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Carbon  nanotubes  (CNTs)  and  nanofibres  have  a  set  of
esirable properties  but  their  incorporation  into  structural  parts
s often  still  a  challenge.  Their  unique  mechanical,  electri-
al and  chemical  properties  open  new  opportunities  in a  wide
ange of  technologies.1,2 They  have  been  investigated as  rein-
orcement  in  ceramic  materials,3–10 to  build  tissue  engineering
caffolds11–13 water-cleaning  filters14 or  as  electrodes  in  fuel
ells or  batteries15,16 to  name  a  few  applications.  In  many  of
hese cases  the  challenge  is  their  incorporation  into  stable  three-
imensional  structures  optimized  for  the  specific  use.  This  is
ften a complex  problem,  as  it  requires  the  simultaneous  manip-

lation of  their  distribution  at  the  micro-scale  and  the  overall
tructure  at  the  micro  to  macro-levels.  For  example,  many  of
hese applications  (e.g.  tissue  engineering  scaffolds  or  fuel  cells)
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equire  the  combination  of  macroporosity  to  facilitate  transport,
igh surface  area  and  mechanical  stability.  These  requirements
re often  contradictory  (like  the  combination  of macroporosity
nd mechanical  strength)  and  demand  new  approaches  to  design
nd build  structures.

Several  techniques  have  been  proposed  for the  fabrication
f porous  CNT  or  nanofibre-based  structures,  these  include
mulsion templating  where  the  CNTs  are  used  to stabilize
olymer based  emulsions,17 electrophoretic  deposition  to  cover
he walls  of  porous  glass  scaffolds,18 freeze  casting  of  CNT
uspensions,15 electrospinning,19 or  use  of  composite  powders20

o  name  a few.  From  the  processing  point  of  view  wet  approaches
re very  versatile  and  easily  scalable;  however,  they  face  difficul-
ies associated  with  the  preparation  of  concentrated  suspensions
ontaining carbon  nanostructures  with  the  required  properties.
s an  alternative,  the  in  situ  growth  of  nanotubes  and  fibres

nside porous  ceramic  foams  has  also  been  investigated. In  most
ases chemical  vapor  deposition  and/or  metallic  catalysts  are

21–23
sed to  promote  CNT  or  nanofibre  formation. Here  the
ssue is  to  control  the  catalyst  distribution  and  gas  flow  inside  the
orous structure  in  a  way  that  growth  can  be  achieved  in  pores
f decreasing  size.

http://www.sciencedirect.com/science/journal/09552219
mailto:cwalter@gmx.com
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In this paper we describe the growth of carbon nanofibres
nd multi-walled nanotubes covering the internal walls of freeze
asted lamellar alumina scaffolds. Freeze casting is used to build
orous Al2O3 scaffolds with directional porosity of controlled
idth. This ceramic support provides mechanical stability to the

tructure. Subsequently, a two-step chemical vapor deposition
rocess based  on the infiltration of a catalyst  precursor followed
y a thermal treatment is used to grow the fibres and nanotubes
nside the scaffold. The formation of the scaffold structure and
ts role on the process (in particular the role of pore size) are
nvestigated to define the growth conditions (precursor concen-
ration, temperature and atmosphere) leading to a porous ceramic
caffold whose  internal walls are fully covered.

xperimental procedure

eramic scaffolds

The freeze caster for the preparation of ceramic scaffolds
ith lamellar porosity using the  directional freezing of ceramic

uspensions was built in-house. The centre piece for freezing
f the ceramic suspensions is a cylindrical mould with an inner
iameter of 20 mm. To guide the heat flow from the bottom to the
op of the mould the walls are made of insulating Teflon® while
he bottom plate is made of very conductive copper and sits on
copper cold finger. The temperature  at the top of the copper

old finger right underneath the mould can be lowered down
o −100 ◦C at controlled rates of up to 15 K/min. Temperature
ontrol is achieved through a liquid nitrogen bath and a ring
eater run by a controller connected to a thermocouple at the
op of the cold finger.

