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Patterning is of paramount importance in many areas of modern science and technology. As a
valuable part in miniaturized devices, large-scale aligned CNTs with serial port configuration is
highly desirable.Here, we reported that the synthesis of a pair of patterned carbon nanotubeswith the
shape of serial port by CVD starting from different breath figure templates, cross-linked polymer
matrix and ferrous inorganic micropatterns. The growth mechanism of the isolated CNT bundles
is attributed to the selectively interfacial aggregation of the ferrocene to the walls of the cavities, a
so-called Pickering-emulsion effect, whereas the honeycomblike skeleton of the dense CNT arrays
develop from the catalytically functionalized hexagonal edges. This synthesis strategy exemplifies a
new possibility for making use of CNTs to fabricate functional carbons with unique geometry or
specific properties in a controllable way. We expect that the methodology can be also applied onto
the fabrication of patterned graphene.

Patterning is of paramount importance in many areas
of modern science and technology with applications
ranging from the production of integrated circuits, infor-
mation storage devices, and display units to the fabrica-
tion of microelectromechanical systems, miniaturized
sensors, micro fluids devices, biochips, photonic bandgap
crystals, micro-optical components, and diffractive opti-
cal elements.1 Research on the synthesis of patterned
carbon nanotubes (CNTs) with controllable location
and orientation has attracted ever-increasing attention,2

largely due to its technological importance for applica-
tions such as scanning probe microscopy,3 supercapaci-
tor,4 and field-emission flat panel displays.5 As a valuable
part in miniaturized devices, large-scale aligned CNTs
with serial port configuration is highly desirable.6

The controllable CNT architectures have been achieved
by chemical vapor deposition (CVD) on predesigned

catalyst patterns or substrate patterns, constructed by a
variety of strategies including offset printing, standard
lithography, and soft lithography.7 By means of the
available techniques, the space resolution for the prepara-
tion of CNT patterns on substrate has been down to
micrometer scale. However, the time and cost involved in
generating the patterns are the major barriers to limiting
the use of the available technologies such as lithography.
In contrast, self-assembly provides efficient and funda-
mentally simple methods for creating microstructures.
Breath figure (BF) process is one of the most promisingly
self-assembling strategies for the fabrication of large size
patterns having an ordered two-dimensional array of
holes.8 However, application of the BF method in CNT
growth is still scarce. In this article, we describe the
fabrication of a pair of patterned CNTs arrays with
matchable serial port configuration by means of the
ferrous microporous templates stemming from a static
BF process.
In a typical BF process, polymer in a water-immiscible

solvent is cast under high humidity. Hexagonally packed
water microdroplets are formed by evaporation cooling
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on the solution surface and then transferred to the solu-
tion front in the convectional flow or by the capillary
force. After solvent evaporation, the honeycomb-
patterned polymer film is formed with the water droplet
array as a template. Finally, microporous polymer films
are obtained after water evaporation. Various types of
polymers can be fabricated as a honeycomb-patterned
film with controlled pore size, ranging from hundreds of
nanometers to hundreds of micrometers.9 The simple
method offers new prospects in the field of microporous
films, as well as other technical advantages of low-
cost and large area applicability. Quite recently, we
developed a robust static BF process to fabricate ordered
microstructured polymer films. Amphiphilic diblock
copolymer polystyrene-b-poly(acrylic acid) (PSPAA),
commercially available triblock copolymer polystyrene-
b-polybutadiene-b-polystyrene (SBS), even linear PS
without polar end groups and mixtures of PSPAA/
inorganic precursors were found forming regularly
microporous films in a wide solution concentration range
tolerating temperatures, molecular weights, and chemical
compositions.10 Moreover, the microporous polymer
matrix could be further modified by UV irradiation to
serve as cell scaffolds or converted into inorganic micro-
patterns by pyrolysis to act as templates to create honey-
comb structured inorganic arrays. Herein, the static BF
processes are employed to synthesize a pair of matchable
serial-port-shaped CNT patterns, i.e., the isolated CNT
bundle arrays and the honeycomb-like skeleton with the
walls of vertically dense CNT bundles, on Si wafer after
CVD process. To circumvent the expensive lithographic
technique, the reported methodology apparently pro-
vides a facile preparation of patterned CNT serial port
that may be useful for engineering applications.
The fabrication process of serial-port-shaped aligned

