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Abstract

Carbon nanofibers (CNF) are non-microporous graphitic materials with a high surface area (100–200 m2/g), high purity and tunable
surface chemistry. Therefore the material has a high potential for use as catalyst support. However, in some instances it is claimed that
the low density and low mechanical strength of the macroscopic particles hamper their application. In this study we show that the bulk
density and mechanical strength of CNF bodies can be tuned to values comparable to that of commercial fluid-bed and fixed-bed cat-
alysts. The fibers were prepared by the chemical decomposition of CO/H2 over Ni/SiO2 catalysts. The resulting fibers bodies (1.2 mmm)
were replicates of the Ni/SiO2 bodies (0.5mm) from which they were grown. The bulk density of CNF bodies crucially depended on
the metal loading in the growth catalyst. Over 5 wt% Ni/SiO2 low density bodies (0.4 g/ml) are obtained while 20 wt% Ni/SiO2 leads
to bulk densities up to 0.9 g/ml with a bulk crushing strength of 1.2 MPa. The 20 wt% catalysts grow fibers with diameters of
�22 nm, which grow irregularly in space, resulting in a higher entanglement and a concomitant higher density and strength as compared
to the thinner fibers (�12 nm) grown from 5 wt% Ni/SiO2.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbon fibers (CNF) are graphite-like materials, which
hold great potential as catalyst support [1–21]. However,
at a number of occasions it is claimed that these materials
are obtained as ‘‘fluffy materials’’ i.e., having a low bulk
density [2,22–24] and a low mechanical strength [2]. This
would not allow the economic use in a reactor since the
mass of catalyst per reactor volume is too low. In addition,
due to the mechanical weakness of those materials, applica-
tion in large fixed-bed reactors, fluidized-bed or slurry-
phase reactors is not viable. Therefore synthesis routes to
CNF bodies with high bulk densities and high strength
are much desired.

Different methods to prepare CNF are described in liter-
ature, a.o., arc discharge [25–28], decomposition of orga-
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nometallic compounds [29–31] or chemical vapor
deposition [32–35] of carbon containing gases over metal
catalysts, i.e., catalytic growth [36–41]. The latter option
is preferred for large-scale production of CNF [42,43].
Essential in the growth of CNF is the decomposition of
the carbon source on the surface of the metal particles.
The thus formed carbon atoms migrate through/over the
metal to assemble into CNF [1,2,44,45]. CNF growth crit-
ically depends on a number of factors such as temperature,
nature of the catalyst and source of carbon [1,2,20,39,46–
55].

It is claimed that the CNF can form three-dimensional
networks of interwoven fibers resulting in bodies of
micrometer size which are replicates of the original shape
of the catalyst particles from which they were grown
[2,56–59]. Typically the formed CNF bodies increase with
a factor 3 in diameter compared to the size of the catalyst
particles [56]. Thus when a fine powder is used as starting
material the resulting CNF bodies also consist of small
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bodies. This can explain why some authors obtain CNF as
powder while others obtain macroscopically shaped CNF
bodies [56–59].

Literature revealed that when CNF are grown with a
low rate irregularly shaped fibers can be formed which
strongly entangle with each other [1,2,44]. This potentially
can lead to highly dense materials, which can be mechan-
ically strong as well. The final density of the material
depends crucially on the way in which the CNF are grown.
For example Hoogenraad [2] obtained CNF with a bulk
density of 0.35 g/ml grown from 20 wt% Ni/Al2O3 using
methane as the carbon source while Reshetenko [23]
obtained a bulk density of 0.76 g/ml over a highly loaded
90 wt% Ni/Al2O3 catalyst. Besides the different nickel
loading, Reshetenko used a vibro-fluid-bed reactor and
pure methane as carbon source at 773 K while Hoo-
genraad used a fixed-bed reactor with diluted methane gas-
flows at 823 K.

In the current contribution we investigate the role of the
growth catalysts, in particular the metal loading, on the
bulk density and strength of the prepared CNF bodies.

We chose Ni/SiO2 as the growth catalyst because SiO2

has significant advantages over the use of Al2O3 when pure
CNF are desired. SiO2 is conveniently removed by a treat-
ment of the prepared materials by a solution of KOH [44].
In case of Al2O3 acid extraction is needed while full
removal of the support is cumbersome [45]. For the sil-
ica-based catalyst in a separate step the exposed growth
catalyst (Ni) is removed by a treatment in concentrated
HCl [16,44].

