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a b s t r a c t

Carbon nanofiber (CNF) layers have been synthesized on flat fused silica and silicon substrates, as well
as inside flow channels of silicon-technology based microreactors by thermal catalytic chemical vapor
deposition of ethylene using nickel thin-film catalyst. These CNF layers are to be used as structured
catalyst support. The influence of the ethylene concentration and addition of hydrogen to the carbon-
eywords:
arbon nanofibers
tructured catalyst support
ickel thin-film
rowth parameters

containing gas on the morphology of CNF layers was studied. Very low amount of CNFs were produced at
low ethylene concentrations (<25%) due to the restricted supply of carbon species. Addition of hydrogen
during the CNF growth resulted in significant enhancement of the CNF-yield, producing thicker layers of
CNFs and CNFs with smaller diameters. Channels containing silicon micropillars covered with these CNFs
have a significantly enhanced surface-to-volume ratio compared to bare microreactor channels (3–4
orders of magnitude). Deposition of well-distributed platinum nanoparticles was carried out on these

their
icroreactors CNF layers, exemplifying

. Introduction

Currently, there is a growing interest in the design and use
f microscale reactors as efficient systems for the synthesis of
pecific, low volume, high value fine and specialty chemicals
uch as pharmaceuticals and additives. Microreactors are small-
cale fluidic systems comprising fluid channels with lengths in
he millimeter-to-centimeter range and cross-sectional dimen-
ions in the range sub-micrometer to sub-millimeter [1,2]. Due to
hese small dimensions microreactors have high surface-to-volume
atios (in the order 104 m2/m3) that result in improved heat and
ass transfer characteristics, which are critical for carrying out

hemical reactions efficiently [1–4]. Enhanced heat transfer rates
revent thermal runaway during reactions (i.e. safer operation),
nd improved mass transfer rates (i.e. small diffusion distances)
void issues as concentration gradients and secondary reactions
esulting in bye products/waste [5]. Various industries can directly
enefit from the use of microreactor technology: an example is the
ne chemicals industry which often involves multiphase reactions

gas–liquid–solid), where the solid phase is mostly a catalyst. These
atalytic reactions, however, pose a substantial challenge in achiev-
ng efficient contact and mass transfer between different phases
6–8].

∗ Corresponding author. Tel.: +31 53 489 3254; fax: +31 53 489 4683.
E-mail address: k.seshan@utwente.nl (K. Seshan).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.01.005
functionality as structured catalyst support to be used in microreactors.
© 2010 Elsevier B.V. All rights reserved.

The integration of a solid catalytic phase (heterogeneous cat-
alyst) in microreactors is a challenging task. Conventionally, it is
achieved in two ways, i.e. (i) by using a micro packed-bed of pow-
dered catalyst [9–11], or (ii) by using a thin layer of catalyst coated
on the inner wall of a microchannel [12–14]. However, a powdered
catalyst packed-bed might result in high pressure drops along the
length of reaction-channel, whereas a thin catalyst coating usually
fails to utilize the entire volume of the reactor channel effectively.
Most of these problems can be overcome by introducing nanoscale
structural features in the microchannels. For microsystems vari-
ous possibilities have been explored, such as use of porous anodic
alumina layers [15,16], walls coated with porous materials such
as zeolites [17,18], and black or porous silicon [19,20]. An excit-
ing option in this regard is the use of rigid, porous and orderly
arranged catalyst supports based on carbon nanostructures, such as
carbon nanofibers, onto which a metallic catalytic active phase (e.g.
platinum (Pt) or palladium (Pd) nanoparticles) can be deposited.

1.1. Theory

Since the landmark paper by Iijima in 1991 [21], carbon nanos-
tructured materials such as carbon nanofibers (CNFs) and carbon

nanotubes (CNTs) have received a tremendous interest. This is due
to their exceptional mechanical, electrical, physical and chemical
characteristics [22–25], which makes them attractive for variety of
applications. Applications of CNFs and CNTs include emitters for
field emission displays (FED) [26], composite reinforcing materi-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:k.seshan@utwente.nl
dx.doi.org/10.1016/j.cej.2010.01.005
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ig. 1. High-resolution SEM image of entangled (‘jungle’) carbon nanofibers [54].

ls [27], hydrogen storage [28], bio- and chemical sensors [29,30],
ano- and microelectronic devices [31,32], and as a catalytic sup-
ort electrodes for fuel cells [33,34].

Carbon nanostructures offer numerous advantages as catalyst
upports for chemical reactions viz., (i) corrosion resistance to acid
r base medium, (ii) high length (�m)-to-diameter (nm) ratio and
igh surface area, (iii) absence of micro porosity, (iv) possibility to
une the surface chemistry, and (iv) easy recovery of precious metal
atalysts supported on them by simply burning the carbon skeleton
35–37]. A range of structured materials including monoliths [38],
oams [37,39–41], filters [42], glass and carbon fibers [43,44] and
loths [45] has been used for the synthesis of CNF layers. The small
imensions of carbon nanostructures and the above-mentioned
dvantages as catalyst support motivate integration of CNFs and/or
NTs as structured catalyst support layers in miniaturized reaction
ystems, i.e. microreactors.

