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Abstract

The effect of the crystal size of Ni on the growth of carbon nanofibers (CNFs) was studied in a tapered oscillating element mic
reactor. Small Ni crystals yield a low growth rate and fast deactivation and thus a low final yield of CNF. Large Ni crystals reduce th
rate because of low surface area. An optimum growth rate and yieldof carbon nanofibers can be achieved on optimally sized Ni cry
(around 34 nm). A model has been proposed for interpreting the kinetic effects of the Ni crystal size based on a detailed mechan
carbon nanofiber growth. The reduced coking rate on a small-sized Ni crystal is a result of increased saturation concentration o
thus a low driving force for carbon diffusion through the Ni crystals. As a consequence, the surface coverage of carbon increas
enhances the formation of encapsulating carbon and thus the deactivation. Both the low initial coking rate and the fast deactivation resu
a low yield of carbon nanofibers on small-sized crystals. The results also indicate that hydrogen has a significant effect on the fo
CNF, and an optimum partial pressure of hydrogen exists for the CNF growth.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Carbon nanotubes (CNTs) and carbon nanofibers (CNFs)
have many unique properties, such as high resistance to
strong acids and bases, high electric conductivity, high
surface area, and high mechanical strength[1,2]. These
unique properties result in many potential applications,
such as catalyst supports[3], selective adsorption/absorption
agents[4], hydrogen storage[5], composite materials[6],
nano-electronic and nano-mechanical devices[7], and field
emission devices[8]. The term “carbon nanotube” is nor-
mally used to refer to a structure with the basal carbon
planes parallel to the tube axis. “Carbon nanofiber” is a more
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general term referring to graphite structures with other orien-
tations of the graphene plane, and CNTs can be considered
a special case of CNFs. Therefore, CNFs are used in the
present work.

Chemical vapor deposition (CVD) has long been exten-
sively used for the production of CNF[9–12], in which Ni,
Co, and Fe and their alloys have proved to be efficient cat-
alysts. Carbon sources are not very restricted, and many
hydrocarbons, such as C1–C6, have been studied[2,13].
Among these, the catalytic decomposition of methane on
Ni catalysts is one the most extensively studied systems
[2,14–17]. The main driving force for such studies is the
abundance and cheapness of natural gas, as well as the im-
portance of filamentous carbon formation in steam methane
reforming[17,18]. Methane decomposition on Ni has long
been studied to obtain detailed kinetic and mechanistic infor-
mation about carbon formation, with the intention of avoid-
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ing carbon formation in steam reforming of natural gas[17–
20]. On the other hand, methane decomposition was found
to be en efficient way to produce CNF/CNT[2].

Catalyst plays a key role in the production of CNFs. Much
research work has been devoted to the development of effi-
cient catalysts for large-scale production of CNFs. The effect
of preparation methods, supports, and texture promoters of
Ni catalysts has been studied by Ermakova et al.[14,21].
They noticed that the yield of carbon produced by methane
decomposition is possibly related to the average size of the
nickel particles on the fresh catalysts, and that the maximum
yield is observed at a particle size of 20–60 nm[21]. The
strong effect of the Ni crystal size on carbon formation is
possibly not surprising, since it was reported almost 30 years
ago that the thermodynamic equilibrium constant or the cok-
ing threshold during methane decomposition can be directly
related to the crystal size of Ni[18]. It was proposed that
this can be related to the changes in thermodynamic proper-
ties of carbon nanofibers due to the external tension energy
of carbon nanofibers as a function of the crystal size.

Much work has been devoted to size-controlled synthe-
sis of CNFs[22–26]. It is generally observed that a metal
particle is at the tip of a CNF during reaction, and that the
diameter of the CNF is approximately identical to the diame-
ter of the metal particle. It is therefore logical to assume that
it is possible to control the diameter of CNFs by control-
ling the size of the catalyst metal particle. Direct evidence
for this strategy has recently been provided by Cheung et
al. [25], who found that the diameters of carbon nanofibers
produced by ethene decomposition at 1073 K were almost
identical to the diameter of the Fe particles.

However, the fact that the metal particle size at the tip
of a CNF is identical to the diameter of the CNF does not
mean that the diameter of CNFs is always controlled by
the metal particle size, since the metal particles might un-
dergo reconstruction, sintering, and fragmentation. De Jong
et al.[2] have made a review of the synthesis of CNFs from
methane decomposition and from synthesis gas. It was found
that the diameter of CNFs changed with the operating con-
ditions and the composition of the reactant mixture. To add
even more complexity, an in situ XRD study[27] showed
that Ni particles underwent serious reconstruction and that

the Ni crystal size reaches a constant value, regardless of ini-
tial size. Therefore, a detailed understanding of the effect of
the metal crystal size on the formation of CNFs is still highly
desirable. More importantly, based on our knowledge, only
very little attention has been paid to the possible kinetic ef-
fects of metal crystal size on CNF growth[28].

The present work deals with the preparation and char-
acterization of Ni catalysts with different crystal sizes. The
study has been designed to gain an understanding of the ef-
fect of the Ni crystal size on the rates of CNF growth and
deactivation, and thus on the yield of CNF (gCNF/gcat). The
relationship between metal crystal size and the diameter of
CNFs is studied by TEM. A mechanism of CNF growth is
proposed for better understanding of the effect of Ni crystal
size.

2. Experimental

2.1. Materials

Hydrotalcite materials with different Mg/Al ratios were
supplied by Condea (Pural). The hydrotalcite supports are
named as HT 30, 50, and 70, where the numbers represent
the weight percentage of MgO. Ni (11 wt%) supported on
CaAl2O4 is an industrial reforming catalyst.α-Al2O3 was
supplied by Alcoa Chemicals.

