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This paper presents nano-sized carbon filaments grown by catalytic decomposition of ethanol on
polycrystalline nickel foam. Our study is focused on the effects of synthesis conditions on the formation
of filamentous carbon. The formation rate of filamentous carbon increased as the supply of liquid ethanol
into the furnace and the synthesis time increased during growth process, whereas Hp concentration
in carrier gas had the opposite effect. The most favorable temperature for the highest formation rate
was around 600°C. We investigated the role of catalytic nanoparticles in the growth mechanism of
filamentous carbon. Tip growth was the primary mechanism responsible for growth of the filamentous
carbon; octopus-like carbon filaments were formed on large nanoparticles of about 100 nm in diameter.
It was also discovered that surface break-up on the nickel foam precipitated the formation of filamentous
carbon. We detected the presence of Ni3C as synthesis conditions after a long exposure to ethanol.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) and carbon nanofibers (CNFs) are
nano-sized filamentous carbon materials with an interlayer spac-
ing similar to that of bulk graphite [1]. The filamentous carbon
that can be formed during many metal-catalyzed reaction pro-
cesses, including steam reforming and Fisher-Tropsch synthesis, of-
ten causes serious problems of catalysts deactivation and increased
pressure drop in porous structures such as honeycomb and mesh.
Nevertheless, carbon filaments are good candidates for various ap-
plications due to their excellent properties, such as high surface
area, considerable aspect ratio, high mechanical strength, and high
electrical conductivity [2,3]. Transition metals, such as nickel, iron,
and cobalt, are the most commonly used catalysts for the growth
of filamentous carbon [4-6]. These metals are most often used as
thin-films or nano-sized particles on substrates such as glass or
silicon wafer [7,8]. However, the traditional approaches, that use
catalytic metals on substrates can lead to the loss of mechanical
anchoring or insufficient electrical contact between the nanofil-
aments and the substrates due to poor adhesion of the metals.
Direct growth of filamentous carbon on a metallic substrate, rather
than on a heterogeneous substrate, enhances adhesion, thereby ex-
tending the applications of the carbon filaments [9,10].
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Nickel is one of the most suitable catalytic metals for the di-
rect growth on the metallic substrates. This metal has been exten-
sively studied for the formation of filamentous carbon by catalytic
decomposition of carbon source [11], and for the use as a sub-
strate with high electroactivity by electrochemists [12]. To date,
some studies have reported the growth of CNTs on various nickel
substrates. Wunderlich demonstrated the direct growth of CNTs
via the tip growth mechanism on a nickel sheet by plasma CVD
[13]. Kukovitsky et al. showed the formation of CNT films on me-
chanically and chemically pre-treated nickel foil using a thermal
CVD apparatus [14]. Carbon filaments with uniform shape, size,
and structure can be easily synthesized on 2D plates, such as foil
and sheet, because decomposition and deposition of the carbon
source are uniform on the plate surfaces. In contrast, growth of
filamentous carbon on 3D substrates, such as foam and mesh, is
challenging. The formation of filamentous carbon on highly porous
substrates is a complicated process that causes a non-uniform sur-
face reaction between the carbon source and the surface of the
substrate. A few methods that use nickel foam to synthesize fila-
mentous carbons have been explored [15-17]. Jarrah et al. showed
a catalytic formation of CNFs on nickel foam using ethene [15,16].
They explained in detail the effects of the morphology and sur-
face properties on the growth of CNFs, and also suggested that the
presence of NiO has a significant positive effect on the increase of
CNF formation.

In this work, we report the first direct synthesis of filamen-
tous carbon on nickel foam using ethanol. The focus of our work is
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to investigate the effects of the synthesis conditions, such as syn-
thesis temperature, synthesis time, H, concentration in carrier gas,
and the amount of liquid ethanol supplied into the furnace, on the
formation of filamentous carbon on the nickel foam. In addition,
we studied the role of catalytic nanoparticles in the growth of fil-
amentous carbon. The growth mechanisms on the polycrystalline
nickel foam using ethanol with and without surface break-up were
explained.

2. Experiments
2.1. Materials

The nickel foam was obtained from Changsha Lyrun Materi-
als Co., Ltd., China. According to ICP analysis using an ICP-OES
4300DV (Perkin-Elmer, Co., USA), the nickel foam had ~99.9% of
Ni and others such as Fe, Si, Al, C in ppm order. Samples of nickel
foam with dimensions of 10 mm x 10 mm x 1.5 mm (W x L x t)
and weighing approximately 50 mg were prepared for the growth
of filamentous carbon. Pore size was in a range of 100-200 pm.
The number of pores per inch (PPI) was about 110 and porosity
was above 95%. The nickel foam was placed perpendicular to the
direction of the carrier gas flow for the effective growth of the
filamentous carbon. Nitrogen (99.999%), hydrogen (99.999%, Safty-
gas), and ethanol (99.5% dehydrated with maximum 0.005% water,
Merck) were used for the formation of the filamentous carbon.