The synthesis of carbon nanostructures can be achieved via
rc discharge [46], laser ablation [47] and chemical vapor depo-
ition (CVD) methods (e.g. catalytic thermal CVD and plasma
nhanced CVD) [48–50]. The catalytic thermal chemical vapor
eposition (C-TCVD) method is a versatile technique and a rel-
tively cheap method for large-scale applications [51–53], and
herefore most often used for CNF-synthesis. The C-TCVD method
tilizes decomposition of carbon-containing gases on catalytically
ctive components such as transition metals such as nickel (Ni),

obalt (Co) and iron (Fe) or alloys of these materials (due to their
bility to dissolve carbon/or form metal carbides) [49]. Hydro-
arbon gases such as methane (CH4), acetylene (C2H2), ethylene
C2H4), ethane (C2H6), or other C-sources as carbon monoxide (CO)
r synthesis gas (CO + H2) can be used to obtain CNF growth on

Fig. 2. (a) SEM image of array of micromachined silicon pillars; (b) schematic cross-sect
ng Journal 160 (2010) 899–908

these metal catalysts at temperatures between 400 and 1000 ◦C
[51].

There are, however, critical issues which have to be addressed in
order to obtain microreactors of which the flow channels are filled
with an efficient CNF-based catalyst support, i.e. a layer of entan-
gled CNFs ‘jungle’ as shown in Fig. 1 [54]. These are, (i) deposition
of well adhered metal catalyst layer (e.g. Ni [12,49]) required for
the synthesis of CNFs, (ii) good attachment of the synthesized CNF
layer to the microchannel, (iii) obtaining controlled CNF growth,
(iv) efficient utilization of the microchannel volume to obtain a
high surface area for active metal deposition, and (v) preparing
CNF-based catalyst layer by depositing stable and well dispersed
active metal particles.

In previous work issues concerning the preparation of stable
metallic layers for CNF-synthesis (i.e. Ni-based thin-films) on fused
silica substrates as well as improvement of the attachment of
CNF-coatings were addressed [54,55]. It was demonstrated that
presence of a metal adhesion layer is necessary for the stability
of the deposited Ni thin-film on the substrate, and the choice of
a proper adhesion material (i.e. TiW and Ta) not only improves
the attachment of synthesized CNF-coating, but also helps to tune
morphological properties such as the diameter of CNFs.

In this work new results are presented to probe the influence
of some of the crucial CNF growth parameters on their growth as
well as the resulting morphology. Furthermore, an approach to effi-
ciently utilize the microchannel volume for reaction is shown, i.e.
micromachined channels filled with arrays of pillars covered with
a CNF-coating, as shown in Fig. 2. The growth parameters investi-
gated in this work are the hydrocarbon gas concentration and the
addition of hydrogen during CNF-synthesis. A systematic approach
has been followed to obtain knowledge on CNF growth via the use
of a flat substrate-based model system mimicking the channel sur-
faces, which is then translated towards structured microchannels
into which CNFs have to be anchored as catalyst support. CNF lay-
ers were functionalized as catalytic support by depositing an active
metal, such as Pt, by pulsed-laser deposition.

2. Experimental

2.1. Preparation of nickel-based thin-films on flat fused silica and
silicon substrates

Ni-based thin-films for the synthesis of CNFs were deposited
on fused silica substrates (Corning, UV Grade 7980F; diameter

100 mm, thickness 500 ± 25 �m, roughness as-fabricated <1 nm)
and oxidized silicon substrates (standard p-type silicon substrates
(〈1 0 0〉-oriented, p-type, resistivity 5–10 � cm, 100 mm diameter,
thickness 525 �m, single side polished; Okmetic, Finland -∼250 nm
SiO2 using steam oxidation).

ion of pillared microchannel with CNFs that act as catalyst support (not on scale).
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Post to nitric acid cleaning sequence and lithography, deposi-
ion of metals was done via evaporation (Ni/Ta) and sputtering
Ni/TiW). Experimental details of these procedures can be found
lsewhere [54]. The thickness of the deposited adhesion layer was
0 nm, with on top 25 nm nickel. Finally, the substrates with the
hin metal films were diced into samples of 1 cm × 1 cm, with a
entered 8 mm × 8 mm area of metal thin-film.