General agreement exists on the fact that the diameter of
the CNF is always similar to that of the metal particle from
which it is grown [2,56–59]. In earlier studies it is found
that the size of Ni particles in the CNF can be significantly
larger than those in the fresh growth catalysts [1,2,40,56].
Clearly a sintering step is involved during the CNF growth.
This sintering only occurred during CNF growth since in
inert or hydrogen atmospheres at temperatures even higher
than the CNF growth temperature sintering did not occur
[60,61]. Since sintering appears to be an important issue in
CNF preparation we choose to use for our study two Ni/
SiO2 catalysts having similar Ni particles sizes but different
metal loadings (5 and 20 wt%) i.e., different sintering rates
can be expected. The influence of the metal loading will be
shown to have a crucial influence on the properties (yield
and density) of the CNF bodies.

2. Experimental

2.1. Preparation of growth catalyst

Five or 20 wt% Ni/SiO2 catalysts were prepared by
deposition precipitation as described by Van Dillen et al.
[63] using 10.0 g silica (Degussa, Aerosil 200, powder),
nickel nitrate (Acros) and urea (Acros). After washing, fil-
tration and drying at 393 K the catalyst precursor was cal-
cined in static air at 873 K.
2.2. CNF preparation

Prior to the carbon nanofiber growth 0.4 g of the nickel–
silica growth catalyst, sieve fraction 425–850 lm, was
placed in a quartz upflow fixed-bed reactor (internal diam-
eter 25 mm) and reduced in situ for 2 h in a flow of a mix-
ture of H2 (80 ml/min) and N2 (320 ml/min) at 1 bar and at
973 K (heating rate 5 K/min). Next, the fibers were grown
at 823 K in a mixture of CO (120 ml/min), H2 (42 ml/min)
and N2 (238 ml/min) for 1, 2, 4, 6 or 20 h. The product
(including the growth catalyst) was refluxed for 2 h in
200 ml of an aqueous 1 M KOH solution to remove the sil-
ica support. Next, after filtering and thoroughly washing
with de-ionised water, the fibers were refluxed in concen-
trated HCl, to remove exposed nickel followed by washing
and drying.

2.3. Characterization

XRD patterns were recorded at room temperature with
an Enraf Nonius PDF 120 powder diffractometer system
equipped with a position-sensitive detector with a 2h range
of 120� using Co Ka1 (k = 1.78897 Å) radiation. Average
particle sizes were calculated using the Debye–Scherrer
equation.

Nitrogen physisorption was carried out at 77 K using a
Micromeritics Tristar 3000 V 6.01. Prior to the physisorp-
tion measurement the samples were dried in a He flow at
573 K. For the analysis of the average pore diameter the
BJH method was applied to the desorption isotherm.

Scanning electron microscopy (SEM) was carried out
using a Philips XL30 FEG apparatus. The samples were
placed on a carbon coated sample holder. In case of the
CNF bodies, both intact and cleaved CNF bodies were
investigated. The intact bodies were used to scan the out-
side of the skeins. The cleaved bodies were analyzed both
on the outside as well as on the cleaved facet of the body.

TEM samples were prepared by suspending the fibers
after grinding in ethanol under ultrasonic vibration. Some
drops of the thus produced suspension were brought onto a
holey carbon film on a copper grid. The grid was trans-
ferred to a FEG-Technai-20 TEM apparatus operated at
200 keV.

2.4. Bulk density of carbon nanofiber bodies

The bulk density of grown carbon nanofibers was deter-
mined by measuring the mass of a fixed volume. A fixed
volume, i.e., a glass cylinder, was filled without vibration,
with the CNF bodies in accordance to the American Stan-
dard Test Methods (ASTM D1895-96 B).

2.5. Bulk crushing strength

About 17 ml of carbon nanofibers bodies with a body
size larger than 425 lm were packed in a steel container.
Pressures from 0.2 to 3.1 MPa were applied on the stacked



M.K. van der Lee et al. / Carbon 44 (2006) 629–637 631
CNF bodies via a steel dye. With increasing pressure the
CNF bodies break and as a result fines (bodies < 425 lm)
were formed. The cumulatively weight of the fines was
determined as function of the applied pressure. The bulk
crushing strength (BCS) is defined as the pressure at which
cumulatively 0.5 wt% fines are formed.