CNT bundles on substrate is schematically shown in
Figure 1. First, a mixture of PSPAA/ferrocene (5/1, w/w)
was dissolved in CS2. Then the solution was casted on Si
wafer by a microsyringe. After evaporation of solvent in
saturated relative humidity, a highly regularly microstruc-
tured hybrid filmwas formed (Figure 1a). Followed byUV
irradiation, the thermal stability of the polymermatrixwas
improved through cross-linked behavior, whereas the
honeycomb structures were intact (Figure 1b). Such a
cross-linked polymer matrix can act as the template for
CVD growth of isolated CNT bundle arrays (Figure 1d),
or serve as the structure-directing model for further pyro-
lysis to form ferrous inorganicmicropatterns (Figure 1c) in
which ferrocene was partially oxidized and replaced
the skeleton of polymer matrix. The honeycomb-like
skeleton with the walls of vertically dense CNT bundles

(i.e., another end of a pair of serial-port-shaped aligned
CNT bundles) were synthesized guided by the inorganic
micropatterns (Figure 1e).
As reported in our previous publications,10 static BF

process is a robust methodology to prepare ordered
microporous polymer films, because any uncertainties
caused by airflow disturbing are minimized. More vari-
ables are tolerated in casting conditions, including mole-
cular weights, temperature, solution concentrations,
different polymer architectures, and chemical composi-
tions. Herein, the same static BF process as described in
the Experimental Section is employed to prepare regular
PSPAA/ferrocene hybrid films. Figure 2a is the photo-
graph of silicon wafer, on which a structured PSPAA/
ferrocene hybrid film has formed. As expected from the
highly ordered structures, the film exhibits an interesting
nacre color because of sunlight diffraction and interfer-
ence effects.11 More precise microscopy studies by scan-
ning electronic microscopy (SEM) and atomic force
microscopy (AFM) are shown in Figure 2b,c, respec-
tively. It is clear that the film surface is made up by one
layer of highly ordered honeycomb structures with iden-
tical size. The associated fast Fourier transform (FFT) of
the SEM image (the inset in Figure 2b), with first- and
high-order spots, demonstrates the very regular character
of the main structures. Though a large amount of ferro-
cene is incorporated into polymer matrix, no macrophase
separation is observed in the whole film area. For more
detailed insight into the geometry, we show the consider-
ably magnified AFM height image in Figure 2c. The
AFM image gives the pore diameter and average pore
separation as 1.3 and 3.5 μm, respectively, which are
consistent with the SEM results. Either top or cross-
sectional view (Figure 2d) reveals that the resultant film
has a monolayer of independent pores on dense polymer
stratum without network structures. Generally speaking,
hybridization of organic polymer with inorganic struc-
ture may combine the merits of both components.

Figure 1. Schematic pictures of fabrication process of serial-port-shaped
aligned CNT bundles on substrate. (a) Highly regular microstructured
PSPAA/ferrocene hybrid film was formed on substrate after total eva-
poration of solvent under high humidity. (b) Polymer matrix was cross-
linked and the honeycomb structures were preserved after photochemical
process. (c) Ferrous inorganic micropatterns in honeycomb structures
were formed on substrate after pyrolysis. (d) Isolated CNT bundles were
developed templating from the cross-linked microporous polymer film.
(e) Dense CNT bundles in hexagonal shape were formed under guidance
by the inorganic micropatterns.
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The synthesis of organic/inorganic hybridmaterials using
organic polymers as structure directing agents or tem-
plates is an area of rapid growth.12 Block copolymers are
super structure-directing agents for solution, bulk, and
surface. However, upon heating up to 100 �C (the glass
transition temperature, Tg, of the PS matrix), the as-
prepared microporous hybrid film began to melt then
collapsed and totally disappeared at 130 �C. The poor
thermal stability causes the structure-directing action of
the polymer matrix invalid in the following CVD process.
No special CNT arrays were found on substrate. Cross-
linkage should be an efficient method targeting the stable
film structure against solvents and heat annealing.13 To
improve the thermal stability of the polymer matrix, the
honeycomb structured hybrid film was exposed in deep
UV light. The UV cross-linking mechanisms of PS and
PAA have been explained in detail.14 This technique has
been further developed to fabricate nanoporous func-
tional polymeric films by selectively cross-linking PS

matrix and degrading polymethylmethacrylate (PMMA)
minority in PSPMMA diblock copolymer.15

