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Nanoporous alumina membranes represent templates for the
synthesis and alignment of filamentous nanostructured mate-
rials. Porous aluminium oxide (PAOX) membranes are ideal
for high-temperature synthesis. They are transparent, flexi-
ble, freestanding and thermally robust. Their pore sizes can
be varied over a wide range. The membrane backside seems
suited for structuring processes on the nanoscale, for which
it may serve as a master. After introducing the formation pro-

1. Introduction

Nanotubes derived from various carbon sources, doped
with non-carbon atoms[1] or pure inorganic tubes[2] such as
MoS2,[3] WS2,[4] BN,[5] are intensively studied over the last
years because of their unique material properties. Besides
the challenge towards the synthesis of such materials, there
is also the need to arrange such materials in an organized
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cess of PAOX membranes, synthesis of carbon nanotubes
(CNTs) with different morphologies, their electrical field
emission properties, and the formation of polymeric filaments
and structured polymer surfaces with the aid of PAOX are
reported in this microreview.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

manner. One important research goal is to synthesize and
organize nanomaterials in a single process step that allows
for their 1D, 2D, or even 3D arrangement. A common and
widely used technique for 2D structuring of nanomaterials
is the template process, in which a given form acts as a
structure-directing shape to organize individual building
blocks in a 2D arrangement. Inorganic templates are typi-
cally solid phases; they can be crystalline or amorphous.
They are stable with respect to a geometrically defined
structure and usually up to higher temperatures. Zeolites
are prominent examples of such template types. They enable
the organization of matter in a 1D or 3D fashion. Unor-
dered inorganic porous structures bearing multiple voids
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and pores of nonuniform diameters that are randomly dis-
tributed in the material are another kind of such a template.
Those materials can typically not be used for the controlled
organization of matter in 2D or 3D dimensions, because
their pores appear unordered.

For creating filamentous nanomaterials with functional
properties, for example for optics or electronics applica-
tions, a defined 1D orientation of materials and therefore
of the pore structure of the template is essential. Zeolite-
based templates like MCM 41, as well as organic-based
templates, for example polycarbonate membranes, are use-
ful in this regard. However, membrane templates based on
organic materials are often temperature-sensitive, and there-
fore high-temperature processes within the membranes
often employed for the synthesis of inorganic nanostruc-
tures are impossible with these templates.

Anodic porous aluminium oxide (PAOX) is a valuable
template material for high-temperature processes. It is
widely used in the scientific community as a template for
synthesis and organization of nanomaterials.[6] Recently
Schmid has reviewed the synthesis and properties of various
nanoparticle compositions in PAOX.[7] Synthesis, arrange-
ment and properties of different rod-shaped magnetic mate-
rials in PAOX have been reviewed by Wade.[8] Our contri-
bution presented herein is focussed on the generation, prop-
erties and 2D arrangement of CNTs and filamentous poly-
meric structures, both made by gas-phase processes in and
on the surface of PAOX.

2. Nanoporous Anodic Aluminium Oxide as
Template for Nanofilament Arrangement

The process of electrolytic oxidation of aluminium has a
long-standing technological relevance and is commercially
used for surface processing of aluminium for many decades.
The pore system of alumina is formed by potentiostatic an-
odization, which is characterized by a constant voltage with
a current change due to increased resistance in the growing
oxide. The morphology of PAOX films synthesized in sulfu-
ric acid has been investigated by Keller et al. already in
1953.[9] Early studies on the growth mechanism were per-
formed by O’Sullivan and Wood in 1970.[10]

Formation and Structure of PAOX

Figure 1 shows a schematic drawing of a PAOX mem-
brane with a hexagonally ordered pore system.

The membrane consists of hexagonally ordered cells with
one centred pore in each cell. Each cell has a unidirectional
shape orthogonal to the membrane surface. The bottom of
the pores is sealed by the so-called barrier layer, which con-
nects the PAOX membrane with the aluminium metal base
from which the porous membrane grows in a self-organized
manner during an ongoing electrochemical oxidation pro-
cess. This barrier layer is compact, however it has numerous
defects due to the permanent dissolution by the electrolyte.
These defects (channels, pits, voids) are the starting points
for regular pore formation in latter stages of the electro-
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Figure 1. Schematic drawing of PAOX with idealized hexagonal or-
dered cells (diameter Dc) with a pore (diameter Dp) in the centre
of each cell; cross-section (top), view from the top of the pore ar-
rangement (bottom).

chemical oxidation. Thus redissolving alumina and ongoing
aluminium oxidation are competitive processes (see below).
The finally resulting highly ordered PAOX membrane has
a porosity of up to 10% with pore densities of up to 1011

pores per cm2.[11] When a disordered growth is observed,
the overall porosity can be significantly lower or higher.[12]

The pore walls of the cells consist of two different types of
alumina.[12] One type is a relatively pure, anion-free, dense
alumina (dark grey regions in Figure 1, bottom). It builds
up the hexagonal body of the cell. This material is not in
direct contact with the open pore space. The inner cell re-
gion of the pores consists of a less dense alumina (light grey
regions in Figure 1, bottom) contaminated with electrolyte
anions (PO4

3– SO4
2–, C2O4

2–), which forms the pore wall
and therefore is in direct contact with the electrolyte during
the electrochemical process. By controlled selective etching
of the backside barrier layer, PAOX membranes with com-
plete trough-hole pore morphology can be obtained.