Suspensions were prepared with solid loadings between 20
nd 50 wt% of alumina powder with an average particle size
f 300 nm (Baikalox SMA 6). The powder was dispersed in
istilled water with the addition of 1.4 wt% Dolapix CA as elec-
rosteric dispersant agent and 1.4 wt% of polyvinylalcohol as
he binder (both related to the total alumina weight). Further
n, 4 wt% sucrose with regards to suspension water content is
dded to the suspensions.24 All suspensions were ball milled for
t least 12 h. Air bubbles were removed from the suspensions by
tirring under vacuum. The suspensions were then directionally
rozen in the freeze caster and transferred to the freeze drier in

rder to sublimate the ice and  leave a ceramic scaffold green
ody.

The green bodies were sintered in air at a temperature of
550 ◦C for 2 h to produce the final alumina scaffolds. The
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ig. 1. Schematic of the processing route. The key steps are the fabrication of the po
he carbon nanostructures inside the confined porosity.
caffolds were ground to a height  of approximately 10 mm,
emoving a layer of dense material that forms at the bottom
f the mould24 and thus ensuring open porosity for subsequent
nfiltration and CNT growth. Potential carbon residue from the
iamond grinding disc was removed by a 1 h heat treatment at
200 ◦C in air.

omposites

The general methodology used for the preparation of com-
osites is shown in Fig. 1. The first step is the preparation of the
lumina lamellar scaffolds (as described in previous section).
his is followed by infiltration with a catalyst precursor and

he chemical vapour deposition process which includes reduc-
ion/formation of the metallic catalyst particles and CNT and
anofibre growth. In this work, iron and nickel were chosen as
atalysts and the alumina scaffolds were infiltrated with a 1.1 M
olution of Iron(III)nitrate nonahydrate or nickel(II)nitrate hexa-
ydrate in iso-propanol.25 To achieve good penetration of the
olution into the scaffolds standard vacuum infiltration equip-
ent was used (Buehler Cast N’ Vac). Afterwards the solvent
as removed at 60 ◦C under vacuum.
For the chemical vapour deposition process the infiltrated

ample was placed inside a quartz tube furnace (Ø 33 mm) and
he system was purged with a gas mixture of 90% argon and 10%
ydrogen for 30 min at a flow rate of 0.5 l/min. All  gas flows are
t 1 bar and measured in l/min as calibrated for air. Then the sam-
le was heated at maximum rate (∼1 K/s) to the growth temper-
ture (between 700 ◦C and 900 ◦C). The presence of hydrogen
eads to a reduction of the catalyst compound to pure iron par-
icles during this process. Upon reaching the desired growth
emperature methane was added to the gas mixture. Growth
ime was 20 min after which the methane supply was closed
nd the sample was left inside the furnace to cool down to room
emperature in argon–hydrogen atmosphere. Water and ethanol
ere tested as growth enhancers. They were added by passing
efined amounts of either the methane or the argon–hydrogen
as through a wash bottle with the enhancer  before entering the
uartz tube furnace during the 20 min growth time.

The microstructure and composition of the scaffolds and
omposites was investigated using scanning and transmission
lectron microscopies, X-ray diffraction and Raman spec-

roscopy. In order to measure the lamella and pore size of the
caffolds after sintering, the scaffolds were embedded in epoxy
esin and cross sections were prepared and polished for imag-
ng in the scanning electron microscope. For each sample 4

rous lamellar scaffold, the formation of the catalyst particles and the growth of
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Fig. 2. SEM images of the alumina scaffolds: (a) fracture surface of a scaffold
at lower magnification in a plane perpendicular to the direction of ice growth
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Fig. 3. FE simulation of the temperature gradient in the freeze casting set-up. A
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nd (b) polished scaffold embedded in resin showing four ceramic lamellae at
agnification used for analysis. White lines indicate the fixed grid used for the
easurement of lamellae and pore size.

mages were taken at different locations within the cross sec-
ion, each image containing 2–4 lamellae for measurement. A
xed grid of 16 lines of measurement for the sizes and spacing
as placed across each image (Fig. 2) resulting in 100–200 data
oints for lamella size and spacing per sample. Transmission
lectron microscopy (TEM) was carried out on a FEI Titan 80-
00S/TEM operated at 300 kV, equipped with a monochromator
nd a Cs aberration image corrector. The TEM specimens were
repared by dispersing small flakes of the hybrid material in ace-
one and drop casting them on carbon coated TEM copper grids.
ll Raman measurements were performed using a Renishaw
M2000 CCD spectrometer equipped with a 514 nm laser. The

aser was focused onto the sample using a 50× short working
istance objective resulting in a spot of approximately 1.5 �m
iameter. A laser power 0.5 mW at the focal point was used with
n integration time of 10 s to ensure good signal to noise ratios.
everal spectra were collected from random locations on each
ample.