.2. Fabrication of microchannels containing ordered arrays of
illars

Microchannels of 30 × 1 mm containing ordered arrays of
longated hexagonal pillars were defined in standard p-type sil-
con substrates (〈1 0 0〉-oriented, p-type, resistivity 5–10 � cm,
00 mm diameter, thickness 525 �m, single side polished; Okmetic,
inland). Prior to processing, the substrates were cleaned by
mmersion in fuming 100% nitric acid and boiling 69% nitric acid
ollowed by quick dump rinsing in de-mineralized water and dry
pinning. With standard UV-lithography microchannels with pil-
ars (pillar specifications: length 15 �m, width 3 �m, and spacing
�m) were defined in photoresist, which was postbaked for 30 min
t 120 ◦C (in air) after development. The photoresist acted as a
asklayer during deep reactive ion etching (DRIE; Adixen AMS

00DE) of silicon with a Bosch process, i.e. a cyclic process which
ses sulfur hexafluoride for etching of silicon and octafluorocy-
lobutane for sidewall passivation. The height of the pillars (thus
he depth of the channel) was ∼20 �m. Post to etching the mask was
tripped with an oxygen plasma and immersion in 100% nitric acid,
ollowed by rinsing and drying. Fluorocarbons resulting from the
RIE process were removed by a wet oxidization step, followed by

mmersion in 1% hydrofluoric acid, rinsing in DI-water and drying.
second wet oxidation step (45 min, 1000 ◦C) was used to deposit a
250 nm thick SiO2 layer on the etched microchannel. A thin-film
f Ni/Ta (25 nm/10 nm) was deposited on the micropillars using
lectron-beam evaporation (Balzers BAK600 system) in combina-
ion with a home-built stainless-steel shadowmask, using identical
ettings as for evaporation of Ni/Ta films on flat substrates. Finally,
he substrates were diced into samples of 40 mm × 3 mm.

.3. CNF layer synthesis

.3.1. Reduction pretreatment
Prior to CNF-synthesis the nickel-based thin-film samples, both

at substrates and microchannels with arrays of pillars, were first
leaned ultrasonically in acetone (5 min, Branson 200 ultrasonic
leaner) to remove organic contaminants, followed by washing
ith flowing deionized water (25 ◦C) and dried with pressurized

echnical air. Subsequently, the samples were reduced in a mix-
ure of 20 vol.% H2 in N2 (99.999%, INDUGAS) with total flow rate
f 50 mL/min, while increasing the temperature to 500 ◦C (ramp
p 5 ◦C/min) and maintained at 500 ◦C for 2 h. This pretreatment is
ssential for the dewetting of the Ni thin-film to produce nanopar-
icles which act as nucleation sites for CNF growth. After cooling
own to room temperature, the samples were transferred to the
NF-synthesis set-up for carrying out CNF-synthesis.

.3.2. CNF growth
CNF-synthesis was performed in a quartz reactor heated by

vertical furnace and horizontal furnace for flat substrates and
icroreactor chips, respectively. The use of different furnaces was

imply for the better handing of samples with different sizes. Flat

used silica samples with Ni-based thin-films were heated in N2
n vertical furnace from room temperature to 700 ◦C at a rate of
◦C/min, and at 700 ◦C exposed to a reactive gas mixture of C2H4 in
2 (99.95%, PRAXAIR) and/or H2 at a total flow rate of 100 mL/min.
he reaction time at this temperature was one hour, after which the
ng Journal 160 (2010) 899–908 901

samples were cooled down in N2 to room temperature. Two differ-
ent sets of experiments were carried out to probe the influence of
growth parameters on CNF growth and their morphology: (i) vari-
ation of ethylene concentration (5–15–25–30 vol.%) balanced with
N2 at 100 mL/min total flow rate, and (ii) H2 addition during CNF
growth (6.25–12.5–25 vol.%), using 25 vol.% C2H4 balanced with N2
at 100 mL/min total flow rate. These hydrogen concentrations were
chosen to obtain three different H2/C2H4 ratios, viz. 1:4, 1:2 and 1:1.
The amount of carbon deposited on each sample was determined
by measuring the increase in weight.

CNFs were synthesized inside microchannels with arrays of pil-
lars by positioning samples on a quartz boat in a horizontal quartz
reactor heated by an outer furnace. The samples were heated in N2
from room temperature to 635 ◦C at a rate of 5 ◦C/min, and at 635 ◦C
exposed to a reactive gas mixture of C2H4 in N2 (99.95%, PRAXAIR)
and H2 (0 and 6.25 vol.%) at a total flow rate of 100 mL/min. The
reaction time was one hour or 2 h, after which the samples were
cooled down in N2 to room temperature.