The diameter of the pores (Dp) and the cells (Dc) of a
PAOX membrane are dependent on the anodization poten-
tial applied in the electrolytic process.[6h,13] Additional ex-
perimental parameters governing the pore size are tempera-
ture and current density. The latter is influenced by the con-
centration and the type of electrolyte used.[11]

PAOX membrane pore diameters between ca. 5–300 nm
are so far experimentally accessible. As a rule of thumb, a
voltage of 1 V corresponds to a pore growth of ca.
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1.2 nm.[10] This value depends on anodization conditions
and electrolyte concentration. Figure 2 shows examples of
electron micrographs of PAOX membranes with varying
pore diameters (Figure 2).

Figure 2. SEM images of freestanding PAOX membranes. From
upper left to lower right: open front side of a PAOX membrane
generated at 40 V, back side of a PAOX membrane generated at
40 V, open front side of a PAOX membrane generated at 25 V, open
front side of a PAOX membrane generated at 8 V.

To obtain PAOX templates with different pore size re-
gimes, different electrolytes are used. From 150 to 300 nm
H3PO4, from 30 to 70 nm oxalic acid and below 20 nm
H2SO4 give reproducible results with respect to pore-size
diameters.[8] This electrolyte dependence of pore size distri-
bution is mainly due to the fact that the pore diameter is
affected strongly by the dissolution velocity of alumina in
the electrolyte chosen. The dependence of pore size on elec-
trolyte type is, however, complex and involves the dissoci-
ation behaviour (pH value, acid/conjugate base equilibrium)
and concentration of the electrolyte (e.g. changing the elec-
trolyte concentration changes the pH) as the foremost pa-
rameters.

The basic membrane-film-forming reaction is dissolution
of the base metal according to

Al(s) �Al3+ + 3e–

Al2O3 is then formed by reaction with O2– ions which are
generated in the acidic electrolyte medium by the reaction

3/2 H2O � 3 H+ + 3/2 O2–

The formation process of the alumina is accompanied by
a local dissolution of the formed alumina due to agitation
by protons

1/2 Al2O3(s) + 3 H+(aq) � Al3+(aq) + 3/2 H2O(l)

The latter reaction preferentially occurs at the bottom of
the formed pores where the electrical field is highest. This
reaction obviously does not play an important role during
the initial formation of the compact base oxide layer lying
underneath the porous layer.

During electrolyte anion incorporation into the growing
membrane, the following reactions occur:[6h]

H3PO4 (aq) � H2PO4
2– + H+

H2PO4
– (aq) � HPO4

2– + H+
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The conjugate divalent base anion HPO4
2– can replace

O2– in the oxide forming reaction, thus leading to a con-
tamination in the growing film. Therefore 6–8 wt.-% PO4

3–

incorporation of the membranes is typically observed when
phosphoric acid is used the electrolyte. Similar percentages
of incorporation are observed for other electrolyte anions
(SO4

2–, C2O4
2–). In contrast, electrolytes which do not form

protonated conjugate bases lead to contamination of free
PAOX membranes (e.g. chromic acid[6h]).

The electrochemical process of controlling and downsiz-
ing the pore diameter by adjusting the anodization voltage
as one of the crucial parameters works well down to pore
sizes of around 15 nm in the strong electrolyte H2SO4.
There is an interest in such nanoporous self-supporting
template materials due to their application as nanovessels
for synthesis and organization of matter on the nanoscale.
In the size regime below 15 nm, quantum size effects start
to become important for many materials, and a self-sup-
porting porous template should make it possible to study
anisotropic effects of such structure-confined materials.
However, reports on self-supporting PAOX membranes
with a pore size below ca. 15 nm are scarce. Highly unor-
dered PAOX films deposited on glass substrates with small
pore diameters (�10 nm) are known.[14–16] We have studied
pore-size growth of PAOX at anodization voltages down to
8 V. Formation of a porous alumina with a pore diameter
of about 10 nm results. Handling these PAOX membranes
as freestanding templates, however, becomes increasingly
difficult: for example, such membrane templates tend to be
brittle and are mechanically fragile. In contrast, PAOX
membranes with pore sizes between 20 and several 100 nm
exhibit good mechanical stability. They are not very fragile
and can withstand even moderate mechanical torsion, for
example bending. The reason for this is their cellular struc-
ture. It is well known that if pores in a given cellular struc-
ture are hexagonally oriented, the mechanical stiffness of
such a cellular arrangement decreases roughly by a factor
of 50 compared to a similar compact structure.[17] This find-
ing is based on the variation of the E-module which is dra-
matically affected when comparing a compact with a po-
rous structure. In a first approximation, this is regardless of
the individual material composition of such a structure.