2.2. Catalyst preparation

A series of Ni catalysts was prepared by incipient wetness
impregnation on the different supports. The composition and
properties of the catalysts are listed inTable 1. The hydrotal-
cite precursors were dried for 24 h at 383 K before impregna-
tion. The support materials were impregnated with a calcu-
lated quantity of an aqueous solution of Ni(NO3)2 · 6H2O.
The catalysts were dried overnight at 383 K. The oxide-
supported Ni catalysts were calcined in air at 873 K for 4 h
and reduced in 50 mol% H2/Ar (total flow of 100 ml/min)
at 873 K.

To completely isolate the effects of Ni crystal size on
CNF growth, a comparison of CNF formation on crystals

e

Table 1
Catalyst composition and BET surface area (SBET), specific surface are of Ni (SNi) and NiO crystal size (Dp1) determined from XRD and Ni crystal siz
Dp2 determined by chemisorption

Catalyst Ni
(%)

MgO
(%)

CaO
(%)

Al2O3
(%)

SBET
(m2/gcat)

SNi
(m2/gcat)

Dp1

(nm)
Dp2

(nm)

Ni/HT30 12.5 24.5 59.6 271 8.6 12 12
Ni/HT50 12.5 42.6 41.5 201 4.2 24 23
Ni/HT70 12.5 59.5 24.6 228 4.2 29 24
Ni/HT50-24h 12.5 42.6 41.5 201 34
Ni/HT50-50h 12.5 42.6 41.5 32
Ni/HT50-74h 12.5 42.6 41.5 47
Ni/CaAl2O4 11 8 81 5.5 0.33 220
Ni/α-Al2O3 11 89 0.6 0.037 1629
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of different sizes has been made on a support of HT50. The
different Ni crystal sizes on HT50 have been obtained by
sintering of Ni catalysts for different periods (50 and 74 h)
at a total pressure of 2 MPa in a mixture of H2O/H2/Ar
(1/0.23/0.85) prior to the methane decomposition. Another
sintering experiment was performed under steam reform-
ing conditions at a total pressure of 2 MPa in a mixture of
H2O/CH4/Ar (1/0.51/0.57) for 24 h. The sintering was per-
formed separately in a fixed bed reactor.

2.3. Catalyst characterization

Temperature-programmed reduction (TPR) was perfor-
med in a quartz reactor heatedby an electrical furnace at
a heating rate of 10 K/min in a mixture containing 7 mol%
H2, at a maximum temperature of 1203 K. Hydrogen con-
sumption was measured by analyzing the effluent by means
of a thermal conductivity detector. The steam formed during
the reduction was removed by a cooling trap.

The BET surface area of the supports was measured by
N2 adsorption at 77 K in a CoulterTM SA 3100. The spe-
cific surface area of Ni was measured in a Micromeretics
ASAP 2010 C V2.01. Volumetric hydrogen chemisorption
was measured at 305 K, and the samples were heated and
reduced before hydrogen adsorption. The volume adsorbed
was obtained by making two subsequent isotherms, with
evacuation to 10−5 Torr for 30 min in between. The dif-
ference between the two isotherms was used to calculate
the surface area and the dispersion of Ni, assuming an ad-
sorption stoichiometry of H/Ni = 1. Approximately 1 g of
sample was used for analysis.

X-ray powder diffraction (XRD) analysis of the samples
was performed with a Siemens D5000 X-ray diffractometer.
Phase identifications were carried out by comparing the col-
lected spectra with spectra in the database. The average size
of the metal particle was calculated with the Scherrer equa-
tion based on peak broadening.

The Ni catalysts have also been examined with a scan-
ning transmission electron microscope (STEM), a JEOL
2000EXII electron microscope equipped with a field emis-
sion gun capable of giving a lattice resolution of 0.14 nm.
Both bright-field and annular dark-field images were ob-
tained to get a better contrast of Ni particles against support
materials.

2.4. Synthesis of CNF in a TEOM

Synthesis of CNF was carried out in a tapered oscillating
element microbalance (TEOM) reactor (Supplied by R&P,
USA). The TEOM reactor can be operated up to 973 K and
50 bar. A glass element in TEOM oscillates at the natural
frequency, and the frequency changes with the change of the
mass of the sample in the sample carrier. The TEOM reac-
tor measures the mass change in the reactor by measuring
changes in frequency of the sample carrier[17,29]. The re-
actant mixture is forced to flow through the sample, which

makes TEOM an excellent tool for kinetic studies includ-
ing deactivation. However, special care taken because of the
possible pressure drop in the reactor, since the volume of
the sample will increase markedly as a result of CNF forma-
tion. The sample carrier volume used in the present work is
about 100 cm3. A relatively small amount of catalyst (typi-
cally 2–10 mg) is installed in the sample carrier. Two layers
of quartz wool are placed on the top and the bottom of the
sample carrier, and a relatively large void volume maintained
in the catalyst bed for CNF formation. With this configura-
tion, CNF mass can reach up to a few hundred grams per
gram of catalyst without a significant pressure drop.

The catalyst was reduced in a 50 mol% H2/Ar mixture,
while the temperature was raised from ambient to 853 K
at a rate of 2◦C/min, and the temperature was maintained
at 853 K for 8 h. Preliminary isothermal kinetic reduction
experiments showed that all of the catalyst is completely re-
duced under these conditions. The catalyst was then flushed
in Ar for 10 min. Synthesis of CNF was carried out at 853 K
and at atmospheric pressure. Hydrogen (5 ml/min) and
50 ml/min of a mixture of methane and nitrogen (90 mol%
of methane) were fed to the reactor by means of mass flow
controllers. In most cases, CNF synthesis was performed un-
der steady-state conditions, and operating conditions were
kept constant.

The effect of hydrogen partial pressure has been stud-
ied in experiments in which the evolution of carbon accu-
mulation was monitored while the H2 concentration was
increased stepwise. This type of experiment allows us to in-
vestigate the influence of gas composition in a more rapid
manner[30,31]. The flow rate of methane was kept constant
at 100 ml/min and diluted with Ar. Experiments were car-
ried out at 853 K and 30 kPa methane partial pressure. The
hydrogen partial pressure was adjusted by replacement of Ar
by hydrogen at constant total pressure.