E modelling

As the structure of the freeze casted material depends to a
arge extent on the speed and direction of the freezing  front,

nite element modelling was used to visualize the development
f the temperature gradient in the suspensions during freezing.
xploiting the rotational symmetry of the cylindrical set-up, a
lice from the centre to the outside was modelled. It includes the

F
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i
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lice through the cylindrical mould from the centre (left) to the outside (right)
s shown. Contour bands indicate the temperature in steps of 5 K.

eflon wall of the mould, the copper cold finger, and the sample
nside the mould. The material properties used for the simulation
re listed in Table 1. The sample is assumed to be water/ice
nd heat exchange between the set-up and the environment is
eglected. Despite these simplifications the simulation should be
ble to provide a general idea of the evolution of the temperature
radient up to the point when freezing starts. At the start of a
imulation the temperature of the entire model is set to 293 K.
ubsequently, the temperature of all elements in the copper cold
nger is lowered at a rate of 5 K/min, thus imitating a freeze
asting experiment run at a cooling rate of 5 K/min.

esults and discussion

eramic scaffolds

Fig. 3 shows the simulated temperatures in the set-up at the
oint when the cold finger reaches the freezing temperature of
he sample (273 K). A clear temperature gradient from the bot-
om to the top of the sample can be observed. Across the sample
he temperature is constant dropping off only to a small extent
cross the Teflon mould  walls. Thus the conditions for direc-
ional solidification are good and a planar freezing front can be
xpected to move through the samples. These simulations are
nly applied as a rough guide to the conditions inside the set-up.
he actual speed of the freezing front for all suspensions was
easured experimentally as described in the next paragraph.
In a first series of experiments a transparent mould made of

erspex was used to observe the advancing ice-front and relate
he cooling rate at the top of the cold finger to a freezing speed
meaning the speed of the ice-front) inside the ceramic suspen-
ion. Fig. 4 shows the freezing speed at cooling rates of 1, 5,
0, and 15 K/min for suspensions with different solid loading.
reezing speeds ranging from 8 to 48 �m/s were observed.  The

reezing speed increases approximately linearly with increas-
ng cooling rate. An influence of the solid loading could not be
etected even though it would be anticipated due to differences
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Table 1
Material parameters used in the finite element model.

Density (kg/m3) Specific heat (J/kg K) Thermal conductivity (W/m K) Latent heat of fusion (kJ/kg)

Teflon mould 2160 1010 0.23 –
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be smaller  for higher solid loading. Generally, the solid  load-
ing becomes apparent as a limiting  factor for the pore width
which reaches an upper limit of approximately 30 �m for the
opper cold finger 8940 390
ater/ice 1000/910 4200/2100

n the thermal conductivities of the ceramic particles and the
urrounding water. Most  likely this effect  could not be captured
ithin the accuracy of measurement. The freezing speed was
easured at intervals until the freezing front reached a distance

f 20 mm from the cold finger and was observed to be constant
ver this distance.

During directional freezing the speed of the freezing front
reatly influences the  developing microstructure.24 For condi-
ions under which a lamellar structure develops the freezing
peed can be used to tune the size of the lamellae  and pores.
ncreasing speed generally leads to a finer structure.26 This effect
as investigated for the set of suspensions and freezing condi-

ions shown in  Fig. 4. The average lamella thickness and pore
idths and their standard deviation as a function of the freezing

peed and solid loading are shown in Fig. 5a and b. Fig. 5a shows
learly how the thickness of the lamellae is decreasing with
ncreasing speed of the freezing front. For example, changing the
peed from 10 to 45 �m/s decreases the lamella thickness from
3 to 4 �m for a suspension with 40% solid loading. This trend
s observed for all solid loadings and this is in general agree-