Thus, the high tensile strength of the as-prepared PAOX
template relative to a dense, compact alumina film of the
same composition seems mainly due to its mechanical flexi-
bility imparted by its regular open porous nature relative to
the dense material of same composition.

3. Carbon Nanotubes and Polymer Fibres in
PAOX

3.1 Carbon Nanotubes in PAOX

CNTs Synthesized in PAOX without Catalyst

Spatially arranged CNTs provide a promising material
for applications in e.g. Li-ion batteries,[18] chemical fil-
ters,[19] capacitors,[20] cold field emitting sources[21] or tran-
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sistors.[22] PAOX is ideally suited as a template for CNT
synthesis by CVD, a process which typically operates above
700 °C.[23–25] The diameter of the CNTs formed inside the
PAOX template pores during CVD should be the same as
the PAOX pore diameter. Hence, a general feature of
PAOX, its versatility to control the diameter of the CNTs,
becomes apparent.

In a typical experiment, a gaseous precursor like propyl-
ene or acetylene transported by a carrier gas is decomposed
within a hot-wall tube reactor in which the open membrane
is inserted vertically in a flow-through geometry.[26] The
pores of the membrane are then completely filled with
CNTs during the CVD process. Figure 3 shows a SEM im-
age of such a CNT/PAOX membrane composite.

Figure 3. SEM image of a CNT/PAOX membrane composite show-
ing a broken edge from which the CNTs protrude out of the pores
of the PAOX.

Typical synthesis conditions for our CNT formation pro-
cess are 900 °C, propylene flow between 1 mL and 14 mL
per minute depending on the reaction time (5 min to
40 min). After the CVD process, the PAOX surface is usu-
ally covered with residual carbon materials. These can be
“burned away” under controlled and mild oxidative condi-
tions without destroying the CNTs.[26]

CNTs Synthesized in PAOX Loaded with Catalyst

PAOX templates can be loaded with appropriate catalyst
precursors like inorganic Fe salts prior to CNT growth, for
example simply by dip filling.[27,28] Under reducing condi-
tions, flowing H2 is used for this purpose; the active catalyst
can then be generated in nanoparticle form.[29] The effect
of the catalyst particles on CNT growth is twofold. On the
one hand, the use of catalyst particles reduce the synthesis
temperature for CNT growth, on the other hand, CNT
graphitization can be achieved already at lower tempera-
tures relative to an uncatalyzed CVD process.

Impregnation of PAOX membranes with a catalyst prior
to CNT synthesis leads to a CNT/PAOX composite mate-
rial. The CNT/PAOX composite material can be freed from
the PAOX template by dissolving it in diluted HF. The re-
sulting carbon filaments have a fibre-like compact structure
as revealed by transmission electron microscopy (TEM). At
a higher magnification, a tube-in-tube morphology (“car-
bon nanotube bags”) can be identified by TEM (Fig-
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ure 4).[29,30] The smaller inner tubes display helicoidal struc-
tures and are almost densely packed within the outer “car-
bon nanotube bags”. The compact fibre-like material there-
fore contains two different carbon tube morphologies of
different size. The outer, larger tubes are produced by the
deposition of carbonaceous precursor species derived from
the molecular precursor gas source (e.g. propylene). These
CNTs are formed on the inner walls of the PAOX mem-
brane during the CVD process. Their diameter is deter-
mined by the pore dimensions of the template. In this pro-
cess, the inner walls of the PAOX template are cast.

Figure 4. TEM image of “nanotube bags” freed from the PAOX
template; left: the inner helicoidal CNTs are surrounded by the
outer, larger CNT; right: helicoidal morphology of a single interior
CNT.

The PAOX template pore walls represent a surface with
high morphological roughness. This roughness is reflected
in the morphology of the CNT walls, which show no ideal
straight alignment but a rather high degree of dislocation
of the carbon tube walls (Figure 5).

Figure 5. SEM micrograph showing PAOX-freed CNTs in typical
parallel block arrangement.

The dense filling of the larger carbon tubes with the
smaller helicoidal CNTs in their interior is due to a catalytic
process. It is mediated by the iron particles which are de-
rived from the catalyst precursor introduced into the PAOX
by the impregnation step.[27] The diameter of the helicoidal
inner CNTs is about 20 nm and corresponds well with the
size of the catalyst particles which are mainly found at the
end of the tubes (Figure 6).

In addition, TEM and AFM investigations[29] reveal that
the diameter of the large outer CNTs is enlarged when freed
from the template, relative to what is expected from the
given size of the template pores in which they are formed.
This fact can be understood by the only partially graphi-
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Figure 6. TEM images of CNT bags filled with small CNTs derived
from catalyst impregnation. From upper left to lower right: over-
view of small CNTs with catalytic particles located at the end of
the smaller inner tubes; different magnifications of CNT inner
tubes with catalytic particles at the end of the small CNTs.

tized structure of the tube walls of the outer CNTs as it is
revealed by high resolution TEM (HRTEM) investigations
(Figure 7).