2.4. Active metal deposition on CNF layers

Platinum (Pt) film was deposited by pulsed-laser deposition
(PLD) using a KrF excimer laser beam with a wavelength of 248 nm.
The spot size of the laser beam was 1.95 mm2, with an energy den-
sity of 4.5 J/cm2. A Pt target with a density of 21.45 g/cm3 (99.99%)
was used. The distance between the platinum target and CNF-
coated samples was 42 mm. The deposition rate was 0.04 nm/pulse,
and the film thickness achieved on a fiber body was about 2.5 nm,
which corresponds to ∼3.5 wt.% loading of Pt (based on weight of
deposited CNF layer). The deposition was carried out at room tem-
perature in Ar atmosphere at a pressure of 0.01 mbar. The Pt film
was further annealed at 500 ◦C for 2 h in N2 atmosphere for thermal
disintegration of the film to generate well dispersed nanoparticles.

2.5. Characterization

The morphology of the synthesized CNF-coatings was inves-
tigated by scanning electron microscopy (HRSEM; LEO 1550).
Cross-sectional SEM analysis was performed on samples after
cleaving manually with pliers. In case of CNF layers synthesized
inside pillared microchannels, ultrasonication in water (5 min,
Branson 200) was used to verify the attachment of CNF layers,
followed by drying and SEM-inspection.

3. Results and discussion

Incorporation of a metal adhesion layer ensures good adhesion
of the Ni thin-film to the fused silica substrate. Previously, it is
shown that the use of Ta or TiW underneath Ni resulted in well-
attached CNF-coatings, even under intense fluid flow conditions
(i.e. flow in the m/s range). Moreover, the type of adhesion mate-
rial influences the diameter of the fibers constituting this coating:
Ta yields fibers with smaller diameter than TiW [54]. When syn-
thesized in microchannels, control of the morphology of CNFs – i.e.
average diameter of CNFs and CNF layer thickness – is important
to be able to optimally fill the volume of the microchannels (effi-
cient catalyst support), for example the spacing between pillars (see
Fig. 2b).

It is known from literature that a variety of growth parameters
can influence the morphology of CNFs. Important parameters are
the growth catalyst, synthesis temperature, type of C-source gas

and its concentration, gas velocity and partial pressures, growth
duration and addition of hydrogen during CNF growth [53,56–60].
Overall, the most crucial parameters in CNF-synthesis are the con-
centration and flow rate of the C-source, the concentration of
hydrogen, and the synthesis temperature [53]. In this work the
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most microporous (i.e. poresize <2 nm), this material cannot be
classified as ‘open’ catalyst support (in contrast to entangled CNF
layers). Therefore, the thickness of this C-layer should not be too
large (i.e. <2 �m), which motivates why to use 25 vol.% C2H4 for
further experiments.
ig. 3. Top-view SEM images illustrating CNF morphology for different C2H4 conce
iW): (a) 5 vol.%, (b) 15 vol.%, (c) 25 vol.%, and (d) 30 vol.%.

nfluence ethylene concentration and addition of hydrogen on the
-TCVD CNF growth process is studied.

.1. Influence of growth parameters on CNF-synthesis

.1.1. Ethylene concentration
Fused silica samples with a metal thin-film of Ni/TiW were

xposed to the C-TCVD process. The ethylene concentration in the
eacting mixture was varied from 5 vol.% to 30 vol.%. Fig. 3 shows
op-view SEM images of the samples for increasing C2H4 concen-
rations, and Table 1 presents the amount of deposited carbon
eposited as well as the average CNF diameters CNFs for differ-
nt concentrations of C2H4. The SEM images clearly show a change
n the CNF morphology as a function of the C2H4 concentration.
or 5 vol.% C2H4 nearly no CNF growth is observed (Fig. 3a): only a
mall amount of carbon is deposited with a scattered growth of CNF
esembling structures. For 15 vol.% C2H4 a small amount of CNFs is
ound with an average diameter of 150 nm (Fig. 3b). In case of 25
nd 30 vol.% C2H4 rather large amounts of uniform layers of entan-
led CNFs are seen (Fig. 3c and d). The amount of deposited carbon
ncreased with increasing C2H4 concentration, but seems to level

ff at high C2H4 concentrations. Cross-sectional SEM-images (not
hown here) revealed the presence of a ‘dense’ C-layer at the metal
nterface (i.e. underneath the open, entangled jungle CNF layer). In
ig. 4 the thicknesses of this ‘dense’ C-layer as well as the CNF layer
re plotted as a function of the C2H4 concentration. For increas-

able 1
mounts of deposited carbon and average diameter of CNFs for different ethylene
oncentrations (total flow rate = 100 mL/min; X vol.% C2H4 balanced with N2).

C2H4 concentration
[X vol.% balanced
with N2]

C-deposition
�g C/�g Ni

Avg. CNF diametera [nm]

5 1.4 52
15 4.3 150
25 12.9 100
30 15.7 71

a Avg. of ∼50 fibers from HR-SEM images.
ions (total flow rate of 100 mL/min; fused silica samples with 25 nm Ni and 10 nm

ing ethylene concentrations the thickness of both layers increases,
and only for C2H4 concentrations exceeding 15 vol.% significant
CNF-growth is visible (for lower concentrations only deposition of
carbonaceous species).