ent with the literature.26,27 Focussing on one constant freezing
peed, a higher solid loading will lead to thicker lamellae. At a
peed of approximately 10 �m/s the lamella width will range
rom 5 �m for 20% solid loading to 18 �m for 50% solid load-
ng. Suspensions with solid loading higher than 50% or lower
han 20% will either not yield lamellar structures because they
re too concentrated or produce mechanically unstable green
odies due to lack of solid material.24,28 The measured lamella

hicknesses for the slurry with 50% solid loading are  in excellent
greement with experiments by Deville et al. for a compara-
le slurry and set-up.26 Overall, these experimental conditions

ig. 4. Speed of the freezing front in suspensions with different solid loading
s a function of the cooling rate of the equipment cold finger. The dependence
s practically linear in the range of conditions used in this work.
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llow for tuning  of the thickness of the lamellae over one order
f magnitude between 2  and 20 �m.

In analogy to the lamella thickness, the pore width shown in
ig. 5b tends to decrease at higher freezing speed. Overall, the
easured pore widths range between 11 and 63 �m. For freez-

ng front speeds >15 �m/s the lamella spacing decreases from
value of around 30–15 �m without a significant influence of

he solid loading. At low freezing speeds the scatter within each
ample and between the different solid loadings becomes large.
his is in agreement with the general observation that a power

aw governs the correlation between the structural wavelength
defined as the average size of one structural unit which con-
ains one lamella and one pore) and  the freezing front speed
Fig. 6) and, therefore, at slow freezing speeds small changes in
he freezing speed can produce large changes in the structure.
ocussing on one constant freezing speed, pore widths tend to
ig. 5. Dependence of the (a) lamella thickness and (b) pore width of freeze
asted Al2O3 structures with the speed of the freezing front in the suspen-
ions. The ranges of structural dimensions accessible within the experimental
onditions are bounded by dotted lines.



Fig. 6. Wavelength of freeze casted lamellar structures as a function of the
freezing front speed for Al2O3 suspensions (Waschkies,27 Deville,24 our data)
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way. The pore size is large enough for easy infiltration of the
catalyst precursor solution for CNT and nanofibre growth and
preparation of composites.
nd particle free suspensions (Zhang,30 Butler 29). The dotted line shows the fit
f a power law with a coefficient of −1 to all Al2O3 data.

ighest solid loading towards the slower freezing speeds and a
ower limit of approximately 15 �m for the lowest solid loading
owards the faster freezing speeds. Overall, a variation in pore
idth between 10 and 90 �m seems achievable as indicated by

he dotted lines in Fig. 5b.
In the literature, a power law dependence between the

reezing speed and the structural wavelength of freeze casted
uspensions has been proposed.24 Deville et al. reported a power
aw exponent value of −1 for an alumina suspension with 0.4 �m
article size.24 Waschkies et al. fitted a simple power law to the
pacing as a function of the freezing speed and reported expo-
ent values between −0.8 and −1.3 for alumina slurries with a
ange of solid loadings and a particle size of 0.8 �m.27

Our data provides four data points at different freezing speeds
er solid loading which is insufficient for a good quality power
aw fit. However, our data for 20 wt% and 30 wt% solid loading
ppears to be consistent with a general power law when plotted
ith literature values as shown in Fig. 6. It should be mentioned

hat Deville’s and our data has been measured after sintering
hile other data was collected in the frozen state27,29 or after

reeze drying.30 Sintering could have caused the structure to
hrink but deviations in the wavelength of up to 10% would still
ive a reasonable fit to the proposed power law. The power  law
t with an exponent value of −1 as suggested in the literature

s shown as a dashed line. Also shown are two sets of data for
article free suspensions: Zhang et al. froze a suspension of
wt% PVA in water30 and Butler froze a solution of 5% sucrose

n water.29

While the data for the PVA solution seems to agree well with
he established power law, the sucrose solution data deviates at
ow freezing speeds. However, it must be pointed out that the
xperimental conditions for the sucrose experiment and the other
apers are different. In all the other papers the temperature of
he bottom surface decreases with time and the resulting tem-
erature gradient across the sample is not constant with time (as
t can be seen both experimentally and in the simulations). The

