratio,3 negative
thermal expansion,4 controlled biological interactions,5 and
mass transport properties.6,7 Second, it creates opportunities for
new practical applications by allowing unusual combinations of
properties that previously have not been achieved, as
exemplified, for example, by the well-known Ashby diagrams.8

Third, it aids in bridging the gap between nanoscale materials
and macroscale applications, as is currently one of the most
significant challenges in material science. Finally, while
computational predictions of unique properties of 3D
topological structures are quite abundant, actual methods for
fabrication of controlled 3D architecture are quite limited and
often restricted to multistep adaptations of 2D processes that
introduce structural restrictions, are time-consuming, and
require expensive hardware.
Most 3D fabrication case studies have been carried out on

materials sculpted by photolithography, folding of planar
materials, and direct 3D lithography9−13 or serial alternatives
including free-form fabrication,14 micromachining,15 and direct-
write with colloidal dispersions.16,17 A lot of success has been
achieved in this area aimed predominantly toward applications
in medicine and electronics.3,5,18−20 However, the variety of
materials available to these techniques is quite limited,
especially with respect to nanocomposites with unique
properties that could be very beneficial to a variety of
applications.21−25 In addition, for methods such as 3D direct-

writing and 3D lithography that have produced microscale
architectures, the transition to macroscale applications is
envisioned to be challenging by requiring massively parallel
micromanufacturing processes, for example. Considering these
technological needs and challenges, a simple and scalable
technique to introduce controlled 3D architecture across
multiple length scales to novel nanocomposites is quite
interesting from both an academic and applied standpoint.
Nanocomposites with distinctive mechanical, electrical,

biological, and optical properties21−25 have been fabricated by
the versatile layer by layer (LBL) assembly technique.26 While
the alternating chemical adsorption of nanoscale layers of
different high-molecular-weight species (organic or inorganic)
provide thermodynamic control over thickness in one direction
on the nanoscale,27 a number of approaches to spatially control
LBL materials across multiple scales and dimensions for
incorporation into advanced materials have been employed.25,28

For example, micro- and nanoscale colloidal particles have been
coated with LBL nanocomposites and later removed to create
3D hollow capsules for applications in drug delivery, sensing,
catalysis, and microreactors.29,30 On the macroscale, free-
standing metal oxide/polymer hybrid membranes with random
microscale architecture have been fabricated from cellulose
templates.31,32 While being very attractive for many advanced
applications, macroscale examples of LBL nanocomposites with
microscale structure or any LBL materials with ordered
microscale structure have not yet been demonstrated. In this
study, the samples obtained on a newly developed LBL
deposition system (Figure 1A) demonstrate the production of
macroscale objects from LBL nanocomposites with millions of
repeating structural units based on inverted colloidal crystal
(ICC) architectures. This automated system greatly accelerates
the process of LBL deposition onto porous substrates with the
aid of suction to facilitate solution diffusion and decrease
production time.
A systematic approach to the synthesis of hierarchically

ordered porous materials has become attractive due to many
promising applications in material science including absorption,
separation, drug delivery, catalysis, optics, sensing, tissue
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engineering, electrodes, and so forth.33 Colloidal crystal
templates (CCT), composed of hexagonally packed arrays of
spherical colloidal particles, have served as molds for the
synthesis of hierarchically ordered networks with precisely
controlled pore size, shape, and order upon infiltration and
subsequent removal of the CCT.33 This technology has been
used to pattern and order inorganic nanoscale materials in three
dimensions through nanoparticle packing of the CCT
voids.34,35 The random dispersion of nanoparticles within the
void leads to low-density packing and often requires annealing
to form a mechanically stable 3D structure. Combining LBL
deposition and CCT templates allows one to introduce
controlled spatial distribution of a nanophase into the bulk of
the ICC while retaining the structural control of the microscale
architecture and simple scalability to macroscale dimensions.
Uniform polystyrene spheres (diameter ∼ 100 μm) were

assembled into hexagonally packed arrays via sedimentation
and interconnected by annealing at 120 °C to create a CCT as
a mold for template LBL (Figure 1B). Interconnectivity of the
colloidal spheres provides the structural stability needed for
further processing and a template for pore interconnectivity for
the final 3D LBL structure. The versatile and simple technique
used to create the CCT36 can be employed to produce a variety
of multidimensional shapes when alternative molds or sphere
sizes are employed. Anneal times can also be varied to control
the diameter of the sphere interconnectivity and later pore
interconnectivity as desired.37