From literature it is known that the concentration of the C-
source gas influences both the CNF growth rate and the rate of
deactivation [56]. At lower concentrations insufficient supply of
C-species restricts deposition of carbon and hence the CNF growth
rate, whereas at very high concentrations the rate of deposition of
carbon on the nickel particles is becoming so high that carbon con-
sumption via CNF growth is not able to keep up. As a consequence,
excess carbon on the nickel surface leads to encapsulation of the
nickel particle, deactivating the particle for CNF growth. Data in
Figs. 3 and 4 and Table 1 show that such a deactivation effect is
not yet prominent for the conditions used in this study and CNF
deposition comply increase with increase in ethylene concentra-
tion. However, since the C-layer underneath the CNF-layer is at
Fig. 4. Influence of the ethylene concentration on the average thicknesses of the
CNF layer and the ‘dense’ C-layer between the CNF layer and the substrate.
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ig. 5. HR-SEM images illustrating CNF layer morphology for different H2 concentra
a) top-view of CNF layer grown with addition of 6.25 vol.% H2 (H2:C2H4 = 1:4, v/v
inset: CNF layer with vertical alignment), (c) top-view of CNF layer grown with ad
d) cross-sectional view of this CNF layer.

.1.2. Addition of hydrogen during CNF growth
Ni/TiW thin-film samples exposed to the C-TCVD synthesis pro-

ess during which H2 was added to the reacting mixture contained
ignificantly thicker CNF layers. This is clearly visible from SEM
mages (Fig. 5). From the cross-sections it can also be seen that the
verall morphology of the CNF layer has changed: underneath the

open’ entangled jungle of CNFs a dense(r) but amorphous C-layer
an be distinguished, of which the porosity is (much) lower than
f the CNF layer. Furthermore, near the metal surface a dense but
ather ordered C-layer is visible, with a nearly vertical alignment of
he carbon material. The morphology of this material is very simi-
ar to tungsten oxide nanowires synthesized on W-based thin-films

ith a similar C-TCVD process [61], as a consequence of which it is
ssumed that the structured layer visible near the metal interface

s composed of tungsten-based species.

Fig. 6 shows the thicknesses of the CNF-coating and the dense
-layer (summation of the amorphous and ordered sublayers) as a

unction of the hydrogen concentration, and Table 2 contains the
mounts of deposited carbon and average CNF diameter. It is well

ig. 6. Influence of the addition of hydrogen to ethylene on the average thicknesses
f the CNF layer and ‘dense’ C-layer(s) between the CNF layer and the substrate.
(total flow rate of 100 mL/min; fused silica samples with 25 nm Ni and 10 nm TiW):
t: higher magnification image of CNFs, (b) cross-sectional view of this CNF layer
of 25 vol.% H2 (H2:C2H4 = 1:1, v/v); Inset: higher magnification image of CNFs, and

known that addition of hydrogen during CNF-synthesis affects the
carbon yield, as well as the morphology of produced carbon nanos-
tructures [62–64]. Hydrogen is usually added to slow down the
hydrocarbon decomposition, and to achieve better control on car-
bon formation by rehydrogenating the reactive carbon species in
the gas phase as well as reduction of the formation of undesired car-
bon deposits from the pyrolysis of the carbon feedstock [57]. Due
to a lower deactivation rate it also results in higher yields of car-
bon, resulting in the formation of longer fibers. Data on the amount
of deposited carbon (Table 2) and Fig. 6 are in agreement with this
theory. However, the fact that thick dense C-layers are formed with
hydrogen concentrations above 6.25 vol.% (i.e. >12 �m) makes CNF-
coatings synthesized with high H2 concentrations unattractive as
structured, open catalyst support.

The diameters of fibers constituting the CNF layers decrease
with increasing hydrogen content. Park and Baker have suggested
that presence of hydrogen in the reactant responsible for inducing
reconstruction/fragmentation of the Ni-particles, i.e. the generation

of a set of smaller particles with faces that favor the precipitation
of carbon in the form of graphite: for increasing hydrogen con-
centrations in the reactant gas, the associated metal particles tend
to become progressively more faceted. During this reconstruction

Table 2
Amounts of deposited carbon and average diameter of CNFs for different hydrogen
concentrations (total flow rate = 100 mL/min; X vol.% H2 in 25 vol.% C2H4 balanced
with N2).