Figure 7. Top: HRTEM image of a “CNT bag” wall structure
showing the partially graphitized wall structure; bottom: corre-
sponding schematic model of the outer CNT wall structure.

The schematic model, which is in accord with the experi-
mentally observed morphology found in the HRTEM, is
shown in Figure 7. Relatively short multilayered, inter-
mingled graphene sheets are characteristic for the CNT wall
structure. This graphene sheet structure is flexible and al-
lows the outer tubes to widen their diameter significantly
when an inner pressure is exerted upon the walls. As long
as the CNTs are embedded in the PAOX template, their
diameter is fixed. However, when the CNTs are freed from
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the template, a dense filling of the CNTs may lead to a
significant expansion of their diameter. This is a kind of
“breathing process” which releases inner pressure from the
CNT walls imposed on them by the dense filling with the
small helicoidal tubes. Obviously, such a widening process
can even lead to a rupture of the walls of the large CNTs
and to the liberation of the entrapped small helicoidal tubes
(Figure 8).

Figure 8. TEM of a compact CNT bag. After breaking the outer
CNT wall, the inner CNTs swell out of their surrounding shell (bot-
tom left).

We have studied the elastic properties of the carbon nan-
otube bags by AFM with the nanoindentation tech-
nique.[31–33] A Berkovitch-type indentation probe (100-nm

Figure 9. Nanoindentation loads (up to 500 µN) vs. indentation
depth applied to a single filled carbon nanotube bag.



J. J. Schneider, J. EngstlerMICROREVIEW
tip radius) was placed in the middle of a single carbon nano-
tube bag. Experiments were conducted with up to 500-µN
loads on the tip (Figure 9, top). Up to loads of 220 µN, the
indentation depth increased linearly with increasing load.
In the low-load regime (up to ca. 60 µN) the CNT displayed
viscoelastic behaviour with nearly no residual plastic defor-
mation (�1 nm). When the final indentation load was in-
creased to 500 µN, the depth of impression on the carbon
nanotube bag structure increased considerably to 35 nm.
However, at a load of 230 µN a sudden deviation from a
linear behaviour was found (Figure 9, top).

After release of the maximum load a residual depth of
impression of 27 nm remained in the material (Figure 9,
bottom). Compared with the low-load regime, where a
maximum load of 60 µN was applied, this dramatically dif-
ferent behaviour at higher loads may be attributed to a sud-
den rupture of the CNT wall structure. In the low-load re-
gime, the filled CNT nanotubes show viscoelastic behaviour
typically observed for soft matter (e.g. polymers), whereas
high enough compression loads lead to the destruction of
the outer CNTs (see Figure 8).

CNTs in PAOX Derived from Single-Source Precursor
Molecules

There have been several reports on the synthesis of CNTs
using single-source precursors.[34] Examples for such pre-
cursors are organometallic compounds like metallocenes or
coordination compounds like iron()phthalocyanine.[35,36]

In these precursors, there exists a fixed, stoichiometrically
defined metal-to-carbon ratio. Ferrocene is a prominent
precursor for CNT synthesis by CVD techniques.

Figure 10 displays a typical TEM image of CNTs derived
from ferrocene as the sole CNT precursor. In these experi-
ments, the CNTs have been first synthesized and then de-
posited freely on a freshly cleaved mica surface. Due to the
low carbon-to-iron-catalyst ratio (10:1) when employing
ferrocene, the CNTs are mostly filled with iron metal.[37]

Figure 10. TEM images of CNTs synthesized via CVD of ferrocene
on a native mica support at different magnifications.

When the carbon-to-iron ratio is increased by a factor of
7, CNTs with a much lower iron content are formed, and
subsequently no formation of compact iron rods is observed
inside the CNTs. Instead, particles are formed in the CNTs
(Figure 11). An increase in the carbon-to-iron ratio was
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achieved by adding an additional carbon source to the fer-
rocene precursor.[38] We used the polycondensed aromatic
hydrocarbon decacyclene C36H18 as the additional carbon
source.[26,39,40]

Figure 11. TEM micrograph of a CNT bundle synthesized by depo-
sition of a mixture of decacyclene/ferrocene (70:1 at.-%) in PAOX
(template removed).

Bundle-like arrangements of CNTs are found after dis-
solution of the PAOX template. Metal particles are distrib-
uted within these CNT bundles.

When using chromocene, [(η5-C5H5)2Cr], a precursor
with the same carbon-to-metal ratio as that in ferrocene,
CNTs are formed under similar conditions (Figure 12).
However, in contrast to the CNT material obtained from
the ferrocene precursor, no metallic wires are formed within
the tubes. The CNTs contain particles distributed alongside
the CNTs, although the carbon-to-metal ratio is identical
to that in ferrocene. Obviously, not only the stoichiometric
carbon-to-metal ratio, but also the nature of the catalytic
metal or the precursor are important for the filling of the
CNTs, either with metallic rods or particles.

