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Carburization of Fe/Ni Catalyst for Efficient Growth

of Single-Walled Carbon Nanotubes

Dewu Lin, Shuchen Zhang, Weiming Liu, Yue Yu, and Jin Zhang*

Scale-up production of single-walled carbon nanotubes (SWNTs) with high
quality and purity is in pursuit, since the subsequent post purification treatment
of residual metal or amorphous carbon is complicated and restricts further
applications. Here, a compatible method to efficiently synthesize pure SWNTs
on various supporters by using the precarburized Fe/Ni catalysts is reported.
The preparation of catalysts is achieved by gas phase deposition together

with CO gas at proper temperature, and the carburization of metal particles
occurring simultaneously contributes to the size limitation of catalysts. By using
micro-quartz sand as a recyclable supporter, high-quality SWNTs with a yield

pure SWNTs in good quality were acces-
sible. However, such catalyst engineering
was always accompanied by extremely
low yield. While the typical high-pressure
carbon monoxide (HiPco) method,"
which could fabricate SWNTs in gas phase
with high yield,” still remains a challenge
in the control of purity, like the obvious
metal residue, notable content of MWNT
as well as the amorphous carbon. In gen-
eral, the common problem of SWNTs

of 50 mg h™" are prepared with 60% metal precursor utilization, 81% carbon
source utilization, and only 0.12% (m/m) metal residues. Taking advantage
of carburized Fe/Ni catalysts and appropriate supports makes it possible to
balance the quantity, purity, and quality among SWNTs growth. Furthermore,
this method provides a straightforward pathway to strongly combine SWNTs
and diverse composite materials for further potential applications.

1. Introduction

Single-walled carbon nanotubes (SWNTs) have been regarded
as a promising material owing to the unique atomic and elec-
tronic structures, and ensuring compelling performance, like
mechanical strength,!l electrical property,>3! or thermal con-
ducting.” Since the SWNTs were synthesized in 1993, tremen-
dous efforts have been made in the manufacturing of SWNTs
with mass production and low cost. However, the prices of
bulk pure SWNTs now are still much higher than multi-walled
carbon nanotubes (MWNTs) due to the sensitive process con-
trol and difficult purification.>-!

Currently, catalytic chemical vapor deposition (CVD) has
become the most popular method for the synthesis of SWNTs.
By elaborated design of the catalyst particles, structure control of
SWNTS, such as diameter control,”# electrical type control,*1%
or even chirality control’~* has been developed greatly, and
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scale-up synthesis is the decreasing purity
along with increasing yield, the following
two reasons could be accountable: 1) metal
particles tend to assemble together to
become larger clusters,['% and final sizes
of clusters are unpredictable especially
in gas phase. The clusters with improper
size would not contribute to the growth
of SWNT5, but catalyze the formation of
MWNTs or amorphous carbon, instead.
2) Deactivation of metal catalysts.’! In the CVD ambient of
SWNTs scale-up production, plenty carbon sources were intro-
duced together with the metal precursors at high temperature,
so the as-formed metal clusters were surrounded by decom-
posed carbon species very soon, and would lose the catalytic
activity once they were coated with solid carbon shell.

Herein, we first put forward a precarburization treatment of
the Fe/Ni catalyst particles to efficiently synthesis pure SWNTs
on various substrates or supports. Fe and Ni metals, known
as liquid catalyst, have been widely used for SWNTs synthesis
because of the high catalytic activity and carbon solubility.
However, the migration and aggregation of metal clusters
could result in catalysts with broad size distribution. To prevent
this effect, precarburization of metal catalysts was applied to
suppress the migration by enhancing the combination of metal
carbide and base supporters. Moreover, the vapor-liquid-solid
mechanism indicates that the carbon species would dissolve in
metal catalyst first, then the out coming carbon atoms began
to nucleate carbon nanotubes.!'” Thus, an abrupt supply of
carbon source at high temperature might cause the deactiva-
tion of catalysts by carbon coating, especially during the scale-
up production of SWNTs. Therefore, the precarburization of
metal catalysts would decrease the risk of catalysts deactiva-
tion by shorten the delay between carbon species dissolution
and precipitation. Hence, by the combination of precarbur-
ized metal catalysts and proper supporters, it is accessible
to balance the quantity, purity, and quality among SWNTs
scale-up synthesis.
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Figure 1. Direct growth of pure SWNTs from the precarburized metal catalysts. a) Schematic showing the procedure designed for deposition of pre-
carburized Fe/Ni catalysts and direct growth of SWNTs. b) SEM image of typical SWNTs based on SiO,/Si substrate. c) TEM image of a typical SWNT
grown from the precarburized Fe/Ni catalyst and corresponding fast Fourier transform of the nanoparticle. d) Raman spectrum of SWNTs from (b),

excited by a 514 nm laser.