H2 concentration
[X vol.% in 25 vol.%
C2H4 balanced with N2]

C-deposition
�g C/�g Ni

Avg. CNF diametera

[nm]

0b 12.9b 100b

6.25 35.0 47
12.5 65.0 32
25 59.3 17

a Avg. of ∼50 fibers from HR-SEM images.
b Tabulated for comparison (no hydrogen added during CNF growth).
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Fig. 7. HR-SEM image showing the morphology of a CNF layer grown on 25 nm Ni
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rocess, the metal particles also undergo a wetting-and-spreading
ction on graphite at temperatures above 600 ◦C, i.e. incorporation
f particles in the fibers. This reconstruction process, thus the for-
ation of smaller metal particles, is responsible for the reduction of

he average fiber diameter with increasing hydrogen content [62].
n this work a decrease in carbon yield was found for 25 vol.% H2
Table 2), which is in agreement with literature [63,65,66]. This
tresses the fact that there is an optimal hydrogen concentration
or achieving the maximum growth of CNFs: for Ni/TiW thin-films
his is 6.25 vol.% H2 in 25 vol.% C2H4.

The presence of (a) dense C-layer(s) between a layer of entan-
led CNFs and the fused silica substrate is undesired in case of
atalyst support applications, and can be avoided by using Ta as
dhesion layer instead of TiW. On fused silica with Ni/Ta no dense
-layers were found for any of the investigated C-TCVD settings as
sed for Ni/TiW (Fig. 7) [54]. Moreover, CNFs synthesized on Ni/Ta
ave smaller diameters than CNFs on Ni/TiW (for similar synthesis
onditions), resulting in higher surface areas, which is beneficial
or the amount of catalytically active species to be anchored to the
NF-based catalyst support.

.1.3. CNF layer synthesis on silicon based flat substrates
Samples with Ni/Ta deposited on oxidized silicon were exposed

o the C-TCVD synthesis process. The ‘optimal’ CNF growth set-
ings as described in Sections 3.1.1 and 3.1.2 were used, i.e. 25 vol.%
2H4 and at most 6.25 vol.% H2. Fig. 8a and b show SEM images of
CNF layer grown without hydrogen, and Fig. 8c and d, a CNF layer

ynthesized with H2 added to the reaction mixture. There is no
oticeable difference in the morphology of CNFs compared to CNFs
rown on fused silica, i.e. the diameters and CNF layer thicknesses
re similar. Moreover, the presence or absence of hydrogen during

ynthesis affects the CNF layers in an identical way. Chinthaginjala
nd Lefferts [66] recently published results describing the influ-
nce of hydrogen addition on the formation of thin CNF layers on
i foam material. Although in their case the amount of nickel avail-
ble for CNF growth is different compared to thin-films used in

ig. 8. HR-SEM images illustrating the morphology of a CNF layer grown on 25 nm Ni an
ithout addition of hydrogen to 25 vol.% C2H4 (a) top-view, (b) cross-sectional; CNF lay

op-view, (d) cross-sectional view.
and 10 nm Ta on fused silica. Synthesis conditions: 25 vol.% C2H4 balanced with N2

at 700 ◦C for 1 h, total flow rate 100 mL/min (inset: underneath the CNF layer no
dense C-layer(s) are present).

this work, they have similar observations concerning the change
in CNF morphology (i.e. their diameter and CNF layer thickness)
when hydrogen is present during the growth of CNFs. They indi-
cated that carbon deposition is reduced by adding hydrogen (i.e.
H2 suppresses the encapsulation of Ni particles with carbon (which
leads to deactivation), thereby obtaining thicker CNF layers), which
is in agreement with our results. In addition, they not only observed
the formation of thinner fibers on addition of hydrogen to the reac-
tion mixture (which in excellent agreement with our observations),
but also concluded this based on BET-measurements: for increas-
ing concentrations of hydrogen the BET-area increased, which is

due to increasing amounts of thin fibers. Thus, hydrogen improves
the balance between graphene precipitation and carbon deposition
in small Ni particles, limiting their encapsulation and extending
formation of thin CNFs.

d 10 nm Ta on oxidized silicon (total flow rate 100 mL/min): CNF layer synthesized
er synthesized with 6.25 vol.% H2 added to 25 vol.% C2H4 (H2:C2H4 = 1:1, v/v) (c)
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ig. 9. Cross-sectional SEM images showing arrays of micromachined silicon pillar
or 1 h), (c) post to CNF-synthesis with 6.25 vol.% H2 added to C2H4 (growth time 2 h
he open structure of entangled CNFs.

The similar results of CNF growth morphology obtained in case
f fused silica and oxidized silicon flat substrates show that the
orphology of CNF-layers on Ni/Ta and Ni/TiW does not depend on

he type of the substrate, which implies that morphological data of
NF-synthesis on flat substrates will be (nearly) similar to morpho-

ogical properties of CNF-coatings grown on microchannels filled
ith oxidized silicon pillars.