Figure 12. TEM micrographs of template-freed CNTs synthesized
by deposition of chromocene in PAOX. A characteristic parallel-
block arrangement of CNTs derived from PAOX is maintained
(template removed).

Comparison of the results for CNT synthesis performed
by the single-source strategy without a structure-directing
template and those for the template-steered synthesis by
using PAOX shows that the resulting CNT materials have
different morphologies. CNTs prepared by the template
technique display a parallel alignment of CNTs, with over-
all straight tube body morphology and defined tube radii.
In contrast, CNTs prepared by a template-free CVD pro-
cess by using a single-source strategy have a poorer straight-
ness, a significant deviation in tube diameter and a random
distribution of their metal filling.
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Element-filtered TEM (EFTEM) has provided detailed

information about the elemental distribution of CNT mate-
rials. In general, EFTEM enables the recording of two-di-
mensional distributions of chemical elements (Li to U) with
a resolution down to about 1 nm. Chemical and structural
heterogeneities may thus be imaged by recording elemental
distributions. Applying this technique supplies an enor-
mous amount of information relative to conventional
bright-field TEM. In Figure 13, the results of such an EF-
TEM investigation of a single CNT synthesized by CVD by
using chromocene as precursor and PAOX as template are
shown.

Figure 13. EFTEM investigations on a single CNT (precursor:
chromocene): (a) bright-field image of a single CNT with incorpo-
rated particles; images of single-element distributions with elements
displayed in lower contrast, (b) carbon, (c) oxygen, (d) chromium,
(e) aluminium; (scalebar for all images: 100 nm).

The selective elemental mapping gives the spatial distri-
bution along the CNT (Figure 13b–e). Obviously, chro-
mium is a main constituent. Besides the elements chromium
and carbon, oxygen is also present in the irregularly shaped
particles, which have a diameter between 20 and 30 nm
(shown in Figure 13c). Thus, the formation of chromium
oxide particles seems reasonable. The formation of these
oxide particles is yet unclear since the CVD process pro-
ceeds under otherwise inert conditions.

The origin of the detected alumina particles (Fig-
ure 13c,e: O and Al elemental maps) can be attributed to
the incomplete dissolution process of the PAOX template
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during sample preparation, leaving minor amounts of resid-
ual alumina in the sample.

Similar experimental and EFTEM analytical results were
obtained for the synthesis of CNTs by using metallocenes
of Ni and Co as single-source precursors. In both cases,
CNTs with diameters corresponding to the PAOX template
were found. The CNTs again contained metal particles in-
side the tubes. Ultrathin samples of these CNTs, still em-
bedded in the PAOX template, were studied by TEM (Fig-
ure 14).

Figure 14. TEM image of an ultrathin sample of CNTs embedded
in PAOX, obtained by microtoming (CVD precursor nickelocene).
Dense regions which appear with a dark contrast display the PAOX
template walls. Alongside the PAOX tube walls, small nickel par-
ticles are deposited. Some appear to be partly embedded in an
amorphous carbon shell.

Particles with a high nickel content, which are found
alongside the pore walls of the CNTs and/or the PAOX
template, can be detected by EFTEM analysis of such sam-
ples. As for the chromocene case, oxygen is present, how-
ever its origin cannot be unambiguously determined, now
because of the close proximity of the Ni particles to the
surrounding alumina pore walls.

Field Emission from CNT Arrays

An interesting electrical property of CNTs is their field-
emission (FE) behaviour. Because of their small diameter,
the electronic working function of CNTs is dramatically re-
duced. Thus, a tunnelling effect of electrons can occur, and
consequently theoretical and experimental studies on the
electron emission of CNTs have been in the focus of re-
search already for more than one decade.[39,41] Multiwalled
CNTs (MWCNTs) are mechanically more robust and are
also less prone to electrical degradation than single-walled
CNTs (SWCNTs). The emission from MWCNTs shows
metal-like behaviour, as deduced from electron spectro-
scopic studies.[42] For MWCNTs, characteristic parameters
in FE, such as the onset field for emission, current density
and electrical field enhancement factors β,[43] are drastically
improved[44,45] relative to other relevant FE materials like
diamond tips,[46] Si[47] and GaN,[48] which were studied in-
tensively over the past years.

For isolated, single CNTs, ten times higher field enhanc-
ing factors β are observed relative to CNT films containing
bundles of unordered tubes.[49] Thus, different strategies can
be followed to obtain good field-emitting devices based on
SWCNTs or MWCNTs. One general strategy seeks the most
perfect two-dimensional arrangement of CNTs in order to
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arrange as many emitters as possible on a substrate.[50] This
assures that a huge number of high aspect ratio structures
are produced and are available for FE. Another synthetic
strategy arranges CNT emitters in defined areas with a high
enough distance to each other, thus fulfilling the theoretical
requirement that the distance between single emitters is
about the height of an individual emitter to obtain long-
term FE stability.[51] By realizing the latter approach, the
inter-emitter field penetration due to charging and electrical
degradation is significantly reduced relative to arrange-
ments where a higher emitter density is achieved (Fig-
ure 15).