2.2. Catalytic growth of filamentous carbon

The carbon filaments were synthesized in a quartz tube reac-
tor with dimensions of 32 mm x 400 mm x 2 mm (d x L x t).
Prior to the growth process, the nickel foam substrate was re-
duced for 1 h at temperatures ranging between 550 and 750°C
in a Hy atmosphere. The synthesis time was set up from 10 to 120
min. The synthesis temperature was raised to the desired range
(550 and 750°C) at a rate of 10°C/min. Nitrogen gas at a flow
rate of 100 ml/min was used as the main carrier gas with supple-
mental hydrogen at a rate of 0-100 ml/min. Liquid ethanol was
used as a carbon source in our study of the growth of filamen-
tous carbons on nickel foam. The ethanol was supplied at the rate
of 2-5 cc/h to an ultrasonic atomizer with a vibrating plate and
an on/off controller [18]. The ethanol was scattered as aerosols at
the plate, introduced into the reactor, and then vaporized instantly
upon exposure to the high temperature. When the carbon source
was no longer supplied to the reactor the supply of hydrogen gas
was terminated, and only nitrogen gas was introduced into the re-
actor at 100 ml/min. Then the furnace was cooled down to room
temperature.

2.3. Characterization

After the formation of the filamentous carbon, weight of as-
formed products was first measured to the fifth decimal place
using a balance (Mettler AE 240) placed in a vacuum chamber. Car-
bon formation rate was calculated by measuring the weight of the
nickel foam before and after synthesis. Then in order to minimize
the effect of air on the decomposition of Ni3C, the XRD mea-
surement was immediately performed, and the scanning electron
microscopy (SEM) and transmission electron microscope (TEM) im-
ages were obtained within 1-2 days.

For the characterization of surface morphology and structure,
we collected the grown products from the reactor, and used vari-
ous analysis techniques. The field emission SEM (FE-SEM) was per-
formed (Hitachi S-4700) at an accelerating voltage of 10 kV. SEM-
EDX (energy dispersive X-ray spectrometer) also was performed
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Fig. 1. SEM images of filamentous carbon formed on the nickel foam at 700°C us-
ing different Hy concentrations with respect to the carrier gas (liquid ethanol was
supplied at a constant rate of 2 cc/h): (a) 100 vol% (i.e., no Ny), (b) 50, (c) 40, and
(d) 30 vol% in N3, (e) a low magnification image of (d); (f) shows the plot of the
carbon formation rate versus Hy concentrations in the carrier gas. The nickel foams
were reduced at 700°C for 1 h in 30 vol% H; in Nj.

(Horiba 7200-H). To obtain the high resolution SEM images, sur-
face of the sample was coated with an osmium coater (HPC-1SW)
for 5 sec [19]. The peak corresponding to osmium component was
barely observed in the EDX graph because of small amount of coat-
ing. Raman spectroscopy was performed using a LabRam HR with
an Ar-ion laser 514 nm. The wave number was controlled between
100 and 3500 cm~!. The radial breathing mode of single-walled
carbon nanotubes was not observed. X-ray diffraction patterns of
metallic nickel, Ni3C, and the graphite structure were measured
using a Rigaku Miniflex Instrument with CuKo radiation at room
temperature. TEM-JEM 2000FXII instrument and JEOL JEM 2010
were used for the TEM analysis. To obtain samples to be placed on
a TEM grid made of carbon-coated Cu grid, the nickel foam with
as-grown carbon filaments was soaked in a beaker of DI water, fol-
lowed by ultrasonication for 10 min. A droplet of the solution was
placed on the TEM grid, and dried at room temperature.

3. Results and discussion

3.1. Effect of synthesis conditions on the formation rate of the
filamentous carbons

Figs. 1a-1d shows the SEM images of filamentous carbon syn-
thesized at 700°C for 1 h with different Hy, concentrations in
carrier gas during the growth. The prepared nickel foam was re-
duced at 700°C for 1 h using 30 vol% H; in N, balance. Liquid
ethanol was constantly supplied at a rate of 2 cc/min. As shown
in Fig. 1a (100 vol% Hy without N, in carrier gas), the growth
yield of as-formed filamentous carbon was very low. The foam sur-
face and the grain boundary did not show any damage. In Fig. 1b
(50 vol% Hy in Ny), the cracked shapes are found in some area
of the foam surface (e.g., the inset). Some carbonaceous material



N. Jeong, |. Lee / Journal of Catalysis 260 (2008) 217-226 219

0.009

0.008+

0.007+

0.006

0.0054

0.004+

0.0031

0.002+

, -1 o1
Carbon formation rate (gmg i togm MM )