As successful nanoscale control of clay nanosheets within a
polymer matrix has previously been performed two dimension-

ally with LBL assembly,22,23 alternative depositions of polyvinyl
alcohol (PVA) and clay nanosheets with intermediate rinse-
water were used to grow the layered nanocomposite within the
void space of the CCT. Scanning electron microscopy (SEM)
was used to confirm the presence of the 300 bilayers of
nanocomposite on the complex 3D substrate (Figure 1C).
While the surfaces of ICC structures have been functionalized
by LBL assembly post-production36,38 and LBL has been used
to introduce precursor materials or surface coatings into the
voids of CCT,39,40 to our knowledge, the highly organized and
controlled bulk structure of LBL materials have yet to be
employed to produce macroscale structures with the controlled
ICC microscale architecture.
Upon removal of the polystyrene CCT with tetrahydrofuran,

an intact macroscale structure with clear microscale pore
definition and interconnectivity is achieved. While suspended in
ethanol, optical and confocal microscopy was used to view the
microscale architecture and the hierarchical organization of the
LBL-assembled nanocomposite (Figure 2A,B). The combina-
tion of ICC and LBL assembly provides the systematic
assembly of nanomaterials over several discrete length scales.
The technique offers a multiscale structure with designed pore
size, interconnectivity and organization, wall thickness, and
nanoparticle dispersion in the bulk. Controlled spatial arrange-
ment of nanoparticles within the interstitial voids of the CCT
and corresponding structure of the ICC is demonstrated for the
first time as well as the advancement of freestanding LBL
assembled organic−inorganic hybrid nanocomposites to a
reproducible 3D macroscale geometry with microscale
architecture and the potential to be easily modeled in silico.
While 2D LBL films are quite flexible and not very rigid, the

interconnected 3D geometry of the ICC structure provides the
support needed to allow the structure to exist three-
dimensionally with very little material usage. While beneficial
for filling the CCT, the combination of the wall flexibility,
presence of microscale voids/channels, and hydrophilicity
result in structural collapse during simple air drying (Figure
2C). This problem was resolved with freeze-drying to create a
self-supporting structure when the strong capillary forces
present within the structure during drying were overcome
(Figure 2D,E). The 3D controlled pore distribution, size
uniformity, and interconnectivity on the microscale are
preserved in the dried sample composed of 300 bilayers of
PVA and clay nanosheets. It is important to note that, in the
case of fairly large clay sheets, the top of the structure becomes
completely filled in at some point and prevents further
infiltration of the CCT. Obstruction of the smaller channels
connecting the interstitial voids during assembly leads to
incomplete filling of the voids and insufficient penetration

Figure 1. (A) 3D LBL setup used to deliver alternating solutions via
solenoid valves through a colloidal crystal template (CCT) secured
within silicone tubing and accelerated by a peristaltic pump. (B) SEM
image of the annealed polystyrene CCT. Note the necks forming
between the beads for pore interconnectivity. (C) Optical microscopy
image of the LBL clay nanocomposite on the CCT (B).

Figure 2. (A) Optical and (B) confocal microscopy images of the microscale architecture of the LBL clay nanocomposite material suspended in
ethanol after dissolution of the CCT. (C) Optical images of the microstructure after dried in air and (D,E) SEM images of the freestanding freeze-
dried LBL clay nanocomposite structure with an inset showing the macroscale size and shape before cutting in half (tick marks are 1 mm).
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throughout all parts of the mold. The technique is limited by
mass transport during the assembly of nanosheets and polymers
on the complex template. The use of clay nanosheets presents
advantages in respect to mechanical properties,41 catalysis, and
drug delivery;42 however, we expect by taking advantage of the
LBL assembly of smaller nanoparticles the mass transport
limitation could be overcome to some extent.
The fabrication technique presented allows for complex

materials with well-controlled architectures on the macroscale
and microscale to be created and integrated with nanoscale
organization. Besides the technological promise of such
hierarchically organized structures, the fabrication technique
presented allows for fundamental study of structure−property
relations and the delivery of macroscale nanocomposites by
design. Repeatable, controlled spatial arrangement of nano-
phase materials provides a strategy for tailoring the mechanical,
optical, and electrical properties to achieve specific perform-
ances. Additionally, the wide variety of materials capable of
being assembled using LBL assembly allows for an extensive
range of chemical compositions to be employed to otherwise
material-limited manufacturing techniques.
The future of 3D LBL for the development of macroscale

nanocomposites with microscale architectures for advanced
material applications will be dependent on the optimization of
the automated fabrication device to provide the fluid mechanics
and mass transport conditions for enhanced filling of the CCT,
which is suspected to enhance the mechanical properties of the
resulting structure, as will be required for many applications.
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