The accumulation of CNF and the coking rates were
recorded each minute. For the fast formation of CNF, the
data can be recorded at time intervals as short as 0.86 s. The
final yield of CNF is defined as the accumulated CNF per
gram of catalyst at 30 min on stream during the steady-state
experiments, where the catalyst has lost most of its activity.

2.5. Temperature-programmed synthesis of CNF

The temperature-programmed experiments were per-
formed with the intention of studying nucleation and tem-
perature dependence of CNF formation. These experiments
were carried out with a conventional thermobalance (CI
Electronics Ltd., U.K., model MK2) equipped with mass
flow and temperature controllers. Catalyst reduction was
carried out in situ at 700◦C for 2.5 h with the use of a
H2 (50%)/N2 mixture. The reaction conditions were as fol-
lows: sample weight: 100 mg; temperature: from 550 to
650◦C; total flow rate: 675 Nml/min; feed composition
(%CH4/%H2/%N2): from 2.5/0/97.5 to 10/5/85. During the
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Fig. 1. Relationship between the surface area of Ni particles and the surface
area of supports.

reaction, the temperature was increased at a rate of 10 K/min
from 673 to 973 K and then kept at 973 K for 1 h.

2.6. Characterization of CNFs

The morphology and the diameter of CNFs were studied
by high-resolution transmission electron microscopy (TEM)
(JEOL 2000EXII). TEM specimens were prepared by ul-
trasonic dispersion of the slightly ground CNT samples in
ethanol, and then a drop of the suspension was applied to
a holey carbon copper grid. The samples were used as pre-
pared without any subsequent purification.

3. Results

3.1. Characterization of the catalysts

The BET surface area of the supports, the specific sur-
face area of the Ni particles, and the estimated Ni particle
size based on chemisorption and XRD are presented inTa-
ble 1. The surface area of the supports varies over a large
range, from 0.6 to 270 m2/gcat, resulting in large differences
in the surface area of Ni and in the average crystal size. The
relationship between the surface area of the supports and the
Ni particles is presented inFig. 1. The surface area of Ni is
proportional to the surface area of the supports, except for
the Ni on HT30, which has a surface area much larger than
the others.

The specific surface area of Ni is generally higher on the
hydrotalcite materials, since they have large surface areas
due to the layered structures. The crystal size of Ni was cal-
culated based on the dispersion (D) of the Ni particles:

(1)Dp (nm) ≈ 1.01

D
.

The Ni crystal size determined from chemisorption is almost
identical to the NiO crystal size measured by XRD for most
of the catalysts. It should also be pointed out that the XRD

Fig. 2. Temperature-programmed reduction spectra of different Ni catalysts.

measurements of several reduced catalysts indicated that the
reduced Ni crystals are only slightly smaller than the NiO
crystals. Therefore, Ni or NiO crystal size is not clearly dis-
tinguished in the discussion.

The impregnated Ni catalysts exhibit very different re-
duction behavior, as shown inFig. 2. The maximum tem-
perature of the large peak in the TPR spectra increases
with increasing surface area of the supports. The values are
425, 457, 580, and 1087 K for Ni onα-Al2O3, CaAl2O4,
HT70, and HT30, respectively. Two reduction peaks were
observed in the TPR spectra of Ni/HT70 and of NiO/HT30.
For Ni/HT70 a large low-temperature peak was observed
at 580 K and a small peak at 1180 K. For Ni/HT30 the
small peak was located at 740 K and the large peak at about
1080 K.

After calcination at 873 K, the hydrotalcite materials lose
their layered structure and become mixed metallic oxides.

The XRD analysis inFig. 3 shows mainly NiO on the
hydrotalcite-derived supports. The mixed-metal oxide was
not detected on HT50 and HT70, whereas it was detected on
HT30, for which double peaks are observed (Fig. 3). Several
Ni catalysts have been examined by STEM, and one exam-
ple shown inFig. 4 is the sample of Ni HT50. The results
clearly indicate that good contrast is obtained by annular
dark-field image, which excludes the central spot, collect-
ing the single from all diffracted beams outside of a given
solid angle. The visible spots inFig. 4A andFig. 5were con-
firmed to be Ni particles by EDS maps, as shown inFig. 4on
the right-hand side. Mg and Al seem to distribute uniformly.
A distribution of the Ni crystal size has been clearly illus-
trated inFig. 4, but most of the particles are rather small, as
shown inFig. 5 in detail. A statistical analysis of the crys-
tal size distribution is shown inFig. 6; the average Ni crystal
size is 22 nm, which is almostidentical to the value mea-
sured by XRD and chemisorption. Much worse contrast was
found with Ni/HT30, which might be due to small crystal
size. Again, detailed examination indicates that the average
Ni crystal size is 12 nm for Ni/HT30, again identical to the
value reported inTable 1.
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Fig. 3. XRD spectra of NiO (*) on different hydrotalcite derived supports. A: HT30, B: HT50, and C: HT70.

Fig. 4. EDS images of Ni/HT50. A: STEM, dark field image, B: EDX analysis, Right side: EDS maps of Mg, Al and Ni.
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Fig. 5. STEM dark field images of Ni/HT50.

Fig. 6. Distribution of Ni crystal size and CNF diameter on Ni/HT50 mea-
sured by TEM. With color fill: Ni crystal size, without color fill: CNF
diameter.