peed of the freezing front is manipulated by varying the speed at
hich the gradient changes (or the cooling rate of the bottom sur-

ace). In the sucrose experiment, like in many other basic studies
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f solidification, the sample is displaced  in a constant temper-
ture gradient at different speeds in order to vary the speed of
he solidification front. In this case the dendrite primary spacing
λ) is described in terms of the temperature gradient (G) and
he growth velocity (v) using the expression, λ = AG−1/2v−1/4.
owever, a general observation is that both experimental set-ups

eem to give similar results at higher freezing speeds.  Simi-
arly, for relatively low content of ceramic particles (<30 wt%)
he ceramic suspensions appear to show similar behaviour to
article free solutions at freezing speeds exceeding 10 �m/s.
uspensions with a higher solid loading of 40 wt% and 50 wt%
tarted to deviate from this trend. It can only be suspected that
t these higher concentrations the influence of the particles on
he freezing behaviour increases through e.g., particle–particle
nteractions, modifications of the temperature gradient or pres-
ure on the ice crystals.

Overall, the freeze casting method allows for the preparation
f layered ceramic  structures of tangible sizes with layer thick-
esses between 2 and 20 �m in a relatively simple and efficient
ig. 7. Coverage of the internal alumina scaffold surfaces with iron catalyst
articles after reduction at (a) 800 ◦C, identification of the particles as Fe by
RD shown in the inset, and (b) 900 ◦C. Significant coarsening is observed in

he samples reduced at higher temperature.
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Fig. 8. SEM micrographs of the interior walls of the alumina structures after CNT/nanofibre growth with (a, top row) 0.2 l/min methane, no enhancer, (b, centre row)
0 d (c, b
e 2O3 s
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.4 l/min methane total of which 0.2 l/min methane passed through enhancer, an
nhancer. The inset in (a) shows homogenous coverage in the interior of the Al

omposites

In a next step the feasibility of in situ growth of nanotubes
nd nanofibres within the ceramic scaffolds was tested. Suc-
essful growth by chemical vapour deposition depends on the
nterplay of a number of processing parameters such as choice
nd distribution of catalyst, carbon source, growth temperature,
nd gas flows. The growth conditions chosen here are based on
ublished methods for the growth of CNTs on ceramics.21,22,25

ptimization of the process parameters for our ceramic scaffolds
s necessary  to achieve growth inside  the confined microporosity.

As a first step towards chemical vapour deposition (CVD)
rowth the scaffolds need to be impregnated with a suitable
atalyst. This was done by vacuum infiltration with a solution
f iron(III)nitrate nonahydrate dissolved in iso-propanol.

olutions with  different molarities of iron(III)nitrate were

ested from 50 mM to 1.1 M which was the highest amount that
ould be easily dissolved before the iron started oxidizing while

F
o
A

ottom row) 0.8 l/min methane total of which 0.4 l/min methane passed through
caffolds (revealed after breaking the scaffold in 2 pieces).

issolving. The reduction of the infiltrated iron compound to
ure iron nanoparticles was inspected by heating the sample
o the growth temperature (between 700 ◦C and 900 ◦C) in
rgon–hydrogen atmosphere and immediately cooling back
own. The high contact angle of Fe on Al2O3 (>90 ◦ in reducing
tmospheres) promotes the  formation  of small, “non-wetting”
atalyst particles on the internal walls of the scaffold.31 The
olution with the highest molarity (1.1 M) resulted in the densest
overage of the scaffolds with catalyst particles with submicron
ize that provided the highest yield of nanofibres and CNTs.
ifferences between the  samples could easily be resolved by
isual inspection in the SEM. Fig. 7a shows the distribution
f iron catalyst particles on an internal surface of the alumina
caffold for a 1.1 M solution at 800 ◦C. The presence of iron in
lemental form could be shown by X-ray diffraction (see inset

ig.  7a). With the current preparation steps a significant amount
f iron catalyst can be expected to remain in the final composite.
simple estimation based on the relative pore volume and the
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oncentration of the precursor suggest that the content  is of
he order of 1–2 wt% which seems consistent with the relative
eight of the XRD peaks (Fig. 7a). Although in some cases the
resence of isolated metallic particles may not have an effect on
he performance of the material, some applications may require
he elimination of the catalyst (for example, it can be detrimental
hen using at high temperatures where iron diffusion could be

n issue). In that case, methods such as acid washing or high
emperature annealing would have to be applied at a later stage
n order to remove the iron from the composite.32–34

Nickel is mentioned as an alternative catalyst in the litera-
ure. Thus, the experiments were repeated using nickel(II)nitrate
exahydrate. However, no growth was observed using the nickel
atalyst in our set-up.