Reduc.-700 °C for 1 h
Synth. temp.-700°C for 1 h
Carrier gas—30 Vol% H,in N, balance

0.001

T T
2 3

T r
4 5

The amount of liquid ethanol {cc/h)

Fig. 2. Carbon formation rate vs the amount of liquid ethanol supplied into the furnace: the nickel foams were prepared by reducing in 30 vol% H; in Nj.

was formed at the damaged surface. However, carbon formation
on the non-damaged surface predominated. Fig. 2c shows that the
formation of filamentous carbon increased rapidly. As-grown fila-
ments appeared irregular compared with those shown in Figs. 1a
and 1b. Carbon formation gradually increased as H, concentrations
in the carrier gas decreased to 30 vol% (Fig. 1d). Fig. 1e, which is
a low magnification image of Fig. 1d, shows that the foam sur-
face was completely covered with carbon. Fig. 1f shows plots of
the carbon formation rate vs the H, concentrations in the carrier
gas. These plots clearly reveal that the carbon formation rate on
the nickel foam increased as the H, concentrations in the carrier
gas decreased. This result implies that the lower Hy concentration
in the carrier gas leads to the better precipitation of carbon for-
mation on the nickel foam, although it is not obvious whether the
quality of as-formed carbon became better.

The role of Hy in carbon deposition and/or formation over a
metal catalytic surface has been reported. Jablonski et al. suggested
that H, plays a key role in determination of the carbon morphol-
ogy from the metal catalysts [20]. Baird et al. claimed that the
high carbon deposition rate is related to the well-formed carbon
morphologies [21]. Nishiyama and Tamai demonstrated that H; re-
moves the surface carbon that hinders the catalytic action of the
metal surface and the chemisorbed species that are precursors of
deposition. They also concluded that the growth rate of the fila-
mentous carbon increases as the H) concentration in the carrier
gas increases [22]. As shown in Fig. 1, however, we found that the
carbon formation rate on the nickel foam increased as the H, con-
centration in the carrier gas decreased. In this respect, our results
do not seem consistent with the model proposed by Nishiyama
and Tamai [22]. In their model, the surface break-up that can pro-
mote the carbon formation was not considered. Our surface break-
up model on polycrystalline nickel foam will be further developed
using additional results.

Fig. 2 shows the plots of the carbon formation rate vs the
amount of liquid ethanol supplied into the furnace. Filamentous
carbon was formed at 700°C for 1 h with the supply of liquid
ethanol at a rate of 2-5 cc/h. The nickel foam was reduced at
700°C for 1 h, and 30 vol% H, in N, was used as the carrier gas
during all processes. The carbon formation rate on the nickel foam
increased as the amount of liquid ethanol increased.

Fig. 3a shows the plot of carbon formation rate vs synthesis
time. The carbon filaments were formed at 700°C when liquid
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Fig. 3. (a) Carbon formation rate vs synthesis time when the liquid ethanol was
supplied at a rate of 2 cc/min, (b) XRD patterns corresponding to (a). The nickel
foams were reduced at 700°C for 1 h in 30 vol% Hy in Ny. The insert of (b) shows
the change in the intensity of the graphite peaks vs synthesis time.
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Fig. 4. SEM images of the filamentous carbon formed on the nickel foam with
50 vol% Hy in N, at synthesis temperature of (a) 550, (b) 600, (c) 650, (d) 700,
and (e) 750°C. (f) shows the plot of carbon formation rate vs the synthesis tem-
perature. Liquid ethanol was supplied at the rate of 5 cc/h. The nickel foams were
reduced at 750°C for 1 h in 50 vol% Hy in Nj.

ethanol was supplied at a rate of 2 cc/h. The nickel foam was re-
duced at 700°C for 1 h. The carrier gas of 30 vol% Hy in N was
used for both reduction and growth processes. The formation rate
increased slowly during the short exposure to ethanol vapor, and
then increased rapidly until the synthesis time reached to 100 min,
but slowed down thereafter. Fig. 3b shows the XRD patterns for
the samples obtained with synthesis time of 10, 60, and 120 min.
The nickel peaks were recorded at 26 between 40° and 100°. The
carbon peak appeared at approximately 26 = 26.5° after 60 min
from the initiation of carbon formation. The position of the car-
bon peak agreed well with that of the representative graphite with
an interlayer spacing corresponding to the (0 0 2) plane of bulk
graphite, except that the peak appeared blunt compared with the
bulk graphite peak. The intensity of the graphite peak represents
the amount of carbon formed on the nickel foam. Thus, the varia-
tion in the intensity of the graphite peaks shown in Fig. 3b clearly
indicates that the amount of carbon formed on the nickel foam
increased as the synthesis time increased. These trends observed
from Fig. 3 agrees well with those proposed in the previous study
[16] that proved the initiation of CNF formation on the polycrys-
talline nickel by SEM and XRD approaches.