3.2. Synthesis of CNF at 853 K

The accumulation of CNFwith time on stream on Ni
crystals of different sizes supported on different supports is
shown inFig. 7A, and the corresponding growth rates are
shown inFig. 7B. The carbon formation can be divided into
two different zones. Initially the coking rate is rather high,
but the deactivation rate is also high, and the CNF synthe-
sis reaches a relative steady-state growth in the second zone.
The time scale for the first zone depends very much on the
catalysts used, and this can possibly be related to effects o
the Ni crystal size, which will be discussed later. To elimi-
nate possible effects of the support, the dependence of CNF
growth on Ni crystals has been studied further on Ni crystals
of different sizes on an identical support (HT50), which were
obtained by sintering for different times in the presence of
steam in a fixed bed reactor. The results in bothFigs. 7and 8,
f

Fig. 7. Accumulation of CNF (A) and the rate of the accumulation (B)
with time on stream on Ni/α-Al2O3 ("), Ni/CaO–Al2O3 (1), Ni/HT70
(!), Ni/HT30 (P) and Ni/HT50 (F). Reaction conditions:T = 853 K,
Ptot = 100 kPa,PCH4 = 80 kPa,PH2 = 5.5 kPa. Total flow: 50 ml/min.

Fig. 8. Accumulation of CNF (A) and the rate of the accumulation (B) with
time on stream on Ni/HT50 sintered (h): 0 (F), 24 (1), 50 (!) and 74 (P).
Reaction conditions are same as presented inFig. 7.
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Fig. 9. Effects of NiO crystal size on the growth rate of CNF. Reaction conditions are same as presented inFig. 7.

Fig. 10. Effects of NiO crystal size on the final carbon yield of CNF. Reaction conditions are same as presented inFig. 7.

especially the latter, clearly reveal a very significant ef-
fect of Ni crystal size on CNF growth. The increase in
theNi crystal size seems to influence initial growth rates
only a little, but significantly affects deactivation rates.
The rate of CNF growth follows the order Ni/HT50-24h>

Ni/HT50-50h> Ni/HT50-74h> Ni/HT50(-0h), as shown in
Fig. 8.

The initial CNF growth rates and the yields of CNF are
plotted as a function of the Ni crystal size inFigs. 9 and 10,
respectively, where Ni crystals on different supports are also
included. The inserted figures are the magnification of rela-
tively small crystals. The yields of CNF were taken at a time

on stream of 30 min. Ni crystals that were too large or too
small yielded low growth rates and low yield of CNF. Thede-
activation was found to be faster on smaller Ni crystals. This
therefore clearly indicates anoptimum Ni (NiO) crystal size
of around 34 nm for CNF growth at the conditions used in
the present work.Figs. 7 and 10reveal that the CNF yield
is extremely sensitive to the Ni crystal size, especially in the
range of 20–40 nm. A small change in the Ni crystal size re-
sults in a considerable change in the CNF yield. In addition,
it is interesting to note that CNF growth is almost identical
on Ni/HT50 and Ni/HT70 with similar crystal size, regard-
less of the composition of the catalyst supports.
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Fig. 11. Effect of partial pressure of methane on the accumulation rate of
CNF on Ni/HT70 (!), Ni/HT30 (P). Reaction conditions:T = 853 K,
Ptot = 100 kPa,PCH4 = 30 kPa, total flow: 50 ml/min.

3.3. Effect of hydrogen on synthesis of CNF on two Ni
crystals of different sizes

The CNF growth rates on catalysts with Ni crystal sizes
of 12 and 24 nm at 853 K and different hydrogen partial
pressures are illustrated inFig. 11. The results indicate that
both the partial pressure of hydrogen and the crystal size
of Ni have very significant effects on the coking rates. In
good agreement with the results presented above, the cok-
ing rate is lower on the smaller Ni crystals. Increasing the
Ni crystal size from 12 to 24 nm yielded a difference in
the coking rate of almost 10 times. However, the results in
Fig. 11clearly show an optimum in the partial pressure of
hydrogen for the coking rate. The position of the optimal
partial pressure of hydrogen seems to be slightly depen-
dent on the Ni crystal size; however, the magnitude of this
maximum rate is clearly affected by the size of the Ni parti-
cles.

3.4. Temperature-programmed synthesis of CNF

Fig. 12A shows the accumulation of CNF as a function
of time on stream for Ni/HT30 and Ni/CaO–Al2O3 during
temperature programming from ambient to 700◦C. In ad-
dition, the changes in CNF growth rates with temperature
are presented inFig. 12B. The two catalysts show a sim-
ilar behavior. Carbon formation starts at a certain temper-
ature (T nucleation) for each catalyst. Then the CNF growth
rate increases gradually with increasing temperature, until
a maximum rate (rCmax) is reached at a given temperature
(T max). After the maximum, CNF growth rate decreases
until a residual rate is reached, as a consequence of cata-
lyst deactivation.Fig. 12 clearly indicates that the values
of rCmax, T max, andT nucleationdepend significantly on the
crystal size, and higherT max andT nucleationwere observed
for the formation of CNF on smaller crystals (Ni/HT30)

Fig. 12. Temperature-programmed synthesis: (A) accumulation of CNFs
with time on stream and (B) rates of accumulation of CNFs on HT-30 (1),
Ni/CaO–Al2O3 (line) at a methane partial pressure of 0.05 bar and a partial
pressure of hydrogen of 0.1 bar.

than on larger crystals (Ni/CaO–Al2O3). T nucleation is 697
and 761 K,T max is 907 and 927 K for Ni/CaO–Al2O3
and Ni/HT 30, respectively. Consistent with the results pre-
sented above, the coking rate is higher for larger Ni crys-
tals.

3.5. Characterization of CNF by TEM

The diameter distribution and the morphology of the
CNFs were studied by both high- and low-resolution TEM.
Figs. 13 and 14depict the CNFs produced on Ni/HT30
and Ni/HT50, respectively. The diameter distribution is also
presented in the inserted figures inFigs. 13 and 14; this
was measured by counting about 100 CNFs on the TEM
images. It should be pointed out that the samples were
as produced without purification. From the high-resolution
images in Figs. 13B and 14B, it can be seen that the
nanostructure is more or less identical for all of the CNFs,
regardless of the catalyst used. It appears to be a typi-
cal fishbone structure, in which the graphene planes are
orientated at an angle of about 45◦ with respect to the
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Fig. 13. TEM imagine of CNF produced on Ni/HT30 at 653 K.

axis of the fiber. The CNFs look rather pure from the
TEM pictures, and no other forms of carbon were ob-
served. These images also indicate a high crystallinity of
the CNFs. However, it was found that the distribution of
CNF diameters depends significantly on the catalyst. The
distribution of CNF diameter produced on Ni supported
on hydrotalcite-derived materials is relatively narrow, and
the CNF diameters produced on Ni/HT30 are smaller than
those produced on Ni/HT50. The average diameter of the
CNFs is about 8 nm on Ni/HT30 and about 25 nm on
Ni/HT50.