Recently, we also reported the use of this simple
method to improve thermal stability and surface wett-
ability of microporous polymer films simultaneously.10

Compared with chemical cross-linking, photochemical
cross-linking process is operated at room temperature
and easy to control, so the process not only effectively
cross-links the polymer matrix but also facilitates the
preservation of ordered structures. Similar nacre colors
were seen on silicon wafer (see the Supporting Informa-
tion, Figure S1), on which an ordered PSPAA/ferrocene
hybrid film was exposed in UV light for 4 h. The top-view
and cross-section SEM views are shown in images e and f
in Figure 2, respectively. It is evident that both the
honeycomb patterns and spatial structures in the hybrid
film are highly maintained without collapse. After UV
irradiation, the thermal stability of cross-linked polymer
matrix was significantly improved because of the prohi-
bited unzipping and depropogation processes.16 Because
the photochemical cross-linking occurs mostly on film
surface, the hybrid film afterUV irradiation could survive
at 750 �C for 10 min (the same as the CVD process)

Figure 2. (a) Photograph of sunlight diffraction obtained from a honeycomb structured PSPAA/ferrocene hybrid film on Si substrate. (b) SEM and
(c) topographic images of the honeycomb structuredPSPAA/ferrocene hybrid film.TheFFT in the inset shows the very regular character of themain structures.
(d) Cross-section view of honeycomb structured PSPAA/ferrocene hybrid film. (e) SEM image of honeycomb structured PSPAA/ferrocene hybrid film after
4 h UV irradiation. f) Cross-section view of honeycomb structured PSPAA/ferrocene hybrid film after 4 h UV irradiation. (g) SEM image of cross-linked
PSPAA/ferrocene hybrid film after heating at 750 �C for 10 min. (h) SEM image of cross-linked PSPAA/ferrocene hybrid film pyrolyzed at 450 �C for 5 h.
(i) Cross-section line scan profile of cross-linked PSPAA/ferrocene hybrid film pyrolyzed at 450 �C for 5 h. (j) XPS core level scan of Fe after pyrolysis.
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with well-preserved surface features, whereas the film
thickness shrank significantly because of the collapse
of uncross-linked polymer stratum (Figure 2g). Addi-
tionally, the cross-linked polymer matrix could act as
structure-directing agent to form regular micropatterns
by a programmed pyrolysis process as described in the
Experimental Section. SEM observation (Figure 2h)
reveals that the walls of the obtained micropatterns
become thinner and sharper, suggesting that much
material was burned off (an SEM top view in large scan
is demonstrated in the Supporting Information, Figure S2).
The cross-section line scan profile (Figure 2i) indicates the
hole depth was reduced to 50 nm. TG analysis indicates
that 96% weight loss was achieved (see the Supporting
Information, Figure S3). The core scan of Fe (Figure 2j)
definitely shows that the incorporated ferrocene has been
partially oxidized to Fe2O3. In other words, pyrolysis
decomposes the polymer matrix and converts the incor-
porated ferrocene into the skeleton of inorganic micro-
patterns simultaneously. The formed micropatterns have
the identical spacing with that of the micropores on the
as-prepared film surface, indicative of the in situ forma-
tion of inorganic patterns on the honeycomb structures. It
should be noted thatmany othermicrostructured ceramic
films, having potential use in photonic crystals, magnetic
and electronic materials, could be prepared by the similar
methodology simply by choosing different functional
precursors without the need of particular chemical reac-
tion and time-consuming synthesis.12c The cross-linked
polymer matrix and the ferrous inorganic micropatterns
are used as the templates to grow the both ends of a pair of
serial-port-shaped alignedCNTbundles as discussedbelow.