Figs. 4a-4e shows the SEM images of the filamentous carbon
formed for 1 h using liquid ethanol supplied at a rate of 5 cc/h
at various synthesis temperatures. The nickel foam was reduced at
750°C for 1 h in 50 vol% Hy in Ny. At 550°C, the foam surface
appeared to be covered with a thin layer of carbon. As the syn-
thesis temperature increased to 600°C, the amount of as-formed
carbon increased tremendously. Micro-sized pores are barely visi-
ble over the nickel foam. At higher temperatures, however, carbon
formation rate gradually declined, and at 750°C the foam surface
appeared clean. These results are summarized in Fig. 4f. A favor-
able temperature for a higher carbon formation should be in the
range of 600-650 °C with the highest rate achieved around 600 °C.

In addition, we compared the catalytic activity on nickel foam
with that on nickel foil greater than 99.4% in purity. Cross section
(10 mm x 10 mm: W x L) and mass (approximately 50 mg) of
nickel foil were similar to those of nickel foam. In the same syn-
thesis conditions, trend of carbon formation rate with synthesis
temperature was similar but more carbon was produced from Ni
foam, in particular, around 600 °C. We can conclude that Ni foam
is more useful for high productivity of filamentous carbon than Ni
foil.

This trend can be explained by the catalytic pyrolysis of ethanol,
which involves five sequential reactions proposed by Red’kin et
al. [23]. They claimed that the presence of carbon dioxide in the
reaction gas phase generated during the catalytic decomposition
of ethanol on Ni catalysts validates the conclusive evidence of
Boudouard reaction (2CO = C + CO;). This means that among
the five reactions, Boudouard reaction enables the key features of
the synthesis of carbon nanomaterials from ethanol vapor: rela-
tively low temperature and high selectivity of the process. Their
proposal has been supported by other studies [24,25]. Although
temperature with a maximum formation rate was a little lower,
the results proposed by Red’kin et al. [23] seem to be in fair ac-
cordance with our results; the carbon formation rate reached a
maximum at 600°C and decreased sharply as the synthesis tem-
perature increased (Fig. 4).

Fig. 5 shows a series of XRD patterns that correspond to the
SEM images shown in Fig. 4. In Fig. 5a, five nickel metal diffrac-
tion peaks and a graphitic peak are evident at 20 between 20°
and 100°. Figs. 5a and 5c show that the intensity of the graphite
peak detected at 260 of about 26.5° varied according to the varia-
tion of synthesis temperature. The variation in the intensity of the
graphite peak with synthesis temperature was consistent with the
SEM images shown in Fig. 4. From the sharpness of the graphite
peaks shown in Fig. 5c, however, it was difficult to determine
whether as-foamed filamentous carbon was well-graphitized. We
also identified seven peaks (26 = 39.38°, 41.72°, 58.62°, 71.40°,
78.29°, 86.11°, and 88.3°), as indicated at the bottom of Fig. 5b.
These peaks can be attributed to the Ni3C. The strongest NizC
peaks were observed at 550 °C, and the intensity of the Ni3C peaks
decreased as the synthesis temperature increased. Above 700 °C,
the Ni3C peaks nearly disappeared. Another Ni3C peak was ob-
served at 26 of about 44.81° and indexed to the (1 1 3) plane.
Fig. 5¢c shows that the Ni3C peak of the (1 1 3) plane was strongest
at 550°C. Fig. 5d shows the variation of the nickel peaks detected
at 260 of about 92.95° and 98.48° at different synthesis tempera-
tures. As the synthesis temperature decreased, not only was the
peak shape gradually altered, but the sharpness and intensity were
aggravated. This observation implies that the variation in the shape
and intensity of the metallic nickel phase may be strongly related
to the variation in both the activity and the crystalline size of the
metallic nickel, which result from increased carbon deposition into
the nickel metal and increased Ni3C formation. These results are
consistent with those of previous studies [26,27]. Another inter-
esting result is that the Ni3C peaks became weaker as the Hj
concentration in the carrier gas decreased to 30 vol% at 700°C.
Based on the results shown in Figs. 1 and 5, we can conclude that
carbon rich conditions enhance the appearance of Ni3C after longer
exposure to ethanol.