.2. Carbon nanofiber based catalyst supports in microreactors

.2.1. Microchannels with high specific surface areas
As mentioned earlier microreactors offer high surface-to-

olume ratios (≥104 m2/m3) which make them attractive for not
nly performing reactions that require better heat and mass
ransfer characteristics, but also for processes that require better
nterphase contact such as gas–liquid–solid reactions. In general,
he surface-to-volume ratio is defined as the ratio of surface area
m2] (where for example catalyst can be anchored) of a system and
ts internal (void) volume [m3] (i.e. the amount of volume accessi-
le to liquids/gases). For example, when a change is made from a
0 m3 stirred vessel to 1 L laboratory reactor, this ratio increases a
actor 30. If these macrosystems are changed into a microchannel
aving fluidic channels with a diameter of 30 �m, this ratio rises by
factor of 3000 [67]. The specific surface area available for catalyst
eposition inside microreactors can be further improved by wash-
oatings or a layer of porous material [15,16,68,69]. For example,
rbiztondo et al. have reported in their work on the development
f microstructured zeolite films as highly accessible catalytic coat-
ngs for microreactors, that such coatings can exhibit values of the
xternal surface-to-volume ratio in the 400,000–700,000 m2/m3

ange depending on the preparation conditions. Roumanie et al.

68] have shown that use of arrays of micropillars in microchan-
els results in a 13-fold increase of specific wall area. In our case
f flow channels filled with hexagonal solid pillars (Fig. 2a), the
urface-to-volume ratio is ca. 105 m2/m3. Nevertheless, the use of
microporous catalyst support layer (such as an alumina wash-
rior to CNF-synthesis, (b) post to CNF-synthesis without hydrogen (25 vol.% C2H4

CNF layer fills the complete pillar spacing, and (d) the grown CNF-coating exhibits

coat) might cause internal mass transfer problems in microsystems,
particularly for reactions involving liquid–solid mass transfer [41].
However, when these pillars are covered with carbon nanofibers,
in such a way that the spacing between the pillars is completely
filled with ‘open’ CNFs, remarkable surface-to-volume ratios, up to
108 m2/m3, can be achieved without mass transfer problems. This
value is in good agreement with the values estimated by Popp and
Schneider [70], who demonstrated the use of a monolithic porous
carbon nanotube structure as a chemical reactor that exhibited a
surface-to-volume ratio of 5 × 106 to 2 × 107 m2/m3. Such large
surface-to-volume ratios provide a considerably higher catalytic
activity per unit volume of the channels (assuming homogeneous
distribution of catalytic material on the rigid, open CNF-based cat-
alyst support), without facing any internal diffusion limitations
for reactant molecules, or hydrodynamic problems for fluid flow,
which is essential for performing gas–liquid–solid reactions in an
efficient way.

In this work CNF-based catalyst supports are grown in
microchannels with arrays of elongated hexagonal silicon pillars
containing a thin-film of Ni/Ta, using the optimal CNF-synthesis
parameters described in Section 3.1.

3.2.2. Synthesis of CNFs in microchannels containing arrays of
micropillars

Flow channels in silicon containing arrays of oxidized silicon
micropillars covered with a thin-film of Ni/Ta were exposed to the
C-TCVD CNF-synthesis process. Fig. 9a and b show cross-sectional
SEM images of micropillars prior and post to a CNF growth pro-
cedure using 25 vol.% C2H4 for 1 h. The entangled morphology of
the CNFs is visible, however, the thickness of the CNF layer is not
uniform across the height of the pillars. This non-uniformity can

be prevented (to a large extent) by adding hydrogen to the reac-
tion mixture, combined with a larger growth time. In Fig. 9c and d
SEM images are shown for a growth procedure using 25 vol.% C2H4
with 6.25 vol.% H2 and a growth time of 2 h. The thickness of the
CNF layer is uniform over the height of the pillars. Furthermore,
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ig. 10. HR-SEM images of Pt-particles deposited onto CNFs: (a) the particles are
atalyst particles (5–10 nm) cover each fiber (Pt-particles are white spots, and are i

he addition of hydrogen and lengthened growth time resulted in
nearly) complete filling of the pillar spacing, and the CNF layer

aintained its open structure.
The thickness non-uniformity of the CNF layer across the height

f the micropillars (as seen in Fig. 9b) is a consequence of two issues.
irstly, the (rather) mono-directional origin of the used metal
eposition technique plays a role. Like any other PVD-deposition
echnique, electron-beam evaporation is subject to the ‘cosine
ffect’ [71], which means that more material is deposited on planes
acing the vapor flux (i.e. planes perpendicular to the flux), than on
nclined planes (i.e. planes non-perpendicular to the flux). In fact,
ue to this effect a metal film deposited on the sidewall of a trench
xhibits a thickness gradient: near the top of the trench the layer is
hicker than on the sidewalls in deeper areas of the trench, as well as
n the bottom of the trench [72]. For Ni deposited in a microchannel
lled with arrays of pillars this implies that the metal layer thick-
ess on top of the pillars will be thicker than the layers at the bottom
f the trench and at the sidewalls of the pillars. Moreover, the metal
lm at the sidewalls of the pillars will have a thickness gradient:
he thickness will reduce towards deeper areas of the channel. Since
he thickness of the Ni-layer affects the growth rate of CNFs [55],
his will result in a CNF layer thickness non-uniformity on the pillar
idewalls.