In particular, CVD provides an effective technique of
growing CNTs from controlled surface sites by catalyst
patterning on a desired substrate17 for specific applica-
tions, e.g., for field-emission displays, a specific architec-
ture of a nanotube device or probe tips of scanning probe
microscopes.18-20 rein, patterned CNTs were synthesized
with constant flow rate of 500/200/78 for Ar/H2/C2H2.
The growth temperature was 750 �C and the growth time
was about 10 min. To avoid undesired vaporization of
ferrocene during the ramping step, we kept the Si wafer
with cross-linked hybrid film (pulling out the wafer to
prevent ferrocene from the heating zone) at the cool end
of the furnace before the furnace was heated to the
working temperature. After the furnace reached the pre-
set temperature, the substrate was pushed back to keep
the substrate at the center of the furnace, and then C2H2

was carried into the reactor by a gas mixture of Ar and H2

through a bubbler. Starting from cross-linked polymer
matrix template (Figure 2g), isolated CNT bundles were
formed, as shown inFigure 3a.A close examination reveals
that CNT bundles developed from the cavities exclusively
and were isolated by the walls of the remained honeycomb

Figure 3. SEM images of the patterned CNTs with circular pillars in the centers of honeycomb patterns, viewed from (a) top and (b) side, respectively;
(c) SEM image of the high quality of the aligned CNT bundles, just like one end of a serial port. (d) HRTEM images of the patterned CNTs in a; the inset
shows one multiwalled carbon nanotube.
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structures, as pointed by the arrows (Figure 3b). The
selective growth of isolated CNT bundles from the cavities
is attributed to the selectively interfacial aggregation of
ferrocene to the walls of the cavities, a so-called Pickering-
emulsion effect,21 whereas in the past few years, people
have reconsidered the possibilities of using fluid interface
to control the assembly of nanoparticles.22 In a typical BF
formation process, water droplets floating on the surface
of the solution are arranged into highly ordered arrays.
Hence it introduces patterned liquid/liquid interfaces that
can be utilized to control the assembly and alignment of
ferrocene particles with interfacial activities. Before the
polymer film becomes too viscous, the ferrocene particles
can aggregate to the interface and form a uniform layer.
As the concentration of the polymer/ferrocene mixture

increases with solvent evaporation, the filmpasses through
the glass transition of the polymer at room temperature
and locks the droplets and the ferrocene particles into
place. On evaporation of the water, spherical cavities
remain where the walls are decorated with the ferrocene
particles.23 In the following UV irradiation, the ferrocene
particles either on the walls of cavities or embedded in the
hybrid film were locked by the cross-linked polymer
matrix. Upon H2 treatment, ferrocene particles exposed
on the cavity walls was reduced and became activated,
which initiated the growth of CNTs in the cavities. How-
ever, the ferrocene particles embedded in the hybrid film
shielded fromcross-linkedpolymer skinwere isolated from
H2 and acetylene gas (carbon source), which cause the
selective growth. It is found that the bottoms of the CNT

Figure 4. SEM images of the patterned CNTs with a honeycomb structure, viewed from (a) top and (b) side, respectively. (c) Cross-section SEM view of
ferrous inorganic micropatterns. SEM images of dense CNT bundles grown on Si wafer coated by SiO2, (d) top view; (e) cross-section view. (f) HRTEM
image of the patterned CNTs in Figure 4a, the inset showed one multiwalled carbon nanotube.
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bundles are confined in the trenches and vertically fixed
onto the substrate. Figure 3c shows the high quality of the
aligned CNT bundles, just like one end of a serial port.
Beyond the height of the cavities, the bundles begin to tilt
and aggregate with the adjacent bundles because of the
gravity (Figure 3a).24 The thickness of the remained poly-
mer matrix as pointed by the arrow is close to 500 nm.
HRTEM image definitely shows that the formed CNTs
were multiwalled tubes having an average diameter of
15 nm (Figure 3d).
Templating from ordered inorganic ferrous micro-