2. Results and Discussion

The typical process of precarburization of Fe/Ni bimetal cata-
lyst for efficient growth of SWNI5 is shown in Figure 1a. It has
already been detected that commercial carbon monoxide gas
was stored in high pressure carbon steel cylinder contained
trace amount of transition metal carbonyl,8! and thus makes
it a handy and “natural” metal catalysts precursor diluted by
carbon source gas. The commercial CO gas used in our labora-
tory was detected by inductively coupled plasma mass spectrom-
etry (ICP-MS) method, and only iron and nickel were detected
in ppb level (Table S1, Supporting Information). In brief, when
the CO and trace amount of metal carbonyl precursors were
introduced to the furnace simultaneously at 700 °C, these
metal atoms would assemble together to form particles, and
the disproportionation of CO would contribute to the precar-
burization of metal particles. Subsequently, as the temperature
rises to 850 °C for SWNTs growth, a dense and clean carbon
nanotube film could be obtained on the SiO,/Si substrate as
shown in Figure 1b. The transmission electron microscopy
(TEM) image in Figure 1c showed a typical SWNT grown from
the catalyst particle. And the catalyst particle was connected
to SWNT in perpendicular mode, which was in accordance
with the behavior of liquid metal with notable carbon solubility.
The well-crystallized particle showed the interplanar spacing
of 0.207 nm, which is consistent with carbide phase.?% The
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impurity and defects in SWNTs would affect the corresponding
Raman signal obviously, therefore the Raman intensity ratio
between G band and D band was usually used to estimate the
quality of SWNTs samples.?!l An I/}, value of 55 shown in
Figure 1d indicates a well-crystallized graphitic structure of as-
grown SWNTs.

To characterize the precarburized Fe/Ni catalysts in detail,
a 10 nm thick SiN film grid was chosen as the substrate for
catalysts deposition. The TEM image in Figure 2a shows clearly
that the final catalyst particles deposited on substrates were pre-
sented in limited size, and the average diameter was 2.17 nm
according to the size distribution (Figure 2c). High-resolution
transmission electron microscopy (HRTEM) of typical cata-
lyst particles revealed the interplanar spacing of 0.207 and
0.209 nm, which was consistent with the as-grown catalysts in
Figure lc. However, the structural similarity of metallic Fe/Ni
and the carbide would result in the challenge of identification.
Significantly, the carburization of metal catalyst particles had
been observed directly by using the SiN film grid as support.
The energy-dispersive X-ray spectroscopy (EDS) mapping
(Figure 2d) analyses of a catalyst particle after carburization at
700 °C revealed that the Fe and Ni mapping images have the
same shape as the particle. And even the C mapping image had
an imprecise shape due to the disturbance of random carbon
deposition on grid, the carburization of Fe and Ni at 700 °C was
unambiguous according to previous reports.?
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Figure 2. Characterization of the precarburized Fe/Ni catalysts. a) TEM image of precarburized Fe/Ni catalysts. b) HRTEM of the precarburized Fe/Ni
catalysts. c) Corresponding size distribution of catalysts in (a) with mean diameter of 2.17 nm. d) High-angle annular dark-field imaging-scanning
transmission electron microscopy-EDS mapping images of the precarburized Fe/Ni catalyst, indicating the component of Fe, Ni, and C.

It is well accepted that substrates or supports with numerous
steps or kinks tended to anchor the catalyst particles on the
substrate surface, and this is clearly shown in Figure S1 in the
Supporting Information. The corresponding statistics of particle
sizes indicated that the catalyst particles in steps (3.71 nm) were
also much smaller than that on the flatten surface (8.56 nm),
because the metal catalyst particles were easier to migrate on
the flatten surface, and subsequently would combine with others
or probably be anchored when trapped by steps or kinks on
the surface. Significantly, the carburized catalyst particles were
found unlikely to migrate even in the reducing atmosphere
(Figure 3). The carburized Fe/Ni catalysts were deposited on
the ST-cut quartz substrates using commercial CO gas as pre-
cursor. The incipient catalyst particles at 700 °C had the average
diameter of 2.25 nm. After reduction at 850 °C for 5 min, the
average diameter increased by 41% to 3.18 nm (Figure 3e). And
when the reduction time was prolonged to 10 min, the average
diameter of as-obtained catalysts increased by another 5.7% to
3.36 nm (Figure 3f). To get a better sense of such result, reduc-
tion of Fe metal catalysts was prepared as comparison (Figure S2,
Supporting Information). The diameter of Fe metal catalysts
after reduction increased by 140% to 6.62 nm when compared
with the original iron oxide (2.76 nm). While the diameter of
precarburized metal catalysts increased by only 63% to 4.50 nm.
Hence, it was demonstrated that the carburization could restrain
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the migration and aggregation of metal catalysts, and the lower
surface energy of carbide compared to metal might account for it.

