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a  b  s  t  r  a  c  t

One-dimensional  (1-D)  polymer  nanostructures  have  attracted  much  attention  due  to  their  unique  prop-
erties  and many  potential  applications  in  areas  such  as sensors,  transistors,  separation,  storage,  and
photovoltaic  cells.  This  is a review  of research  activities  on  1-D polymer  nanostructures  fabricated
by  anodic  aluminum  oxide  (AAO)  templates.  The  preparation  methods  of polymer  nanostructures  by
AAO  templates  including  polymer  melt  infiltration,  polymer  solution  infiltration,  and  chemical  synthesis
are  introduced.  According  to the  molecular  structure  of  polymers,  the  morphology,  and  properties  of
seven  types  of polymers,  amorphous  homopolymers,  amorphous–amorphous  block  copolymers,  amor-
phous/amorphous  polymer  blends,  semicrystalline  homopolymers,  semicrystalline/amorphous  polymer
blends,  semicrystalline-amorphous  block  copolymers,  and  semicrystalline–semicrystalline  block  copoly-
mers in  nanopores  are  demonstrated.

©  2017  Published  by  Elsevier  B.V.
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1. Introduction

The morphology and properties of polymers in the bulk state,
such as the glass transition temperature (Tg), elastic modulus, heat
capacity, crystalline forms and structure, are well established [1,2].
For example, in many semicrystalline polymers without confine-
ment, complex crystalline entities like spherulites are produced
by quenching liquids into crystalline solids. Most semicrystalline
polymers in the bulk state crystallize at low supercoolings via het-
erogeneous nucleation, which is initiated by external means such
as impurities, additives, interfaces and possibly interphases. Homo-
geneous nucleation occurs randomly in the interior of a uniform
substance, involving the spontaneous clustering of several seg-
ments with larger stable nuclei above a critical size [3].

During the past two decades, polymer nanostructures have
received considerable attention due to their unique properties
and many potential applications in areas such as sensors, tran-
sistors, separation, and photovoltaic cells [4–15]. The morphology
depends on the geometry and dimension of nanodomains. Many
efforts have been made to manipulate the structure and prop-
erties of polymers in nanoconfined dimensions. To control the
properties of nanostructured materials in the development of nano-
technology, template infiltration [16], ultrathin films [17], droplets
[18], nanoimprint lithographies [19], electrospinning [20], and
self-assembled phase-separated block copolymers [21] have been
exploited as a powerful platform to build structures of nanocylin-
ders, nanosheets, nanospheres, nanotrenches, and nanofibers. The
chain mobility, dynamics, alignment, nucleation, and crystallinity
are significantly influenced by these confinements that associate
with their optical, electric, and mechanic properties. Thus, poly-
mers in confined dimensions exhibit unusual behaviors different
from the bulk materials.

Among the various preparation methods developed for polymer
nanostructures, template-based approaches have drawn signifi-
cant attention. Martin et al. explored a general method termed
template synthesis for the preparation of tubular and fibrillar
micro/nanostructures, entailing the synthesis of the desired one-
dimensional (1-D) materials within the pores of a nanoporous
template [4]. Various porous templates, such as anodic aluminum
oxide (AAO) templates [7,22], track-etched membranes [22], sil-
icon templates [23], self-assembled block copolymers templates
[24], anodic titanium oxide templates [25], patterned perfluo-
ropolyether (PFPE) mold [26] and polydimethylsiloxane (PDMS)
stamp [27] are used to make well-ordered polymeric nanostruc-
tures with controllable morphology. In particular, AAO templates,
a typical self-ordered nanohole material formed by anodizing alu-
minum in an appropriate acidic solution [28–30], are the most
commonly employed templates for the nanofabrication of vari-
ous functional nanostructures in forms of nanowires, nanotubes,

nanorods, nanospheres, and nanoporous films due to their unique
properties and potential applications in many areas, such as molec-
ular separation, catalysis, drug delivery, sensors, electronics, and
photonics, energy generation, and storage [31,32].

AAO membranes possessing straight, rigid, separated, and
monodisperse cylindrical pores are ideal templates for the prepa-
ration of nanomaterials with monodisperse diameters in the
nanometer to micrometer scales. The size and shape of the fea-
tures in the fabricated nanomaterials can be easily controlled by
the template geometry. AAO templates are obtainable with pore
diameter ranging from about 10 nm [33] up to a few hundred
nm,  and with pore depth from several nm to several hundred �m
via an electrochemical anodization process. The thermal stabil-
ity and mechanical rigidity of the inorganic alumina wall provide
a strictly constrained field and avoid breakdown of the cylin-
drical confinement. These highly versatile AAO templates with
self-organized hexagonal arrays of uniform parallel nanochannels
have been intensively utilized as template systems to fabricate var-
ious 1-D functional polymeric nanomaterials. These have provided
insights into polymer morphology in nanoconfinement and aid the
design and fabrication of polymeric nanodevices with well-defined
structure and properties. The structural order of 1-D polymer
nanostructures fabricated by AAO templates (such as those dis-
cussed in Section 3) is often much greater than that in conventional
polymeric nanomaterials. Nanostructured polymers exhibit certain
unique properties that provide advantages over their bulk coun-
terparts. The highly unusual anisotropic structure demonstrates
the powerful geometry control capability with AAO templates, not
possible using other techniques.

In this review, we aim to highlight the morphology and prop-
erties of 1-D nanostructures fabricated by AAO templates. The
preparation methods of polymer nanostructures by AAO templates
are presented, including polymer melt infiltration, polymer solu-
tion infiltration, and chemical synthesis. According to the molecular
structure of polymers, seven types of polymers, such as amorphous
homopolymers, amorphous–amorphous block copolymers, amor-
phous/amorphous polymer blends, semicrystalline homopoly-
mers, semicrystalline/amorphous polymer blends, semicrystalline-
amorphous block copolymers, and semicrystalline–semicrystalline
block copolymers in nanopores are described in detail.

2. Methods for fabricating polymer nanostructures by AAO
templates

The nanoporous AAO templates contain aligned, rigid, and
separated cylindrical pores, offering unique geometry for the
preparation and investigation of 1-D polymer nanomaterials with
controllable shapes and morphology. Typical AAO templates with
pore diameter of 300 nm,  65 nm,  and 35 nm were shown in Fig. 1.
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