Figure 15. Schematics showing the dependence of the individual
electrical field penetration of CNT emitters as a function of the
emitter distance. Idealized model (top), model of a realistic CNT
surface with high emitter surface coverage (bottom).

Densely populated CNT cathodes therefore have definite
disadvantages in their FE behaviour at low fields due to
mutual shielding effects (Figure 15).[51] Well-separated
CNTs with still high enough densities per area and homo-
geneous FE characteristics, however, need synthesis tech-
niques other than the former.[44] Up to this date, successful
studies have been reported to optimize the FE performance
for aligned CNTs.[41e,45,50,52–54] We used PAOX as a templat-
ing material for CNTs and investigated the resulting FE
properties.[55] In these experiments, additional positive in-

Figure 16. Typical SEM image of isolated CNTs grown on the surface of the PAOX membrane by CVD for FE investigations. The CNTs
responsible for FE are linked to the surface of the PAOX by CVD deposition on predeposited alumina islands; right: emission picture
of such a sample (size 28 mm2) after conditioning (see text).[59]
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fluences of PAOX on the FE behaviour could be detected:
for example, electrical insulation of the CNT emitters due
to their embedding in the dielectric matrix of PAOX seems
advantageous in avoiding destructive degradation by field
effects.[51] On the other hand, it has been observed that an
outgrow of CNTs over the PAOX surface promotes FE
properties.[56] For CNTs which are overgrowing the PAOX
template structure, low onset fields for emission of 3–
4 V µm–1 are found. In contrast to these results, CNTs
which are totally embedded in PAOX and do not surmount
the surface at all, have ten times higher onset fields for
FE.[55]

Our work in the area of synthesis and arrangement of
CNTs for FE applications has so far focussed on metallo-
cenes or mixtures of metallocenes with polycondensed aro-
matics as precursors for CNT synthesis.[29,44,57–59] Growing
of CNTs by using metallocene precursors was achieved in
and on the surface of PAOX membranes and led to an un-
ordered growth on the PAOX surface. Good FE character-
istics for such materials were observed when alumina par-
ticles were first deposited by CVD from a precursor [source:
aluminium tris(sec-butoxide)] on the PAOX surface prior to
CNT deposition by CVD (precursor: ferrocene). Then,
CNT growth preferentially occurred on the deposited alu-
mina islands (Figure 16).[44,58–60]

FE measurements on this material where performed in a
diode configuration. The emission picture was obtained af-
ter sample conditioning by current processing.[58,59] Sample
conditioning is a standard procedure in FE studies and is
necessary because the FE effect and especially the long-
term stability of the emitters are very sensitive to any sur-
face and gaseous atmospheric impurity.[58–60] Integral FE
measurements on such samples have yielded current densi-
ties up to 32 mA cm–2 at 7.2 V µm–1.[59] These values are
based on a uniform emitter distribution and an emitter
number density of 10000 cm–2. This is so far a superior re-
sult compared with current values from other studies.[52–54]

Single-emitter investigations on the material revealed
stable Fowler-Nordheim-like I–V curves.[58] Despite the ob-
servation of some short-term current fluctuations, the alu-
mina-based CNT cathodes provide already reasonable long-
term current stability (�18 h) as shown in Figure 17 and
Figure 18.
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Figure 17. Long-term current stability of a 28-mm2 sample on
PAOX at various pressures/fields: 2×10–6 mbar at 4.6 V µm–1 (up-
per trace); 5×10–5 mbar at 5.3 V µm–1 (middle trace); 5×10–4 mbar
at 6.5 V µm–1 (lower trace).[59]

Figure 18. Comparison of the typical long-term current stability of
a CNT cathode measured at 10–6 mbar at 4.6 V µm–1 before (upper
trace) and after processing (lower trace) up to 700 µA.[59]

Nevertheless, developing stable CNT field emitters with
high performance characteristics is an important task in
this research area (long-term stability � 10000 h). Further-
more, an aligned and directed growth of CNTs has to be
realized in order to obtain well-separated nanotubes. Such
an alignment of emitter structures is so far only realized in
Spindt type configurations, which are up to now still the
only industrially viable field emitter structures.