As the aggregation of catalyst on substrates could be
restrained by precarburization, the deposition of metal catalysts
from CO gas played the important role in the control of catalysts
development. Atomic force microscope (AFM) characteriza-
tions in Figure S3 in the Supporting Information unambigu-
ously indicated that the density of catalyst particles increased
with the time of exposure to CO gas at 700 °C, and simultane-
ously, the size of catalyst particles developed from 1.67 nm of
1 min exposure to 2.76 nm of 5 min and 4.97 nm of 10 min
gradually. The average size of particles increases near linearly
over time (Figure S4, Supporting Information), providing the
feasibility for the accurate control of catalyst particles. In addi-
tion, the similar particles development was observed on the
SiO,/Si substrates (Figure S5, Supporting Information), dem-
onstrating the potential controllability of catalyst particles on
various substrates or supports.

Furthermore, the iron and nickel carbonyl precursors would
be sufficiently cracked above 325 °C, and the generated metal
atoms would form catalyst particles then. While the disproportion
of CO catalyzed by iron group metal had been observed at
around 700 °C.?3] Thus, the temperature at which the thermal
cracking of CO and carburization of Fe/Ni catalyst occurred
was optimized. Scanning electron microscope (SEM) images
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Figure 3. AFM characterization of carburized Fe/Ni catalyst particles deposited on quartz substrate. a) Deposition at 700 °C; b) deposition at 700 °C
and reduction at 850 °C for 5 min; c) deposition at 700 °C and reduction at 850 °C for 10 min. d—f) Corresponding catalyst particles size distribution.

in Figure S6a—c in the Supporting Information indicated that
SWNTs with long length and high density were obtained on
SiO,/Si substrates as CO mixed with trace amount of iron
and nickel carbonyl precursors were introduced at 700 °C.
Moreover, the optimized temperature for the following SWNTs
growth was 850 °C according to the results in Figure S6d—f.

In order to grow SWNT5 in scale-up yield, pure quartz sands
of micro size were chosen as the support and used in a vertical
furnace as shown in Figure S7 in the Supporting Information,

the details of SWNTs growth were described in the Supporting
Information. In brief, the annealed quartz sand of micro size
was put in the vertical tube which was embedded with a quartz
filter in the middle, so that sufficient gas flow would blow up
the quartz sand. As the CO gas flowed through the floating
quartz sand at 700 °C, Fe/Ni catalyst particles would form on
the surface of quartz sand uniformly. Subsequent growth of
SWNTs was achieved using ethanol as carbon source at 850 °C.
The original obtained sample is shown in Figure 4a, white
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Figure 4. Scale-up production of SWNTs using quartz sand as supporter. a) Optical image of SWNTs based on quartz sand, collected SWNTs, and recy-
cled quartz sand. b) SEM image of SWNTs based on quartz sand. ¢) TEM image of the collected SWNTs deposited on carbon film. d) Raman spectrum
excited by a 514 nm laser. e) TGA data (ramp rate, 10 °C min~') of a 3.5 mg collected SWNTs in air. f) Absorption spectrum of the collected SWNTs.
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quartz sand became totally black after growth. Later, SWNTs
were collected by ultrasonic washing the obtained sample in
0.3% (m/m) hydrogen fluoride aqueous solution, leaving
behind recyclable quartz sands. The SEM images in Figure 4b
showed that the quartz sand was fully covered by SWNTs, of
which the length were about 4 um. TEM image of SWNTs
bundle in Figure 4c demonstrated the single-wall structure of
nanotubes with less defects and impurities. Other TEM images
of the individual SWNT in Figure S9 in the Supporting Infor-
mation distinctly showed the intact structure of as-obtained
SWNT. A typical Raman spectrum in Figure 4d showed an
average I;/Ip value of 28, indicating the high quality of such
collected SWNTs. In addition, the thermal gravimetric anal-
ysis (TGA) (Figure 4e) of such SWNTs before any purification
showed only 1.017% residues remained after heating above
800 °C, indicating a high purity when considering about the
possible exfoliation of SiO, supports during washing. And
the peak height decreasing occurred at 560 °C, which was in
accordance with reported SWNTs combustion temperature,
suggesting the high quality of SWNTs synthesized on quartz
sand using precarburized Fe/Ni particles as catalyst. While
as a reference, the commercial arc-SWNTs were character-
ized by Raman and TGA as well. The average I/l value of
commercial arc-SWNTs was about 13 (Figure S8a, Supporting
Information), and the TGA showed in Figure S8b in the
Supporting Information indicated the notable impurity in it.
And the quantity of obtained SWNTs was found to increase
with the prolongation of growth time, as shown in Figure 4f,
the absorbance increased obviously, indicating the develop-
ment of SWNTs quantity. On average, the yield of SWNTs syn-
thesized on quartz sand using carburized Fe/Ni particles as
catalyst was 50 mg h™'.