Fig. 14. TEM imagine of CNF produced on Ni/HT50 at 653 K.

4. Discussion

4.1. Characterization of catalysts

As expected, the surface area of the supports plays
a key role in determining the dispersion of Ni particles.
Large surface area provides more surface sites for anchor-
ing Ni precursors, resulting in better dispersion and thus a
smaller crystal size. The lower surface area supports, such
as α-Al2O3 and CaAl2O4 spinel, are typical supports for
methane steam reforming at high temperatures and high
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pressures in the presence of steam, because of their thermal
stability. However, they seem not to be the preferred supports
for CNF formation, as will be discussed in detail below.

In general, changes in the maximum reduction tempera-
ture reflect the extent of interaction between the catalyst pre-
cursor and the support. The observations that the maximum
reduction temperature follows the order of the Ni crystal size
and that the smaller the crystal size the higher the maximum
temperature of reduction are in good agreement with the re-
sults in the literature[32–34].

Hydrotalcite-like materials have a composition of
[(M2+)(1− x)(M3+)x(OH)2]x+[(An−)x/n · yH2O], where
M2+ and M3+ are metal ions with a valence of 2+ and 3+,
respectively, andx is the ratio of M2+/(M2+ + M3+). The
anion An− can be one of a number of anions such as car-
bonate. For pure hydrotalcite, M2+ is the Mg2+ and M3+
is the Al3+. Hydrotalcite has a layered structure composed
of molecular sheets. In each sheet, magnesium and alu-
minum ions are 6-fold coordinated in hydroxide, and the
resulting octahedras share edges to form infinite sheets[35].
After calcination at relatively high temperatures, hydrotal-
cite decomposes into a metal oxide mixture. Results clearly
indicate that the hydrotalcite-derived oxide mixtures are
good supports, providing efficient anchoring sites for Ni
nanoparticles. However, the Mg/Al ratio seems to have an
effect on the dispersion of the Ni particles, and a low ratio
(Mg/Al = 30) yields a better dispersion of Ni nanoparticles.
Hydrotalcite-like materials have been recognized as promis-
ing catalyst precursors for different reactions[35,36]. The
present work demonstrates that hydrotalcite materials with
certain ratios of Mg2+/(Mg2+ + Al3+) are also promising
supports for catalysts suitable for the production of CNFs.

XRD, STEM, and chemisorption of hydrogen have been
used to measure the Ni crystal size, and as shown inTable 1
the values are almost identical for Ni crystals on different
supports. The values obtained by STEM are consistent with
the value measured by XRD and chemisorption. However,
it has been shown that the measurement of crystal size by
STEM depends very much of the location of the images;
different distributions are demonstrated inFigs. 4 and 5. Al-
though STEM can provide the crystal size distribution, XRD
and chemisorption are much simpler techniques, and such
values as reported inTable 1are used in the present work to
examine the effect of Ni crystal size on CNF formation. In
any event, all of the results indicate that the Ni crystal size
measured in the present work is reliable.

4.2. Effect of Ni crystal size on the synthesis of CNFs

All of the experiments in the present work, including the
steady-state experiments (Figs. 7 and 8), sequential experi-
ments (Fig. 11), and temperature-programmed experiments
(Fig. 12), indicate a lower coking rate on the smaller Ni crys-
tals and that there is an optimal crystal size for the synthesis
of CNFs. The results inFig. 12also suggest that the initia-
tion or nucleation of CNF is more difficult on the smaller Ni

crystals. Our results strongly challenge the theory stated by
Nazimek et al.[34]. They observed an increase in the coking
rate and in the coking threshold (minimum steam to carbon
ratio without carbon formation) with increasing mean crystal
size of the Ni crystals during steam reforming ofn-butane.
They stated that the spillover of steam adsorbed to the sur-
face of the support is the determining factor, where a higher
coking rate and higher coking threshold on larger crystals is
a result of lower concentration of steam on the Ni surface.
Since there is more complicated dependence of the coking
rate on the Ni crystal size during methane decomposition in
the absence of steam, other factors must be important for de-
termining such dependence.

The value for the coking threshold (minimum hydrogen-
to-carbon ratio without carbon formation) during methane
decomposition can be extrapolated from the curves in
Fig. 11. The coking threshold is 1.3 on 12-nm Ni crystals,
whereas it is about 2 on 24-nm Ni crystals. The fact that the
coking threshold is higher on larger Ni crystals is in good
agreement with previous observations[18]. Rostrup-Nielsen
[18] has proposed an equation to take into account the ef-
fect of the crystal size on the Gibbs energy deviation from
graphite (�GC):

(2)�GC = γM

ρ

1

D
+ µ∗

whereγ is the surface tension;M and ρ are the molecu-
lar weight and density, respectively;D is the diameter of
the carbon filaments; andµ∗ is the contribution from struc-
ture defects compared with graphite. The larger the crystal
size, the closer the thermodynamic properties are to graphite,
which yielded a high coking threshold.

However, the interpretation of the effect of crystal size on
the coking rate is not straightforward, and no detailed expla-
nation of the kinetic effects of the Ni crystal size has been
presented so far. To understand CNF synthesis on crystals
of different sizes, a mathematical model will be developed
based on our experimental results and the published mecha-
nism of the CNF growth.