3.2 Polymeric Structures in and on PAOX

Synthesis and Alignment of Polymeric Poly(p-xylene)
(PPX) Filaments Derived from PAOX

The first reports on the synthesis of polymer tubes and
cylinders in PAOX templates appeared in the mid
1990s.[61–63] A recently explored technique uses the con-
trolled wetting of ordered pores of PAOX to generate poly-
mer nanotubes.[64,65] In this approach, the high-energy sur-
face of a PAOX membrane is wetted by a low-energy or-
ganic polymer to fill the pores and mould the PAOX tem-
plate structure. This results in formation of polymeric nano-
tubes after removal of the template. With this technique,
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2D arranged polystyrene, polytetrafluoroethylene (PTFE),
polymethyl methacrylate (PMMA) or palladium/polymer
composite materials are accessible in filamentous form,
either embedded in the template or freed from the tem-
plate.[64,65] 2D confinement studies of symmetric and asym-
metric block copolymers in PAOX templates have been re-
ported recently.[66,67] Formation of polymer or block copol-
ymer nanorods is driven by capillary forces which force the
polymer[66] or copolymer melt[67] into the cylindrical nano-
pores of the PAOX template. These studies show that micro-
phase separated copolymers are formed within the nano-
channels of PAOX. The observed polymer structures are
not only triggered by the pore size of the template but also
by the specific interaction of pore wall with polymer, lead-
ing to phase-segregated copolymer rods in which for exam-
ple styrene or polybutadiene forms the central core.[67,68]

Gas phase processes have been studied recently to form
tube- or wire-like structures of other technically important
polymers, like poly(p-xylene), PPX, in PAOX.[68] PPX films
have very good electrical insulation and barrier properties,
excellent solvent and hydrolytic resistance, biocompatibility,
transparency and thermomechanical properties. PPX is
formed by evaporation and vapour-phase pyrolysis of [2.2]-
paracyclophanes as precursors. 1,4-Quinodimethanes are
formed as intermediates, acting as monomers (Scheme 1).
The in situ formed quinodimethanes polymerize spontane-
ously on nearly any given substrate upon vapour phase de-
position at temperatures equal to or below 30 °C by forma-
tion of conformal highly adhesive PPX films.[69]

Scheme 1. Formation of PPX polymer starting from [2.2]paracyclo-
phane precursor via intermediate 1,4-quinodimethane.

Within PAOX, PPX can be synthesized in a fibre mor-
phology by chemical vapour deposition polymerization.
Figure 19 shows a top and side view of a PPX film formed
on PAOX after CVD polymerization deposition. PPX forms
a closed film on top of the template, covering its surface
completely.

PPX fibres are formed within the pores of the template
(Figure 19). The compact PPX films on top of the template
can be detached from the surface mechanically or by chemi-
cal techniques.

The ordered backside of PAOX membranes can be used
for patterning a polymer such as PPX in a straightforward
technique by moulding the backside when using it as a mas-
ter form. This master backside with desired nanodimen-
sions can be prepared by electrochemical oxidation of alu-
minium metal and detachment of the film from the metal
base. This simple technique avoids complicated physical
structuring processes like e-beam lithography for shaping a
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Figure 19. SEM image of a PAOX/PPX composite surface. Fibrous
PPX structures protude out of the pores of the PAOX template.

master form, which can then be used in the moulding pro-
cess. Instead, the self-organization process of forming the
nanostructured alumina cells is used to produce the master
form. The barrier layer of PAOX provides a nanostructured
surface with regular hexagonally ordered concave domes
(Figure 20). A replication of the backside PAOX structure
with a polymer film may thus represent a straightforward
way to nanostructured polymer surfaces with an inverse
morphology when detached from the master.

Figure 20. AFM image of a closed PAOX backside with hexagonal
pore order used as master in moulding experiments with PPX; bot-
tom: corresponding height profile.

The coating of the PAOX backside template with a thin
PPX film can be done in a CVD reactor consisting of a
quartz reactor tube in which a three-zone heating can be
realized. A temperature gradient from 170° to 700 °C is
suitable for sublimation and for initiating the in situ CVD
polymerization. After CVD polymerization, the PPX film
on the backside of the membrane can either be lifted off
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mechanically or detached chemically from the resulting
PPX/PAOX composite to give a structured PPX film. This
process is shown schematically in Figure 21.

Figure 21. Schematic drawing showing the steps involved in the
moulding of a PAOX backside to yield a PPX polymer as well as
its detachment to obtain a freestanding nanostructured PPX film.

Figure 22 compares the appearance of a structured PPX
film after mechanical lift-off with that after chemical de-
tachment from the PAOX template. The breaking of the
film by mechanical stress during the detachment results in
the formation of fibrous structures. In contrast, the mor-
phology of the structured PPX film can be retained intact
over wide areas by chemical detachment from the master.
The film then shows a regular concave structure, in which
the small dimples mirror an almost ideal replication of the
convex dome-like PAOX backside structure.

Such nanostructured surfaces may show a drastically al-
tered wetting behaviour. Measuring the contact angle at a
solid/liquid/gas interface is a very sensitive surface analyti-
cal method. It probes the outer atomic layers of a surface
and enables the study of chemical as well as morphological
surface changes.[70,71]

The hydrophilicity/hydrophobicity of a surface can be de-
termined by measuring the contact angle Θ between water
and the surface (Figure 23). A contact angle of 0° relates to
a flat monomolecular water film on a surface of a solid. At
a contact angle of 180°, a drop of water, for example, is in
contact with the surface only at a single point (superhydro-
phobic). Between these extremes, surfaces are termed hy-
drophilic (�90°) or hydrophobic (�90°).