pattens, honeycomb-like skeleton of dense CNT bundles
(another end of a serial port) were formed after CVD
process, as shown in Figure 4a. The spacing of the
skeleton is identical with that of the inorganic micro-
patterns, indicative of the in situ formation of inorganic
patterns on the honeycomb structures. Cross-sectional
view demonstrates that the aligned CNTs are perpendi-
cular to substrate without collapse (Figure 4b), because
the supporting force among the continuous CNT bundles
counteracted the effect of gravity. The well-aligned CNT
bundles have a uniform length of 8 μm and can be
controlled by changing the time of CVD process. The
change of CNT arrays from isolated bundles to contin-
uous CNT honeycomb structures is explained as the
follows. During the pyrolysis, polymer matrix was gra-
duatelly decomposed and the cavity bottoms sunk down
on substrate, a chemical reaction occurs between the
silicon and ferrocene dominated by diffusion of ferrocene
through the silicon wafer at high temperature.25 These
result in a complete change in the chemical nature of an
active ferrocene catalyst to stable compounds such as iron
silicide (FeSi2) and iron silicate (Fe2SiO4), which are
known for their noncatalytic activity for carbon nano-
tube growth.26 Usually, there exists a 2 nm thick native
oxide layer on the commercially available Si wafer
(determined by ellipsometer in our lab). It cannot prevent
Fe from ferrocene diffuses through SiO2 layers and react
with the Si substrate, leading to the formation of FeSi2
and FeSiO4.

27 On the other hand, the ferrocene particles
embedded in the polymer matrix, especially on the hexa-
gonal edges, were oxidized and exposed to surface
because most of the polymer composition has been
burned off during the pyrolysis. AFM height image
indicates that the height difference between the edges
and bottoms in the inorganic micropatterns is 50 nm
(Figure 2i), which is thick enough to isolate the ferrous
composition from the Si substrate. The cross-section
SEM view (Figure 4c) definitely reveals that the Si wafer
is covered by a thin layer of surface-featured ferrous
inorganic film. Although partial ferrocene was oxidized

into Fe2O3, they still can be reduced and effectively
catalyze the growth of highly dense carbon nanotubes
into the approximately hexagonal shape. To further
confirm this explanation, we employed Si wafers coated
by SiO2 as substrates in order to preclude the chemical
reactions between ferrocene and Si wafers. The thickness
of the coated SiO2 layer is 400 nm, much thicker than the
critical thickness of 5 nm as discussed in ref 27. After the
same photochemical cross-linking, pyrolysis, and CVD
process, dense and vertical CNT bundles were formed on
coated substrate (Figure 4d,e). The formed CNTs are
multiwalled tubes having an average diameter of 15 nm,
as confirmed by high-resolution transmission electron
microscopy and shown in Figure 4f.
In summary, we have synthesized a pair of patterned

carbon nanotubes with the shape of serial port by CVD
starting from different breath figure templates, cross-linked
polymer matrix, and ferrous inorganic micropatterns.
The growth mechanism of the isolated CNT bundles is
attributed to the selectively interfacial aggregation of the
ferrocene to the walls of the cavities, a so-called Pickering-
emulsion effect, whereas the honeycomblike skeleton of the
dense CNT arrays develop from the catalytically functio-
nalized hexagonal edges. This synthesis strategy exemplifies
a new possibility for making use of CNTs to fabricate
functional carbonswith unique geometry or specific proper-
ties in a controllable way, which may also shed some light
on further understanding, both experimentally and theore-
tically, of the self-assembly of CNTs. In addition, the
fabrication of patterned graphene by means of the static
BF technique is currently under investigation.

Experimental Section

Materials. Ferrocene and carbon disulfide (CS2) were pur-

chased fromShanghaiChemicalReagent Plant.All the chemical

reagents were used without further purification. Silicon wafers

were used as-received. The preparation of PSPAA diblock

copolymer was synthesized via atom-transfer radical polymeri-

zation in a similar procedure as reported in ref 28.

The relativemolecular weights of PS andPAAblockswere 9000

and 2500 g mol-1, respectively. The molecular weight distribution

(Mw/Mn) of such diblock copolymer was 1.07. The relative

molecular weights and Mw/Mn were measured by a Waters gel

permeation chromatography (GPC) system equipped with a

Waters 1515 IsocraticHPLCpump, aWaters 2414 refractive index

detector (RI), aWaters 2487 dual λ absorbance detector (UV) and

a set of Waters Styragel columns (HR3, HR4 and HR5, 7.8 �
300 mm). GPC measurements were carried out at 35 �C using

tetrahydrofuran (THF) as an eluent with a flow rate of 1.0mL/min.

The system was calibrated with polystyrene standards.