The mechanism of formation of CNF that has generally
been accepted includes hydrocarbon adsorption on the sur-
face, conversion of the adsorbed hydrocarbon to adsorbed
surface carbon via surface reactions, subsequent segregation
of surface carbon into the layers near the surface, diffusion
of carbon through Ni, and then precipitation on the rare side
of the Ni particle[18,28,30,37]. The process will eventually
lead to the formation of CNF, as presented in the following
equations:

Surface reactions:

CH4 + 2S= CH3–S+ H–S, (3)

CH3–S+ S= CH2–S+ H–S, (4)

CH2–S+ S= CH–S+ H–S, (5)

CH–S+ S= C–S+ H–S, (6)

2H–S= H2 + 2S. (7)
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Dissolution/segregation:

C–S= CNi.f + S. (8)

Diffusion of carbon through nickel:

CNi.f → CNi,r. (9)

Precipitation/dissolution of carbon:

CNi.r = Cf. (10)

Encapsulating carbon formation:

nC–S= C encapsulating, (11)

where S is the adsorption site; CNi,f is the carbon dissolved in
nickel at the front of the particle, just below the selvage; CNi,r
is the carbon dissolved in nickel at the rear of the particle
(support side); Cencapsulatingrepresents the encapsulating car-
bon formation on the Ni surface, which deactivates catalysts;
andn is the ensemble size for encapsulating carbon[38].

A microkinetic model has previously been developed that
can deal with surface reactions of methane reforming on Ni
surfaces in terms of elementary steps[38]. The model can be
used to simulate the surface coverage under different condi-
tions. However, deactivation has to be taken into account in
a simulation of CNF formation. Therefore, no attempt has
been made to simulate the kinetic data on crystals of differ-
ent sizes in the present work, and only a qualitative analysis
will be made. At steady state, the coking rate equals the rate
of carbon diffusion through the Ni particles, which can be
described as follows:

(12)r = DC

dNi
aNi(CC_Ni.f − CC_Ni,r),

whereDC is the effective diffusivity for carbon diffusion
through the nickel particle,dNi is the effective length of
carbon diffusion in the Ni particles, aNi is the specific sur-
face area of Ni,CC_Ni,f is the concentration of carbon in
Ni at the gas side, andCC_Ni,r is the carbon concentration
at the rare side of Ni particles. The carbon formation is di-
rectly proportional to the driving force of diffusion. When
the driving force reaches zero, the conditions are related to
the coking threshold. Assuming that segregation of carbon
is a fast process,CC_Ni,f will be in equilibrium with surface
carbon, which can be described by a Langmuir-type equa-
tion [39]:

θC

1− θC
= xb

1− xb
exp

(
−�Gseg

RT

)
,

(13)where�Gseg= −4.52× 104 − 14.23T (J/mol),

whereθC is the surface coverage of carbon andxb is the
weight fraction of carbon in the segregation layer of Ni
(gcarbon/gNi). CNi,f can be calculated fromxb. The precipita-
tion of carbon from the dissolved phase has not yet been well
studied. However, if it is assumed that precipitation is a fast
step, the carbon in bulk Ni at the rare side is in equilibrium
with CNFs.CNi,r is therefore identical with the saturation
concentration of CNFs (Csat).

The Gibbs free energy of CNF depends on the nanostruc-
ture of CNF. The graphene sheet in the carbon nanofibers
has a different orientation relative to the fiber axis. A cylin-
drical structure, namely multiwall carbon nanotube, is used
as a probe in the present work, but the model based on CNT
can easily be extended to CNF[40]. The tube has an outside
diameter of 2r and a core diameter of 2ri , and a surface en-
ergy ofγ bps (reported in[40] to be 0.1 J/m2). Tibbetts[41]
has demonstrated how the radius of the cylindrical structure
may be controlled by equilibrium thermodynamics. The sur-
face tension energy of the basal plate of graphite is

(14)�Gs = γbpsS = 2γbps

νπ(r − ri)
.

Energy for bending of the basal plane is

(15)�GBend= Ya2 ln(r/ri)

12ν(r2 − r2
i )

,

whereY is Young’s modulus, a is the interlayer spacing for
graphite fiber, andν is the concentration of graphite. The
reported values[40] of 1 × 1012 J/m3 for Young’s modu-
lus and 0.34 nm for the interlayer spacing were used in the
present work.

Nolan et al.[40] pointed out that misalignment strain be-
tween graphite sheet layers in a nanotube should also be
taken into account, since the typical stacking sequence in
flat graphite would not be maintained in the nanotube con-
figuration. The enthalpy for graphite stacking misalignment
should be between the lower limit of 1000 J/mol (the vari-
ation of half the heat of sublimation per carbon atom of
polycyclic aromatics) and an upper limit of 5300 J/mol (the
enthalpy of turbostritic graphite). The misalignment entropy
is estimated to be 3 J/(mol K), based on the half average
entropy of melting per carbon atom of various small solid
aromatic molecules. Nolan et al.[40] estimated an enthalpy
of 1800 J/mol and an entropy of 3.6 J/(mol K) for graphite
stacking misalignment based on fitting experimental data.
These values are used in the present work without further
modification.

The change in Gibbs free energy (�Gp) for precipitation
of carbon in Ni bulk is then given by

(16)�Gp = �G0 + 2γbps

νπ(r − ri)
+ Ya2 ln(r/ri)

12ν(r2 − r2
i )

+ �Gmis,

where�G0 is the standard Gibbs energy change when a car-
bon atom precipitates from the dissolved phase, which can
be considered a reverse process of segregation.