Secondly, gradients in the hydrocarbon gas across the depth of
he microchannel due to close packing of the micropillars can neg-
tively affect the CNF growth rate at deeper areas of the channel.
or high-aspect ratio arrays, i.e. high pillars with small spacing, gas
iffusion limitations can become an issue during CNF growth, sim-

lar to gas diffusion problems that occur during deep reactive ion
tching of narrow, deep trenches [73].

The presented non-uniformity of the CNF-layer on the pillar
idewalls (Fig. 9b) can be reduced/avoided by increasing the pillar
pacing, reduction of the pillar height/channel depth, or by using
eposition technique other than conventional PVD-techniques (i.e.
ore multi-directional methods). However, for the pillar array con-

guration used in this work, the CNF-thickness uniformity can also
e significantly improved by adding hydrogen to the hydrocarbon
ource (as shown in Fig. 9c and d).

.3. Deposition of catalytic active metal sites on CNF layers

In order to use CNF-layers as efficient, rigid catalyst supports,
t is essential to anchor catalytic sites to the fiber bodies, such as

etal particles of platinum (Pt). In this work pulsed-laser depo-

ition is used to deposit a Pt thin-film on CNFs synthesized on
ilicon-based substrates. Post to PLD the samples were annealed
t 500 ◦C in nitrogen for 2 h to generate Pt nanoparticles. Fig. 10
hows high-resolution SEM images of a CNF-layer with Pt-particles
ttached to the fibers: well-distributed Pt-particles with a size dis-
mly distributed of along the thickness of the CNF layer, and (b) well dispersed Pt
ed by arrows).

tribution from 5 to 10 nm are visible as white dots (indicated by
arrows).

For the application of CNFs as a structured catalyst support
in the aqueous phase, modification (and control) of the surface
hydrophobicity of the fibers is crucial. It is important to increase
the hydrophilicity of the fibers, which can be obtained by oxi-
dation of the surface of the fibers (e.g. by immersion in HNO3,
HNO3/H2SO4 or H2O2), in order to increase the amount of oxygen
containing groups such as carboxylic acid functional groups [74].
The presence of these groups also helps to obtain a higher degree of
dispersion of the active phase, particularly when the catalyst prepa-
ration will be performed via conventional aqueous phase catalyst
preparation methods, such as impregnation and/or homogeneous
deposition precipitation. A comparative study of the use of these
catalyst preparation methods for CNF-based supports is currently
examined.

4. Conclusions and outlook

In this work the synthesis and characterization of carbon
nanofiber (CNF) layers on nickel-based thin-films is described. By
means of high-resolution SEM imaging the influence of various
growth parameters on the morphology of catalytic thermal chem-
ical vapor deposited CNF-coatings is studied.

It was found that the most important parameters are the vari-
ation in ethylene concentration and addition of hydrogen to the
reactant mixture. In case of Ni/TiW and Ni/Ta thin-films (25 nm Ni,
10 nm TiW or Ta) on flat fused silica or oxidized silicon substrates,
open, entangled ‘jungle’ CNF layers were found for ethylene con-
centrations ≥25 vol.%. Moreover, addition of hydrogen to ethylene
significantly enhances the rate of formation of CNFs, and reduces
the average diameter of the fibers. When TiW is used as adhesion
material for Ni, the concentrations of ethylene and hydrogen should
not exceed 25 vol.% and 6.25 vol.%, respectively, in order to avoid
the existence of a thick ‘dense’ C-layers between the substrate and
the ‘open’ CNF layer. However, for similar synthesis conditions this
C-layer is absent when Ta is used as adhesion material.

CNF-layers are to be used as structured catalyst support in
microreactors. The ‘optimal’ C-TCVD conditions (25 vol.% C2H4
with 6.25 vol.% H2 and a Ni/Ta thin-film) resulted in a good
thickness uniformity of CNFs synthesized on the sidewalls of
oxidized silicon micropillar arrays. The CNF layers filled up the
complete space between the pillars, which is important for per-
forming gas–liquid–solid reactions. Catalytic metal particles were
successfully pulsed laser deposited on such rigid, open-structure

CNF-coatings, and the particles were homogeneously dispersed
over the complete CNF layer. Despite the visually ‘open, entangled
jungle’ character of the CNF layer and the homogeneous distri-
bution of the nanoparticles across its thickness, prior to use of
functionalized CNFs in microreactors issues as heat and mass trans-
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er and pressure drops need to be verified experimentally. These
spects are currently being investigated for gas-saturated liquid
eactions with Ru/Pd anchored to the CNF-layer.
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