In the carbon rich condition, metal nickel particles are eas-
ily carburized and deactivated during growth of filamentous car-
bon due to an increase in the carbon concentration in nickel. In
this case, nickel carbide species may be present or generated in
the nickel metal. However, these nickel carbide species are very
unstable and easily decomposed into the graphite and metallic
nickel at higher synthesis temperature—especially above 600 °C
[28]. Therefore, these nickel carbide species are significantly differ-
ent from the metastable Ni3C [29]. Recently, it has been reported
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Fig. 5. XRD patterns corresponding to the SEM images in Fig. 4: (a) overview diffraction patterns, (b) NisC patterns, (c) graphite patterns and (d) nickel patterns at 26 of

between 90° and 100°.

that during growth of filamentous carbon, metastable Ni3C can be
decomposed into the graphite and the metallic nickel under an-
nealing conditions at temperature above 600°C [30,31]. The Ni3C
can also be decomposed during the exposure to air even at room
temperature due to the instability in air. Jarrah et al. discovered
the existence of the Ni3C that induced the initial growth of CNF
through a relatively short exposure to air [16]. Ducati et al. identi-
fied the presence of Ni3C at 550 and 700 °C. They suggested that
the Ni3C obtained at 700°C might be formed after the growth
process, upon cooling of Ni-C supersaturated interstitial solid solu-
tion due to rapid temperature decrease to less than 600 °C [32]. In
contrast, at lower synthesis temperature, the nickel metal can un-
dergo a favorable conversion to the metastable Ni3C during growth
[30,33]. Above studies, especially the model proposed by Ducati
et al. [31], are useful for clarifying the formation mechanism of
Ni3C identified in this work, although Motojima et al. reported that
Ni3C was formed via decomposition of C;H, on metallic nickel at
750°C [34].

Fig. 6 shows the Raman spectroscopy of the samples synthe-
sized at 550, 650, and 750°C. The prepared nickel foam was re-
duced at 750°C for 1 h. In the first-order Raman spectrum, the
width of the peaks decreased as the synthesis temperature in-
creased. At 550°C, two peaks (D- and G-line) appeared broad and
blunt, which is characteristic of amorphous or very disordered car-

bons. At 750°C, however, the peaks were sharper and the G-line
peak was much stronger than that of the D-line. Change in inten-
sity ratio (Ip/I¢) is related to amorphization and graphitization of
the sample [35]. Generally, the Ip/I¢ ratio can be determined by
the ratio of peak heights or peak areas [36]. When peak widths
are not similar as shown in Fig. 6, the ratio of peak areas is
more useful for evaluating the effect of material ordering. In this
work, Lorentzian profiles were used as the simplest fits to calcu-
late the ratio of peak areas. The Ip/I¢ ratio was 2.7, 2.12, 0.66
for synthesis temperature of 550, 650, and 750°C respectively.
This trend is also observed for the second-order Raman spec-
trum, where the peaks were mostly measured at approximately
2460, 2707 (G-line), 2947 (D + G-line), and 3251 cm~! (2D*-
line). At 750°C, the strongest peak was observed at 2707 cm™!
(G’-line), indicative of a well-graphitized carbon structure. This re-
sult is similar to that observed in the multi-walled CNTs [37]. On
the other hand, the G’-line peak became weaker and broader as
synthesis temperature decreased, and an amorphous or a disor-
dered carbon pattern was observed at 550°C, as shown in the
first-order Raman spectrum. Raman analysis indicates that the
high synthesis temperature is responsible for the growth of well-
graphitized filamentous carbon. Our results are consistent with
previous study [38].
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Fig. 6. Raman spectroscopy of as-formed filamentous carbons on the nickel foam with 50 vol% H; in N, at synthesis temperature of 550, 650, and 750 °C, respectively. Liquid
ethanol was supplied at the rate of 5 cc/h. The nickel foams were reduced at 750°C for 1 h in 50 vol% H; in Nj.

3.2. Morphology and growth mechanism of filamentous carbons: The
role of catalytic particles and the effect of surface break-up

Fig. 7 shows the relationship between the filamentous carbon
and the nickel nanoparticles formed on the foam surface in the
absence of surface face break-up. The surface of as-received nickel
foam before reduction is shown in Fig. 7a. The surface appeared
clean and the grain size of the polycrystalline nickel foam was ap-
proximately 10 pm. The inset shows an EDX spectrum of Fig. 7a.
Fig. 7b shows the surface morphology of the nickel foam after re-
duction for 1 h with 30 vol% H, in Np. Many nanoparticles with
diameters of 20-100 nm were uniformly distributed on the sur-
face. Fig. 7c, an overview of the nickel foam after the growth
process, shows the nanoparticles with diameters of 50-150 nm.
The image reveals that the diameter of as-grown filaments is in-
dependent of nanoparticle size. The black arrow indicates the root
of a filament where a nanoparticle was not clearly visible. Fig. 7d
shows a filamentous carbon with a nanoparticle encapsulated at
the tip. A large nickel particle with diameter of approximately
150 nm is marked with a white arrow in Fig. 7c. The particle has a
quasi-spherical shape and was firmly attached to the surface of the
nickel foam. Fig. 7e shows that the filamentous carbon with length
of approximately 500 nm encapsulated nanoparticles at the tip.
Fig. 7f shows an octopus-like carbon network grown on the surface
of a quasi-spherical large nickel particle with a diameter of approx-
imately 100 nm. Encapsulated nanoparticles were observed at the
tip of the filaments. We suggest that the formation of the filamen-
tous carbon on the surface of the nickel foam occurs primarily via
the tip-growth mechanism, and that the diameter of filaments is
not always dependent on the size of the nanoparticles where the
growth initiates. A few studies of the octopus-like growth mecha-
nism using nickel catalysts have been reported [39,40]. Pham-Huu
et al. suggested that the octopus-like formation of CNFs is respon-
sible for the tip-growth mechanism. This model agrees well with
our proposed mechanism.