The thermodynamic equilibrium constantK for the pre-
cipitation can be calculated from

(17)K = CCNF

Csat
= exp

(
−�Gp

RT

)
,

whereCCNF is the concentration of CNF andCsat is the sat-
uration concentration of CNF in the Ni bulk phase.Fig. 15
illustrates the simulated equilibrium constantK as a func-
tion of the Ni crystal size, which is assumed to be identical



D. Chen et al. / Effects of crystal size 93

Fig. 15. Equilibrium constantK of carbon precipitation as function of crys-
tal size. Core radiusri = 2 nm.

to the diameter of CNF. It clearly indicates thatK is smaller
on the smaller CNF, meaning a higher saturation concentra-
tion of CNF in Ni bulk. The effect of the diameter of CNF or
the Ni crystal size on the equilibrium of precipitation has a
much stronger effect for relatively small sizes (r < 60 nm),
which is also normally the desirable range of CNFs as prod-
ucts.

The model explains well all of the experimental obser-
vations in the present work. A small crystal size of Ni will
provide a large surface area for the surface reactions, a high
diffusion flux area, and a shorter diffusion length, thus lead-
ing to a high coking rate. On the other hand, a small crystal
size will result in a large saturation concentration of CNF, as
shown inFig. 15, which leads to a low driving force of car-
bon diffusion (Eq.(12)) and then a lower coking rate. The
net effect of the Ni crystal size on the initial rate of CNF
growth as shown inFig. 9is therefore a result of the compen-
sation of all of the factors. The fact that smaller Ni crystals
yield a lower coking rate clearlyindicates that the increase
in saturation concentration of CNF is dominating. However,
it is not possible to simply exclude the changes in Ni sur-
face orientation and the density of steps on differently sized
Ni crystals and their effects on CNF growth, although they
have not been included in the model.

When the surface area of Ni becomes low enough, the
formation of surface carbon from elementary reaction steps
can become rate-determining.The model indicates that the
lower initial coking rate on Ni/α-Al2O3 and Ni/CaO–Al2O3

might be a consequence of a lower decomposition rate.
Moreover, the model explains very well the deactivation

trends on differently sized Ni crystals.Fig. 16shows the de-
activation function (r/r0; r andr0 are the CNF growth rate
at time on stream oft and 0, respectively) on differently
sized Ni crystals; the smallest crystals appear to have the
fastest deactivation rate, and Ni/HT70 and Ni/HT50 appear
to exhibit similar deactivation rates. A faster deactivation on
smaller sized Ni crystals inFig. 16can be explained by a low
driving force of diffusion, which results in a higher surface

Fig. 16. Deactivation function on different catalysts: Ni/CaO–Al2O3 (1),
Ni/HT70 (!), Ni/HT30 (P) and Ni/HT50 (F). Reaction conditions:
T = 853 K, Ptot = 100 kPa,PCH4 = 80 kPa,PH2 = 5.5 kPa. Total flow:
50 ml/min.

site coverage and consequently enhances the formation of
encapsulating carbon via carbon polymerization on the sur-
face (step 11). Ni/CaO–Al2O3, with a relatively large crys-
tal size, deactivates slowly. The slow deactivation on large
crystals can be explained by the fast diffusion due to low
saturation concentration, which leads to a low site coverage
of carbon on the Ni surface. However, the faster deactiva-
tion on Ni/HT50-74h than Ni/HT50-24h and Ni/HT50-50h
seems to be an exception. It might indicate that the effect
of Ni crystal size is more complicated in the region near the
optimum crystal size, since the small change in crystal size
resulted in a very significant change in CNF growth.

The yield of CNF depends on the initial coking rate and
on the deactivation rate. In principle, high initial coking
rates combined with low deactivation rates will result in high
yields of CNF. Unfortunately, our results have indicated that
a high coking rate has been accomplished by relatively fast
deactivation. A compensation effect of initial coking rate and
deactivation leads to an optimum crystal size with respect to
the CNF yield. Based onFigs. 9 and 10, it can be concluded
that the maximum yield of CNF can be obtained on a Ni
crystal size of about 34 nm.

However, it can be argued that supports may have effects
other than the Ni crystal size on the coking rates and on
the deactivation. The effect of support on the formation of
CNFs/CNTs has been widely studied[42–46]. Most of the
studies have focused on the effect of support on the diame-
ter and distribution of CNFs as well as on the morphology of
CNFs. Vander et al.[46] studied Cu, Fe, and Ni as catalysts
and Al2O3, CaO, SiO2, and TiO2 as support materials. They
found that the support influenced not only the diameter of
the CNFs but also the density of CNFs as observed in SEM
images, which were used as an index of CNF yield. Ni sup-
ported on TiO2 was found to have the highest yield of CNFs.
These results were interpreted in terms of an electronic in-
teraction between the metal nanoparticle and the support.
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The strong interaction can be attributed to electron dona-
tion by the surface. With increasing electron donation to the
metal nanoparticles, the strength of interaction between sup-
port and metal particles increases. The authors stated that
such interaction could dramatically change the crystallog-
raphy and the electronic state of the metal particles, which
can consequently affect the yield, morphology, and structure
of CNFs [46]. Interactions between support and Ni parti-
cles have also been observed in the present work, which
is reflected in the different appearance of the TPR spectra
as shown inFig. 2. However, based on the mechanism pre-
sented above, the Ni particles locate on the tip of CNFs after
nucleation, and graphene sheets are inserted between Ni par-
ticle and the support. This shifts the interaction between the
Ni particle and the support on a fresh catalyst into the in-
teraction between the Ni particle and the graphene sheet on
the top of the CNFs. Since the surface reactions and other
steps involved in the growth of CNFs happen only on/in
these Ni particles, the interface between Ni and the support
should have very little direct kinetic effect on the steady-
state growth of CNFs. The support, of course, is expected
to have a strong effect on the initiation of CNFs through the
metal-support interaction. Since it is difficult to initiate CNF
growth on Ni nanoparticles with a strong interaction with the
support, the number of sites for CNF growth can be different
on different supports, which will influence the steady-state
coking rate. However, we have selected high affinity of car-
bon formation, namely high pressure of methane, to initiate
CNF growth, and minimize the possible effect of nucleation
on steady-state kinetics. This explains why we did not ob-
serve any induction period during the CNF growth as shown
in Fig. 7. From this argument, it follows that the catalyst sup-
port affects CNF growth mainly through its crystal size. This
has been supported by the fact that Ni/HT50 and Ni/HT70
have similar coking rate and yield of CNF, where the two
catalysts have almost identicalcrystal sizes, but the compo-
sitions of the supports are different.