www.small-journal.com

Pure SWNTs with few metal catalyst residues are the prom-
ising goal of SWNTs scale-up production. X-ray photoelec-
tron spectroscopy characterization of the collected SWNTs
indicated that no apparent metal was detected (Figure S10,
Supporting Information). Quantitative metal element anal-
ysis with ICP-MS detected 0.12% metal impurity, meaning
carbon purity was more than 99.8% (Table S2, Supporting
Information). As the iron and nickel carbonyl precursors
were introduced with 100 sccm CO for 60 min, based on
the concentration of metal carbonyl detected in Table S1 in
the Supporting Information, the total quantity of introduced
metal was 309.9 ug, indicating the metal carbonyl precursors’
utilization of =60%. The concentration of ethanol carbon
source in argon carrier gas was detected by gas chromatog-
raphy in Figure S11 in the Supporting Information, which
means the 1.97 X 107 mol ethanol in 150 UL input gas. Thus,
the utilization of carbon atoms was 81% during the 60 min
synthesis of SWNTs on quartz sand using carburized Fe/Ni
particles as catalyst.

Different substrates or supports were also examined
immediately. Figure 5 shows the typical SEM images of
SWNTs, when the CO gas with metal carbonyl precursors
was introduced at about 700 °C, Fe/Ni catalyst particles
would anchor on surface of these substrates or supports,
then it was handy to synthesize SWNTs at an appropriate
temperature subsequently. Raman spectrum of the respective
SWNTs was shown in Figure S12 in the Supporting Infor-
mation. The SWNTs horizontal array of relatively high den-
sity was obtained on the ST-cut quartz substrate (Figure 5a).
And the surfaces of NaCl particles were covered by crowded
SWNTs, which provided a convenient, clean, and nondestruc-
tive pathway for the scale-up production of SWNTs due to

Figure 5. SEM images of abundant SWNTs directly synthesized on various substrates or supports. a) SWNTs on ST-cut quartz substrate. b) SWNTs
on SiO,/Si substrate. c) SWNTs on mica substrate. d) SWNTs on sapphire substrate. e) SWNTs on the surface of NaCl particles. f) SWNTs across the

silicon particles.
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the solubility of NaCl in water (Figure 5e). Carbon nanotubes
network could be directly synthesized among silicon parti-
cles to make SWNTs/Si composites for further application in
energy field (Figure 5f).

3. Conclusion

In conclusion, we have developed a precarburization method
for Fe/Ni catalyst to efficiently synthesize SWNTs with few
metal residues for the first time. Precarburization of Fe/Ni
bimetal catalyst at lower temperature would contribute to
restrain the aggregation of metal catalysts, and decrease the
risk of carbon-coating catalysts deactivation potentially by
shorten the delay between carbon dissolution and precipita-
tion. The application of appropriate substrates helps to con-
trol the diffusion and following assembly of metal catalyst. By
using quartz sand as support in the newly designed vertical
furnace, 50 mg h™! high-quality SWNTs were fabricated with
60% metal precursors utilization, 81% carbon source utiliza-
tion, and only 0.12% (m/m) metal residues. Nevertheless,
directly combining the SWNTs with multifunctional composite
materials may pave the way for future large-scale application
of SWNTs.

4. Experimental Section

Synthesis of SWNTs by Precarburized Fe/Ni Catalysts on SiO ,/Si Substrate:
The pure SWNTs films were synthesized by a two-step ethanol CVD
method. First is the deposition of Fe/Ni catalysts: a SiO JSi substrate
with 300 nm oxide layer was placed in 1 in. quartz tube followed by a
5 min purge of 300 sccm argon. After the furnace was heated to
700 °C under an Ar/H, (300 sccm/200 sccm) gas flow, a 10 sccm CO
gas contained ppb level of Fe/Ni carbonyl was introduced instead
of hydrogen for 2 min. During this process, precarburized Fe/Ni
nanoclusters of appropriate size were assembled on SiO,/Si
substrate. Then the furnace was heated to 850 °C under an Ar/H,
(300 sccm/200 sccm) flow, and 100 sccm argon through an ethanol
bubbler was introduced as the carbon source in the next 15 min.
Afterward, the furnace was cooled down to room temperature in argon
and hydrogen atmosphere.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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