3. Results

Some of the physico-chemical properties of the Ni/SiO2

growth catalysts have been compiled in Table 1. Although
the Ni-particle size of Ni-5 and Ni-20 are similar, the den-
sity of particles is much higher for Ni-20, see Fig. 1. The Ni
particle size distribution of Ni-20 seems to be somewhat
broadened as well. Low magnification SEM images have
been collected to report the bodies shapes and sizes.
Fig. 2A and B show the SEM images of the original Ni/
SiO2 growth catalyst Ni-5 and Ni-20. Fig. 2C–F gives a
macroscopic overview of the CNF bodies formed after 1
and 20 h over Ni-5 and Ni-20 resulting in CNF-5-x or
CNF-20-x with x representing the growth time in hours.
It can be noted that irrespective of the applied growth con-
ditions the CNF skeins have similar shapes as the original
growth catalysts. However, after 1 h the bodies are smaller
than the original Ni/SiO2 bodies while after 20 h they are
larger.

On a mesoscopic scale significant differences can be
observed among the different samples. In Fig. 3 SEM
micrographs of CNF-5-20 and CNF-20-20 are shown.
The top part of Fig. 3A and B shows the outer surface of
Table 1
Some physico-chemical properties of Ni/SiO2 growth catalysts reduced at
973 K for 2 h in H2

Nominal Ni
loading (wt%)

Ni dp (nm) SBET

(m2/g)
PV
(ml/g)XRD TEM

Ni-5 5 4 4 181 1.26
Ni-20 20 5 5 217 0.85

Fig. 1. TEM images of growth catalysts after reduction a
the CNF bodies while the lower part (C and D) displays
the inside. The diameter distributions of the fibers on the
surface the inside of the bodies after 1 and 20 h of growth
obtained from TEM images have been compiled in Fig. 4.
After 1 h of growth clearly from Ni-5 smaller diameter (8–
16 nm) CNF were grown compared to those from Ni-20
(16–30 nm). All CNF used in this study are of the fishbone
type as shown by a representative high resolution TEM
micrograph (Fig. 5).

The fiber diameter distribution as determined by TEM
of CNF-5-1 and CNF-20-1 (Fig. 4) both shift to larger
diameters with longer growth times. SEM images show
that for CNF-5–20 well defined individual CNF can be
observed (Fig. 3), while for CNF-20-20 a densely packed
structure is formed inside the CNF bodies. Some textural
and structural properties of the prepared samples are given
in Table 2. In line with the decrease in BET surface area the
observed diameter of the CNF increases. From the BET
surface area and assuming a carbon density of 2.25 g/cm3

and closed solid fibers a diameter for the fibers can be cal-
culated (Table 2; dcalc). Clearly the calculated fiber diame-
ter based on BET is smaller than those obtained from SEM
although the trends in diameter variation with time are
similar. Recently we have reported that CNF may contain
internal cylindrical pores of about 5–10 nm which explains
the higher diameter values from TEM compared to those
from the specific surface areas [64].

Fig. 6 shows the yield of CNF per gram nickel as func-
tion of the growth time and as function of the growth cat-
alyst. Ni-5 shows a linear increase in CNF yield as function
of time. On the other hand, Ni-20 initially grows CNF with
a higher rate but the rate declines with time.

The bulk density of the CNF bodies as function of
growth catalyst and growth time is displayed in Fig. 7.
For CNF-5 an initial decrease in the bulk density was
observed after which it remained constant around 0.4 g/
ml. For CNF-20 an initial sharp increase of the bulk den-
sity was found from 0.5 after 1 h CNF growth to 0.8 g/
ml after 6 h of growth. Finally after 20 h of growth skeins
with a bulk density of 0.9 g/ml were obtained.
t 973 K: (A) 5 wt% Ni/SiO2 and (B) 20 wt% Ni/SiO2.