A series of growth experiments was conducted varying the
rowth temperature between 700 ◦C and 90 ◦C in steps of 50 ◦C
hile maintaining all other process parameters constant as fol-

ows: 0.5  l/min argon–hydrogen, 0.2 l/min  methane, growth time
0 min. The highest yield was achieved at a temperature of

◦
00 C which was used for all further experiments. At higher
emperatures the catalyst particles started to coarsen signifi-
antly as shown in Fig. 7b for 900 ◦C and this inhibits growth.

c
t
b

ig. 9. Transmission electron micrographs of the samples after growth showing the
aterial, showing the presence of different carbon nanostructures. Fe catalyst partic

article with several �m long multi-walled CNTs growing from the catalyst particle
c) Enlarged image of the area indicated in (a) with the box, showing a multi-wall
igh-resolution image of the left wall of the CNT in (c) is shown in (d).
2371

ig. 8a shows the coverage achieved at 800 ◦C. The micrograph
s taken on the inside of a scaffold with an average pore width of
0 �m. The inset (top right corner) shows how the entire alumina
caffold is homogeneously coated.

The TEM analysis reveals the organization of nanofibres and
anotubes inside the scaffold (Fig. 9). Nanofibres grow from and
undle around the catalyst particles deposited on the ceramic
alls while multi-walled nanotubes grow from the catalyst cov-

red walls into the pores. No evidence for amorphous carbon
overing the catalyst particles is observed. The tubes have a
mall catalyst particle on top. This picture agrees with exist-
ng models of nanotube growth in which multi-wall CNTs grow
rom small catalytic particles that can rest on a larger one that
cts as a support while the smaller one is “lifted” by the growth
f the nanotube.35 The distribution of nanotubes and nanofibres
robably reflect the distribution of sizes of the catalyst particles
ormed after infiltration.36,37

Recent reports in the literature state that the  addition  of an
xygen source, such as water or ethanol, to the growth pro-

38–40
ess can significantly enhance CNT growth. It is believed
hat the oxygen thus added to the process activates the catalyst
y removing amorphous carbon coatings and inhibiting Oswald

nanofibres and multi-walled CNTs. (a) Low magnification TEM of the hybrid
les appear dark in the image. Nanofibres grow and bundle around the catalyst
towards the pore. (b) Typical nanofibres growing from a Fe catalyst particle.

ed CNT growing from a Fe particle with a small catalyst particle on top. A
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Table 2
D/G ratio of CNTs with different growth conditions.

Pore size (�m) D peak G peak D/G ratio

0.2 l/min methane 87 922 6261 0.15
0.4 l/min methane

total with
0.2 l/min
through ethanol

87 822 6197 0.13

0.4 l/min methane
total with
0.2 l/min
through ethanol

70 876 4872 0.18

Fig. 10. Raman spectra (averaged from different regions of each sample) of com-
posite structures containing high amounts of CNTs/nanofibres homogeneously
distributed. (a) 0.2 l/min methane total, 87 �m pore size scaffold; (b) 0.4 l/min
methane total of which 0.2 l/min methane passes through ethanol, 87 �m pore
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ipening of the catalyst.38,40,41 Thus, a  few experiments were
onducted to see if the addition of water or ethanol to the process
ould boost growth within the scaffolds even further. Therefore,
art of the methane gas was passed through wash bottles filled
ith 60 ml of enhancer, here ethanol, before entering the furnace.
he flow of the argon–hydrogen mixture remained unchanged
t 0.5 l/min. A series of four experiments with the following gas
ow combination was run:

1) 0.2 l/min methane total, no enhancer (Fig. 8a).
2) 0.4 l/min methane total, of which 0.2 l/min methane passed

through enhancer (Fig. 8b).
3) 0.4 l/min methane total, no enhancer.
4) 0.8 l/min methane total, of which 0.4 l/min methane passed

through enhancer (Fig. 8c).