The samples in the TEM images of Fig. 8 were obtained at
650°C (Figs. 8a and 8b) and 750°C (Figs. 8c and 8d), respectively.
Fig. 8a shows many wave-like carbon filaments. There were very

10,06V 11.8mm xd 00k SE(M)

Fig. 7. Role of nickel nanoparticles in the growth of the filamentous carbon on the
surface of the nickel foam. (a) SEM image and EDX graph of as-received nickel foam,
(b) nickel nanoparticles formed on the nickel foam after reduction in 30 vol% H;
in Ny, (c) overview of as-grown filamentous carbon, (d) size-dependent growth of a
filamentous carbon from a small nickel nanoparticle (<50 nm), (e) size-independent
growth of a filamentous carbon from a large nickel nanoparticle (>100 nm), and (f)
octopus-like network formation of filamentous carbon.

narrow cavities or no cavity inside the filaments. The average outer
diameter of the filaments was approximately 20 nm. Fig. 8b shows
the tip of as-grown filamentous carbon, enclosing a nanoparticle
approximately 15 nm in diameter, possibly of nickel. The outer
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Fig. 8. TEM and HRTEM images obtained at 650 (a and b) and 750°C (c and d):
(a and c) as-grown filamentous carbons, (b) Tip of CNFs encapsulating a nickel
nanoparticles and (d) tip of a CNT encapsulating two nickel nanoparticles. Upper
and lower inserts in (d) show lattice spacings of a nickel nanoparticle in a high res-
olution image selected by the white square in (a) and graphitic shells shown in the
high resolution image selected by the white circle in (a), respectively.

shells of the filaments which were regarded as CNFs grown via the
tip-growth mechanism were formed in a direction different from
the growth direction of the filaments. Fig. 8c shows both the CNFs
and the CNTs synthesized on the foam surface. Fig. 8d shows a
filament with nanoparticles at its tip and stem. The particle re-
maining in the core appears elongated in the growth direction of
the filament. The crystalline structure of the nanoparticle enclosed
at the tip is shown in the upper inset (the area highlighted with
the white square). The lattice spacing of 2.041 A can be assigned
to (111) lattice planes in metallic nickel. The lower inset (the
area indicated by the white circle) displays the graphitic shells of
the filamentous carbon with interspacing layers of approximately
3.342 A, which is consistent with that of bulk graphite. These re-
sults agree well with those shown in Figs. 6 and 7.

In the presence of surface break-up, the shape and growth
mechanism of filamentous carbon can be significantly altered.
Fig. 9 shows the catalytic nanoparticles and the filamentous car-
bon that were formed during surface break-up. Fig. 9a shows the
cracks generated along the grain boundary of the polycrystalline
nickel foam. Very large and rough carbon filaments, considered
as bulky CNFs, were observed at the gap. At this stage, the grain
boundary did not appear completely fragmented. Fig. 9b shows a
bunch of CNFs. At the bottom of the blooming carbon flower, it is
clearly shown that the foam surface was broken and opened fully.
Fig. 9¢c, a high-resolution image of Fig. 9b (black square), shows
the catalytic nanoparticle enclosed at the tip of the CNF with a di-
ameter of approximately 150 nm. Fig. 9¢ also shows another CNF
that was branched off on a facet of the nanoparticle (black arrows).
Fig. 9d shows the inner part of the bunch (black circle of Fig. 9d)
where CNFs of various shapes and sizes were shown, in particular,
multi-CNFs grown on a nanoparticle. Fortunately, we found a spe-
cial bunch with an incomplete CNF formation. Fig. 9e shows the
nanoparticles and the filamentous carbons formed during surface
break-up. The bunch appeared to be composed of some large nod-
ules that were projected from the broken surface. The protrusions
were irregularly shaped, similar to popcorn. In addition, some fil-

Fig. 9. SEM images of the surface break-up occurred on the surface of the nickel
foam: (a) a partially cracked grain boundary, (b) a bunch of CNFs that was bloomed
from the fragmentized surface, (c) the tip of CNFs encapsulating nanoparticles,
(d) various CNFs formed during the surface break-up, (e) nodule-like structure that
was formed as a result of surface break-up and (f) small carbon filaments and
nanoparticles observed on the nodule-like structure.

amentous carbon was formed on the protrusions. Fig. 9f shows a
high resolution image of Fig. 9e (black square). The detail shown
in the image reveals that the small filaments less than 30 nm in
diameter were formed on the surface of the large nodule, but their
yield was very low. We also found non-uniform, large nanoparti-
cles on the nodules, which were similar in size to those shown in
Fig. 9d (20-200 nm). These nanoparticles did not appear to induce
the formation of filamentous carbon. Unlike the nanoparticles ob-
served on the surface of the nickel foam in Fig. 7, the nanoparticles
in Fig. 9 have very various forms and sizes.