Preparation ofHoneycombStructuredHybrid Films.The static

breath-figure process was operated in a 25mL straight-mouth glass

bottle with a cap. A saturated relative humidity in the vessel was

achieved by adding 2 mL of distilled water into the bottle before-

hand. A piece of substrate was adhered onto the top of a plastic

stand with double-sided tape and placed into the glass vessel. The

substrate was 1 cm higher than the liquid level.

Polymer and ferrocene were mixed with a fixed weight ratio

(5/1, w/w) and dissolved in CS2. The solution concentration was

(24) Wu, J.; Huang, Q. W.; Ma, Y. F.; Huang, Y.; Liu, Z. F.; Yang,
X. Y.; Chen, Y. S.; Chen, D. P. Colloids Surf., A 2008, 313, 13.

(25) Jung,Y. J.;Wei, B.Q.; Vajtai, R.; Ajayan, P.M.NanoLett. 2003, 3,
561.

(26) De losArcos, T.; Vonau, F.; Garnier,M.G.; Thommen,V.; Boyen,
H. G.; Oelhafen, P.; Duggelin, M.; Mathis, D.; Guggenheim, R.
Appl. Phys. Lett. 2002, 80, 2383.

(27) Cao, A. Y.; Ajayan, P. M.; Ramanatha, G.; Baskaran, R.; Turner,
K. Appl. Phys. Lett. 2004, 84, 109. (28) Kang, Y. J.; Taton, T. A. Angew. Chem., Int. Ed. 2005, 44, 409.
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15mgmL-1. The honeycomb filmwas prepared by casting 100 μL
of solution onto the substrate with a microsyringe. With organic

solvent volatilization, the transparent solution became turbid. The

film was taken out for microscope observation after complete

solvent evaporation. All the experiments were carried out at room

temperature unless stated otherwise.

Photochemical Cross-Linking and Pyrolyzing. The photoche-

mical cross-linking was performed at 30 �C in a UVO cleaner

ZWLH-5 (Tianjin, China) at the presence of air, by exposing the

polymer thin films into UV light. The cleaner generated UV

emission at a wavelength of 254 nm and power of 500 W. The

distance between the UV source and the film surface was 10 cm.

After 4 h UV exposure, the cross-linked film was heated to

450 �Cwithin 2 h and held for another 5 h under air atmosphere.

During the pyrolysis, ferrocene turned into oxide and replaced

the polymer skeleton eventually.

Preparation of Carbon Nanotube Arrays. Aligned CNT arrays

were synthesized by thermal chemical vapor deposition (CVD) in a

40mmdiameterquartz tube furnace.Thetube furnacewaspreheated

to 750 �Cand then the templates were inserted into the chamber. An

Ar/H2 gas mixture was used as the buffer gas and pure acetylene

served as the carbon source. In the growth process, a constant flow

rate of 500/200/78 sccm (standard-state cubic centimeter perminute)

for Ar/H2/C2H2 was used. The growing time was 10 min.

Characterization and Apparatus. The morphology and struc-

ture of patterned carbon nanotubes were characterized by a

Hitachi S4800 scanning electron microscope (SEM). A 10 KeV

electron beam was used for the observation with a working

distance of 8 mm in order to obtain secondary electron images.

Atomic force microscopy (AFM) measurements were carried out

in the tapping mode with a Seiko Instruments SPA400. We used

silicon tips with a spring constant of 20 N/m. X-ray photoelectron

spectroscopy (XPS) spectra were acquired with a PHI Quantum

2000 spectrometer using monochromated X-rays from an AlKR

source with a takeoff angle of 45� from the surface plane. The

atomic fractions of carbon and oxygen were computed using the

attenuation factors provided by the supplier and the sum of these

atomic fractions was normalized to unity. Thermogravimetric

(TG) analysis was taken on a Netzsch STA 409 EP Thermal

Analyzer. The sample was heated from 25 to 450 �C at a rate of

5 �C/min andheld for 5 h under air. Themorphology and structure

of the carbon nanotubes were characterized by high-resolution

transmission electron microscopy (TEM, TECNAI F-30) with an

acceleration voltage of 300 kV. The TEM specimens were pre-

pared by dispersing theCNTs in ethanol. A drop of the suspension

was deposited on a carbon-film-coated copper grid.
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Note Added after ASAP Publication. Parts i and j of Figure 2

were missing in the version published ASAP February 16, 2010;

the corrected version was published ASAP March 18, 2010.
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