Compared to experiment 1, representing the standard condi-
ions without any enhancer (Fig. 8a), only  experiment 2 gave
imilar results in terms of growth (Fig. 8b). Experiments 3 and
yielded significantly less CNTs and nanofibres as shown in

ig. 8c for experiment 4. Thus, neither the enhancer nor an
ncrease in methane flow could produce a significantly higher
ield than the original growth conditions with 0.2 l/min methane
nd no enhancer. A quantification of the amount of nanotube and
bre grown was attempted by thermogravimetric analysis but
ass gain due to oxidation of the catalyst overlays the mass loss

ue to combustion of carbon and makes quantification difficult.
The same set of experiments was conducted using water

nstead of ethanol as the  enhancer. Within  the tested condi-
ions CNT and nanofibre growth was significantly diminished
r completely absent when water was added to the process. In
his study no setting could be found to use the enhancers effec-
ively for the in situ growth. A detailed study by Futaba and
o-workers showed that results depend critically on finding the
ptimum quantity  of enhancer in combination with the carbon
ource used.38 The flow conditions within the scaffold may be
uch that the fine balance needed between enhancer and carbon
ource could not be established. A more detailed study of the
ow conditions inside the scaffold and their influence on the
rowth process would be of  great interest here but is outside the
cope of this manuscript.

Last, a rough estimate of the effect of the pore size on the
rocess was attempted. Experiments 1–4 were repeated using a
caffold with a larger pore size of 87 �m, and a scaffold with
smaller pore size of 27 �m. For the larger pore size the yield

nd the trend concerning the influence of the enhancer were in
ood agreement with the results achieved for the scaffold with
0 �m pore size. For the scaffold with the smaller pore size
o homogeneous coverage could be achieved under the tested
onditions. Thus, the critical pore size below which the flow con-
itions have a detrimental effect on this method  lies somewhere
etween 70 �m and 27 �m.
Raman spectroscopy was used to assess the quality of the
NTs and fibres grown inside the alumina scaffolds. D/G ratios

or three samples where growth was quite effective are shown in
able 2.  These ratios are all low reflecting the highly graphitic

s
l
t
b

ize scaffold; (c) 0.4 l/min methane total of which 0.2 l/min methane passes
hrough ethanol, 70 �m pore size scaffold.

uality, and low defect nature of the carbon formed. The ratios
lso emphasize and reflect the difference observed in the aver-
ged spectra shown in Fig. 10. The larger 0.18 ratio observed for
he 0.2 l/min methane through ethanol in 70 �m pore spectrum
ndicates that it is slightly more defective.

ummary

In summary, a method was developed for the fabrication of
eramic/carbon nanofibre scaffolds involving the infiltration of a
eramic scaffold with a suitable catalyst  precursor followed by
hermal treatments under controlled atmospheres containing a
arbon source. First, alumina scaffolds were produced by direc-
ional freezing at cooling rates between 1 and 15 K/min. These
caffolds have a porous lamellar structure whose wavelength
an be manipulated by controlling the freezing speed and the
olid loading of the starting suspensions. As a result, the ceramic

ayer thickness can be controlled over an order of magnitude in
he range between 2 and 20 �m. The pore size could be varied
etween 10 and 90 �m allowing an exploration of the role of pore
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ize. Iron was found to be a suitable catalyst in combination  with
ethane as the carbon source. It should be pointed out that the

atalyst remains in the material after growth, typically 1–2 wt%,
nd, if necessary should be eliminated in a subsequent step. The
rocess resulted in the formation of nanotubes and nanofibres
nside the confined porosity. Their organization depends on the
istribution of catalyst particle size and shape. Nanofibres bun-
le around the larger catalyst particles with multi-wall CNTs
rowing into the pores. No growth could be obtained using a
ickel catalyst. Within our experimental conditions ethanol or
ater did not have an enhancer effect. Our analyses indicate

hat pore sizes and flow rates play a determining role. Slower
ow favours growth formation and a minimum pore width above
7 �m is needed to enable in situ growth of CNTs and nanofibres
nside the scaffold.
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