According to the above observation, we propose the bunch
growth mechanism of filamentous carbon via surface break-up as
follows. It is generally known that metal surfaces can be fragmen-
tized by metal dusting corrosion which is caused by precipitation
of a secondary phase due to high carbon accumulation into the
metal surface, resulting in the formation of metal carbides and fila-
mentous carbons on the surface [41,42]. In the present work, Fig. 9
well explains the surface break-up mechanism that results from
this corrosion phenomenon. During an early stage of the surface
break-up, nanoparticles may be formed on or with nodules gener-
ated by explosion of the foam surface. These nanoparticles are the
impure nickel metal rather than the metastable Ni3C. Nickel car-
bide species might be present or carbon atoms might have been
dissolved in the nickel metal due to bulk diffusion of the carbon
released by the catalytic decomposition of ethanol prior to sur-
face break-up. Once the surface is cracked, carbon deposition into
the broken surface accelerates this process, and the various car-
bon filaments are initiated on the nanoparticles. During or after
growth process, the nickel nanoparticles can be converted into the
metastable Ni3C by varying both the synthesis temperature and
carbon concentration in the furnace. Figs. 10 and 11 provide evi-
dence of our proposed mechanism.

Fig. 10 shows the TEM images of CNFs obtained at 550°C us-
ing 30 (a and b) and 50 vol% H, (c and d) in N;. Fig. 10a, an
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Fig. 10. TEM and DDP images of as-formed product at 550°C in 30 (a and b) and
50 (c and d) vol% Hy in N;. The particles were identified as Ni3C (rhomberhedral).

Fig. 11. TEM and DDP images of as-formed product at 700°C in 30 (a and b) and
50 (c and d) vol% Hy in N,. The particles in (b) and (d) were identified as Ni3C
(rhombohedral) and nickel metal (cubic), respectively.

overview of the sample, reveals that various CNFs are formed and
their shapes were highly consistent with those shown in the pres-
ence of surface break-up (SEM image of Fig. 9d). Fig. 10b shows the
high resolution TEM (HRTEM) images and digital diffraction pat-
tern (DDP) of a nanoparticle (circle in Fig. 10a). The 2.019, 2.021,
and 2.16 A lattice spacings were calculated from the DDP, and
the angles among the lattices are approximately 62.76 and 55.12°.
These lattice spacings can be assigned to the (113), (11-3), and
(006) lattice planes in Ni3C (rhombohedral), respectively. Fig. 10c
shows the TEM image of the sample in the SEM image of Fig. 9f.

CNFs were short and very irregular in shape. Fig. 10d is a high
resolution image of the nanoparticle selected in Fig. 10c. The calcu-
lated lattice spacings were approximately 2.295, 2.021, 1.569, 2.159,
and 4.318 A. DDP and HRTEM results reveal that the calculated
lattice planes correspond to the (110), (113), (116), (006), and
(003) planes identified in Ni3C. In particular, Fig. 10 shows the
presence of the (11 3) lattice plane which was detected in the XRD
pattern of the sample obtained at 550°C (as shown in Fig. 5c). It
is clear from these observations that the formation of Ni3C occurs
dominantly at 550 °C.

Fig. 11 shows the TEM images of CNFs obtained at 700 °C with
30 (a and b) and 50 vol% (c and d) Hy in Nj. Fig. 11a shows
the bulky CNFs grown on a large nanoparticle with a diameter of
approximately 150 nm. From the HRTEM image and the DDP of
Fig. 11a (Fig. 11b), the lattice spacing was estimated to be 2.163 A.
This plane was consistent with the (006) plane of Ni3C. In ad-
dition, a lattice plane corresponding to the (002) plane of bulk
graphite was observed in the HRTEM image (lattice spacing of ap-
proximately 3.45 A). Fig. 11c shows a nanoparticle that induced
two different CNFs. From DDP analysis of the HRTEM image (up-
per inset of Fig. 11d), we identified that the large nanoparticle
was metallic nickel (cubic). Lattice spacings corresponding to the
(1-11), (220), and (311) planes of Ni3C were calculated to be
2.036, 1.249, and 1.065 A respectively. The results of Figs. 10 and 11
were consistent with the XRD patterns shown in Fig. 5.