Fig. 2. Low magnification SEM images of growth catalyst after reduction 973 K and grown CNF bodies: (A) 5 wt% Ni/SiO2; (B) 20 wt% Ni/SiO2;
(C) CNF bodies CNF-5-1; (D) CNF bodies CNF-20-1; (E) CNF bodies CNF-5-20; (F) CNF bodies CNF-20-20.
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As shown in Fig. 6 the mass of CNF produced increases
with time. On the other hand the bulk density increases for
CNF prepared with Ni-20 but remains constant with time
over Ni-5 (Fig. 7). Therefore it is interesting to know what
the influence of growth time and nickel catalyst loading is
on the size of theCNFbodies prepared.Fig. 8 shows the aver-
age body size as function of time. For CNF prepared over
both catalysts an initial decrease in the body size is observed
while after 1 h of growth the size increases again. The latter
being with a higher rate over Ni-5 compared to Ni-20.

The high bulk density of the Ni-20-20 material (0.9 g/
ml) is comparable to or above that of commercial catalysts
[66]. In addition the bulk crushing strength of the CNF-20-
20 bodies was found to be 1.25 MPa (Fig. 9) which make
them suitable for fixed-bed applications [56]. The CNF
bodies already disintegrate due to weak forces and their
bulk crushing strength was estimated to be <0.5 MPa.

4. Discussion

Figs. 1 and 2 give an overview of the used Ni/SiO2 cat-
alyst. The physico-chemical properties of these materials
are summarized in Table 1. Close inspection and analysis
of the micrographs of the CNF (Fig. 3) reveals that all



Fig. 3. High magnification SEM images of carbon nanofibers grown for 20 h using Ni-5 or Ni-20 growth catalyst: (A) outside CNF-5-20; (B) outside of
CNF-20-20; (C) inside CNF-5-20; (D) inside of the CNF-20-20.
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fibers in the bodies, irrespective of the growth conditions,
have a larger diameter (8–40 nm, Fig. 4) than the Ni parti-
cles from which they were grown (�5 nm; Table 1 and
Fig. 1). At many occasions it has been shown that the
diameter of the grown CNF closely matches that of the
Ni particles at the top of the fibers [2,32,44,56,64,65] from
which the fibers were grown. Thus it must be concluded
that in some stage the initial small Ni particles (�5 nm)
have sintered to larger particles (8–40 nm).

Most likely, sintering occurs prior to the start of the
CNF growth. This is also supported by the fact that small
metal particles (<5 nm) retard the formation of graphene
sheets since their surface is strongly curved [2,44]. In earlier
studies [44,62] we showed that the Ni particles in Ni/SiO2

do not sinter significantly in H2 atmosphere. Therefore
the carbon containing gas is a pre-requisite for sintering.
Since in Ni-20 the concentration of Ni particles is higher
compared to that in Ni-5 it can be expected that (a) the sin-
tering is more significant over Ni-20 due to the closer prox-
imity of the Ni particles and (b) the CNF growth rate is
higher over Ni-20 due to the higher amount of active metal
which is in line with what is observed (Fig. 6). This is in
agreement with the thicker fibers, which are formed over
Ni-20 (Fig. 4). From Ni-5 with an initial particle size of
4 nm (Table 1) CNF with an average diameter of 12 nm
were grown (Fig. 4) while from Ni-20 with an initial Ni
particle size of 5 nm (Table 1) CNF with an average diam-
eter of 22 nm were grown (Fig. 4). From this is can be esti-
mated that roughly 6 times more Ni is involved in the
growth of a single fiber from Ni-20 as compared to Ni-5
which is not too remote from the difference in metal load-
ing in both catalysts.

The thicker fibers e.g., CNF-20-20, grow in bodies with
a higher bulk density as compared to the thin fibers which
grow in less dense bodies (Fig. 7). This can be explained by
the different growth mechanism of large and small diameter
fibers. Large diameter fibers grow via the so-called rice-
shell mechanism resulting in irregular shaped fibers
[1,2,44]. Here the growth of CNF is not a continuous pro-
cess but is periodical [2,56,67]. The metal particle is con-
verted to metal carbide while a significant fraction of the
metal surface is encapsulated by carbon. When a certain
carbide concentration has been reached the encapsulating
shell burst and the Ni whole particle becomes available
again for growth. The driving force for the excretion of
the fiber is a lowering of the density of the metal/carbide
phase via demixing of the metal and the carbide. In this
‘‘start-stop-start-stop’’ mechanism every start of growth
can be in a different direction resulting in curved fibers
which strongly entangle. The thin CNF grow via a contin-
uous carbon dissolution–excretion model. In the latter
mechanism the rate of carbide formation in the metal
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Fig. 5. HRTEM of the fishbone fibers. Dashed line: direction of graphene
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particle is balanced by the formation of the carbon fibers,
which results in the continuous growth rate of CNF, which
are more straight (Fig. 3) [2,67].