Recently we explored this principle for the synthesis of
CNT on supported Fe catalysts in the mixture of CO/H2 [47].
Different preparation methods have been used to synthesize
Fe crystals of different sizes. A maximum growth rate was
found on about 10-nm Fe crystals in a mixture of CO/H2 at
600◦C. A comparison between Fe/SiO2 and Fe/Al2O3 with
identical crystal sizes indicates that the support has only a
very small effect. The detailed results of the Fe system will
be reported elsewhere[47]. These results clearly comple-
ment the theory developed in the present work.

The nucleation and growth of CNFs have also been stud-
ied by temperature-programmed synthesis. As clearly indi-
cated inFig. 12, the induction period is longer on the smaller
Ni crystals. It has generally been accepted that a supersatu-
ration of carbon in Ni particles is necessary to generate the
driving force for diffusion. A higher supersaturation is then
required for a smaller crystal, because of its higher satura-
tion concentration of CNFs. In the temperature-programmed

synthesis of CNFs, a higher temperature is then needed for
initiation of CNFs.

The enhancement of the formation of CNFs in the pres-
ence of a small amount of hydrogen has also been observed
previously[17,40,48]. However, the effect of hydrogen on
the formation of CNF is not straightforward. The presence
of hydrogen changes the rates of the surface elementary re-
action steps. Higher hydrogen partial pressure can enhance
the adsorption of hydrogen and suppress the dissociation of
methane. It can also enhance the reverse reaction steps, that
is, the gasification of surface carbon. These factors will re-
sult in a low surface coverage of carbon. On the other hand,
increased site coverage of hydrogen will suppress the poly-
merization of carbon and thus the formation of encapsulating
carbon, resulting in decreased deactivation. At relatively low
partial pressures of hydrogen, the suppression of encapsu-
lating carbon is dominating, resulting in an increase in the
coking rate with increasing hydrogen partial pressure. Upon
a further increase in the hydrogen partial pressure, the sup-
pression of the dissociation of methane or the enhancement
of gasification becomes dominating, resulting in a decrease
in the coking rate. A maximum coking rate can therefore be
achieved at a certain hydrogen partial pressure, which is a
function of methane partial pressure, temperature, and crys-
tal size of Ni.

4.3. Size-controlled synthesis of CNFs

The CNFs synthesized on Ni crystals possessing average
sizes of 12 and 24 nm have been studied by TEM. The rep-
resentative TEM images (Figs. 13 and 14) demonstrate the
determining role of the catalyst in defining the diameter of
CNFs. The CNFs obtained from Ni nanoparticles with av-
erage diameters of 12 and 24 nm have diameters of 8 and
25 nm, respectively. A detailed comparison between Ni crys-
tal size distribution and CNF diameter distribution has been
presented inFig. 6. In good agreement with the observa-
tion of Cheung et al.[25] for unsupported Fe nanoclusters,
a close relationship between the size of the Ni crystal and
the diameter of the produced CNFs has also been observed
on the supported catalysts. The results clearly show that the
size-controlled synthesis of CNFs can be realized by con-
trolling the size of metal particles.

CNF produced on different Ni catalysts during methane
decomposition has a very similar nanostructure. In good
agreement with previous observations[2], fishbone is the
dominating structure of CNF. However, the surface of
CNFs on large crystals seems to be smoother, as shown in
Figs. 13B and 14B.

Based on the TEM images, the crystallinity of CNFs is
rather high, which can be attributed to good crystallinity
of the Ni crystals. No other forms of carbon were found
by TEM, meaning a high purity of CNFs prepared. This is
partially due to the relatively low temperature used in the
present work for the synthesis of CNFs, which avoids car-
bon deposition by gas-phase reactions.
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5. Conclusions

Experimental results clearly indicate that the crystal size
of Ni has very significant effects on the CNF growth, includ-
ing the initial coking rate, the deactivation rate, and the final
yield of CNF. A model for CNF growth has been proposed
that includes surface elementary reaction steps, segregation,
and diffusion through the particles and precipitation on the
rare side of the Ni particles. The model suggests that the
CNF growth has been affected by metal crystal size mainly
through the saturation concentration of CNF in Ni bulk, be-
cause of changes in the surface tension energy of CNFs with
their diameters. A small Ni crystal resulting in a high satu-
ration concentration of CNF in Ni lowers the driving force
for the carbon diffusion through the Ni crystals, leading to a
fast deactivation and a low final carbon yield. Too great a Ni
particle size yields a slow decomposition on the surface due
to the low surface area, which reduces the CNF formation.
Therefore, an optimal crystal size of Ni of around 34 nm was
found for CNF growth, as a result of relatively high initial
coking rate and slow deactivation.

For many applications of CNF, smaller diameters are pre-
ferred. As illustrated in the present work, such CNFs with
small diameters are relatively difficult to synthesize because
of their low coking rate and fast deactivation. We believe
that many applications, such as catalyst supports, electrode
materials, etc., do not need CNFs with extremely small di-
ameters. The results in the present work point out the im-
portance of integrated research for each specific application
of CNFs, in which the optimal nanostructure and diameter
of CNF should be determined by taking into account both
CNF production and application. We also believe that a de-
tailed understanding of the effects of metal crystal size on
the initial rate and the deactivation rate of the CNF growth
will facilitate the catalyst design for large-scale production
of CNFs.

Although the effects of the crystal size on the formation
of CNFs were studied only during methane decomposition
on Ni catalysts in the present work, the principle can be
extended to other reaction systems involving other hydro-
carbons and on other catalysts, such as Co, Fe[47], or alloy
catalysts. It can also help us to understand many previous
results, such as the support effect.
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