The contact angle of water on a flat PPX surface is 86°
(weak hydrophilic behaviour). This compares with an angle
of 14° for water on a flat glass surface (roughness � 0.5 nm,
piranha-solution-cleaned glass), which is classified as super-
hydrophilic.[72] The nanostructured PPX film (see Fig-
ure 22) which represents a rough surface, shows a drasti-
cally reduced water contact angle of only 24° compared to
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Figure 22. Top: SEM image of a PPX film obtained after deposi-
tion on the backside of a PAOX membrane. The fibrous structures
result from the destruction of the PAOX film during the mechanical
detachment process; bottom: SEM image of a PPX film detached
chemically from the PAOX backside by HF dissolution.

Figure 23. Definition of the contact angle Θ of a liquid on a solid
surface.

a flat unstructured PPX film with a contact angle of 86°.
This difference of more than 60° is caused by the structur-
ing of the PPX surface with the regular nanopattern. A pos-
sible explanation for the reinforcement of the hydrophilicity
of the structured PPX relative to the flat PPX surface can
be given when considering the model developed by Wenzel,
who has theoretically treated liquid wetting of small-scale

Figure 25. Photographs of the wetting behaviour of water. From left to right: water drop on cleaned glass surface, water drop on flat
PPX film surface, water drop on nanostructured PPX film surface (see Figure 22). All contact angles were measured by the sessile drop
method.
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rough surfaces (Figure 24).[73] A further refined model for
superhydrophilic surfaces (superwetting) was developed re-
cently by Quéré.[74]

Figure 24. Schematic model of roughness filling of a nanostruc-
tured surface by water according to the Wenzel theory.[73]

In the Wenzel model, the space between the protrusions
(Figure 24) is filled by a liquid (water), and the theory pre-
dicts that both hydrophilicity and hydrophobicity are rein-
forced by this surface roughness according to the rela-
tion:[73]

cosΘw = r cosΘt

Here Θw is the apparent angle on the rough surface (e.g.
structured PPX, Figure 22), Θt is the contact angle of water
on a smooth surface of identical chemical composition (e.g.
unstructured PPX film), r is a roughness factor, which is
defined as the ratio of the actual surface area over the pro-
jected area.

As a result, the contact angle Θ of a surface can be tuned
by its surface roughness in the hydrophilic region (Θ � 90°)
much in the same way as it can be done in the hydrophobic
region (Θ � 90°).[74,75] Thus, a structural change in the sur-
face morphology of the polymeric PPX film is able to tailor
the surface wetting of this material from weakly hydrophilic
to strongly hydrophilic (Figure 25).

4. Conclusions

Nanoporous alumina is an extraordinary material for
synthesis and alignment of nanomaterials. Its straightfor-
ward synthetic access, its availability in different sizes and
shapes, and most important, its high porosity with a mass-
ive number of pores running parallel through the trans-
parent material makes this oxidic structure a unique candi-
date for nanochemistry.

Consequently a wide variety of materials have been syn-
thesized within the pore system of PAOX over the years in a
number of different groups. Its high thermal and structural
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stability makes PAOX also useful as template in gas-phase
CVD processes.

Herein we have described the formation, alignment and
FE properties of CNTs inside the pores and on the surface
of PAOX. Various single-source precursors were studied
and led to the formation of CNTs with and without metal
filling of their interior.

In field emission, we found that PAOX has a significant
influence on the emission characteristics, which is proven
by the highest dc current density so far measured for CNT
structures, for example. Moreover long current stabilities of
up to 18 h were obtained for these materials after cathode
conditioning was employed.

Polymer wires are accessible by a gas-phase route by po-
lymerizing reactive polymer precursors inside the pores of
PAOX. Besides the polymerization inside porous alumina,
PAOX can be used as a mould to emboss organic polymers.
PPX films with a resulting concave surface structure can
be deposited on the dome-shaped backside of PAOX and
afterwards securely detached from it. This leads to a nanos-
tructured polymer surface, which shows an increased hydro-
philicity relative to an unstructured flat PPX polymer film.
This may be attributed to an enhanced wetting behaviour
of the regular nanopatterned structure relative to a smooth
unstructured PPX surface.

The future for even more synthetic as well as technologi-
cal applications of porous alumina membranes is worth be-
ing explored in more detail. Research areas like catalysis,
for which its mesopores can be tailored and chemically
modified, have been barely touched so far.[76–78] Nanoreac-
tors based on PAOX membranes could be an interesting
extension of the already well-established microreactor tech-
nique.

Biomolecules are ideal candidates for immobilization in-
side the pore volume of PAOX because of the variable tem-
plate pore size in the mesoporous range. Biosensor action
is a possible target application that can be realized with
such systems.[79] The sector of medical applications of these
inorganic membranes is also under current study.[80]
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