The growth mechanism of as-grown filamentous carbon in this
study can be developed from the models proposed by Sacco et al.
[43] and Jablonski et al. [44], which explained the growth mech-
anism of filamentous carbon on «-Fe and Fe, Co, and Ni foils,
respectively. In particular, Jablonski et al. emphasized that exten-
sive and continued surface break-up increases the weight gain rate.
They also claimed that, unlike Fe and Co, surface break-up phe-
nomenon did not occur on Ni foil at 623 °C. However, in our ex-
periments, surface break-up occurred on the nickel foam at 623 °C.
We also found that surface break-up can be induced by tuning the
synthesis temperature and other synthesis conditions, such as the
amount of liquid ethanol supplied into the furnace, and, in partic-
ular, the concentration of Hy in the carrier gas.

Based on our experiments using the nickel foam, we suggest a
growth model illustrated in Fig. 12. In the first step (a), the carbons
released from the decomposition of ethanol are deposited on the
surface of both the nickel nanoparticles (Css) and polycrystalline
nickel foam (Cgs). Then, the deposited carbon diffuses into the bulk
nickel (Cns and Cgg). The surface of the foam can be partially or
completely covered with a thin carbon layer (Cgs), and carbide is
formed on the surface of the nickel nanoparticles. Bulk diffusion
into the nanoparticles (Cnys — Cng) occurs as carbon concentration
at the interface of surface carbide and metal nanoparticle (Cys) in-
creases gradually. Then, the nanoparticle induces the formation of
filamentous carbon (b). As-formed filaments are mainly responsible
for the tip-growth mechanism. Higher concentrations of H; in the
carrier gas would facilitate the removal of both the surface carbon
and the chemisorbed species, resulting in the accumulation of the
surface carbon layer. Consequently the formation of bulk carbide
in the nickel foam can be limited, and surface break-up is inhib-
ited. In this case, growth of the filamentous carbon on the nickel
nanoparticles formed on the foam surface can be only completed
by steps (a) and (b). This understanding can be clearly confirmed
by the results shown in Fig. 7. On the other hand, the continuous
increase of the bulk diffusion into the nickel foam, which results
from accumulation of the deposited carbon, facilitates the forma-
tion of the carbide in polycrystalline nickel and enlarges the stress
zone (c). In particular, the stress increases significantly at the grain
boundary, initiating partial fragmenting of the boundary. Once a
gap is generated at the grain boundary, carbon rapidly accumu-
lates into the gaps. During this stage, some CNFs are observed at
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Fig. 12. Mechanism for the carbon formation on the nickel foam.

the cracked surface (as shown in Fig. 9a). Subsequently, the sur-
face of the polycrystalline nickel foam opens fully as the amount
of deposited carbon increases successively (surface break-up) (d).
Nodule-like structures and many nickel nanoparticles project from
the open surface. Finally, various CNFs sprout from these nanopar-
ticles and the bunch of CNFs is completed.

4. Conclusion

This paper describes the growth of nano-sized filamentous car-
bon by catalytic decomposition of ethanol on polycrystalline nickel
foam. The effects of synthesis conditions on carbon formation were
investigated in detail. The formation rate of filamentous carbon de-
creased at higher H, concentration in the carrier gas and with
less liquid ethanol supplied during the growth process. The carbon
formation rate increased with longer synthesis time but gradually
slowed down after 100 min. The study of synthesis temperature
revealed that a favorable temperature for the maximum carbon for-
mation rate was around 600 °C. Based on the XRD patterns, it was
discovered that Ni3C could be formed under some synthesis condi-
tions (low synthesis temperature and carbon rich conditions) after
a long exposure to ethanol vapor. It was demonstrated in detail

that the surface morphology of the nickel foam has an important
influence on the growth mechanism of filamentous carbons. With-
out the surface break-up, the nickel nanoparticles formed on the
surface of the nickel foam acted as catalytic sites where the fila-
mentous carbons started to grow. These nanoparticles were mostly
observed at the tip of the filaments. Most filaments were CNFs,
and CNTs were formed at higher synthesis temperatures. The di-
ameters of the carbon filaments was approximately 20-30 nm.
Nanoparticles less than 50 nm in diameter led to the formation
of filamentous carbon of the same size. The octopus-like network
with multiple small filaments was mainly observed from parti-
cles greater than 100 nm in diameter. In contrast, the surface
break-up that occurred at the grain boundary led to a rapid in-
crease in the carbon formation rate on the polycrystalline nickel
foam. Various nickel nanoparticles and CNFs were observed at
the fragmented surface. The TEM and DDP analyses supported
the presence of the Ni3C peaks recorded in the XRD pattern. In
conclusion, we believe that the presence of surface break-up in-
creases the carbon formation rate on the nickel foam, although
the quality of as-grown carbon filaments requires further inves-
tigation.
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