After having established the nature of the CNF growth
processes on a mesoscopic scale it turns out that the growth
conditions also have an influence on the size of the formed
bodies (Figs. 2 and 8) i.e., on a macroscopic scale. Fig. 8
shows clearly that irrespective of the growth catalyst first
a decrease in body size is observed as function of the
amount of CNF formed. This is the result of fragmentation
of the initial Ni/SiO2 bodies into smaller bodies. Because
the bulk density of CNF-5 does not increase with time
(Fig. 7) while the yield of CNF does (Fig. 6) it must be con-
cluded that this material grows in a voluminous way in
which the increase in CNF yield results in a continuous
expansion of the bodies resulting in a constant bulk den-
sity. This does not hold for Ni-20, since after the initial
decrease of the CNF body size it increases, however, with
a lower rate as compared to Ni-5 as inferred from Fig. 6
by the lower slope between 4–20 g C/g Ni. Thus the newly
formed CNF in CNF-20 grow in the empty spaces inside
the bodies resulting in a lower expansion rate of the bodies,
thus, resulting in a higher bulk density as compared to
CNF-5. The higher bulk density of CNF-20-x compared
to that of CNF-5-x is in line with the mesoscopic growth
mechanism discussed above. Since thicker fibers, i.e., those
in CNF-20-x grown in an irregular way, are bent resulting
in a high entanglement resulting in a high bulk density. The
straight thinner fibers in CNF-5-x on the other hand grow



Table 2
Some physico-chemical properties of the CNF bodies

Growth catalyst Growth time (h) SBET (m2/g) PV (ml/g) dobs [nm] (TEM) dcalc [nm] (BET)

CNF-5-1 Ni-5 1 232 0.69 10 8
CNF-5-4 Ni-5 4 167 0.85 11
CNF-5-6 Ni-5 6 208 0.84 9
CNF-5-20 Ni-5 20 197 0.73 12 9
CNF-20-1 Ni-20 1 165 0.68 20 11
CNF-20-4 Ni-20 4 160 0.32 11
CNF-20-6 Ni-20 6 151 0.25 12
CNF-20-20 Ni-20 20 130 0.19 24 14

Silica from growth catalysts was removed by refluxing CNF bodies in 1 M KOH for 2 h. BET and pore volume are based on nitrogen physisorption.
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faster and do not entangle very well resulting in a low bulk
density.

Since we were never able to detect large patches of SiO2

by TEM/EDX, before SiO2 removal, it is concluded that
the SiO2 is completely fragmentized during the growth pro-
cess. This is schematically shown in Fig. 10. The initially
formed CNF break up the weak Ni/SiO2 body in smaller
fragments. Next the fibers on the inside start to grow in
all directions thus continuously expanding the much stron-
ger CNF body resulting in replicates of fragments of the
original SiO2 body [56–59]. The properties of the CNF-
20-20 bodies are such that they are suitable for commercial
application at least in fixed-bed reactors [66]. Different
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ways of metal deposition on these materials are put for-
ward in literature, e.g. [13,16,20,21,66,68,69] resulting in
catalyst which can be among the most active one for e.g.,
cinnamaldehyde hydrogenation [16].

5. Conclusions

The diameter of carbon nanofibers (CNF) formed over
Ni/SiO2 was dependent on the metal loading in the growth
catalyst. When starting with identical nickel particle sizes
(5 nm) a highly loaded Ni/SiO2 catalyst (20 wt%) resulted
in fibers with a average diameter of �22 nm. These bodies
had a high bulk density of 0.9 g/ml and high mechanical
strength making these materials suitable for applications
in a fixed-bed reactor. Lower loaded Ni/SiO2 (5 wt%) led
to straight �12 nm fibers throughout the CNF body. The
formation of straight fibers relates to the lower density of
the formed CNF bodies, which are replicas of the Ni/
SiO2 growth catalyst. The thicker fibers formed over
20 wt% Ni/SiO2 were more entangled due to their bent
shapes which resulted in high bulk density and high
mechanical strength of the CNF bodies.
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