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Fe/MgO nanoparticle catalysts were prepared and used to grow single-walled carbon nanotubes (SWCNTS)
from the decomposition of methane. The porous structure of the catalyst can be tailored by an ethanol —thermal
treatment and calcination. Catalysts with sufficiently large pores (50 nm to 5 um) can produce very high-
quality SWCNTSsthat had an intensity ratio of D band to G band in their Raman spectra of less than 0.02—0.03.
These SWCNTs had fewer defects than any other SWNT products from the chemical vapor deposition process

previously reported.

Introduction

Theideal single-walled carbon nanotube (SWCNT) isarolled
graphite layer that is a perfect structure without structural
defects.! However, SWCNTSs prepared by arc discharge,®* laser
ablation,® and chemical vapor deposition (CVD)® % al have
defects. These defects included amorphous carbon present inside
or outside the CNT wall and intrinsic defects in the CNT carbon
layer.*12 These defects degrade the mechanical, electrical, and
thermal conductive properties of the SWCNTs.*3~15 The resonant
Raman scattering method has been established to evaluate these
defects.”1671% The intensity ratio of the D band to G band
(Ip/lg) in @ Raman spectra is used to characterize the amount
of defectsin the SWCNTSs. Histograms reported in many works
indicate that the Ip/lg values are, in most cases, smaller than
0.02 for SWCNTSs produced by the arc discharge and laser
ablation methods*>¢ but were all larger than 0.08—0.1 for
SWCNTSs produced by the CVD process.”*¢% |t has been
difficult to improve the I o/l ratio obtained in the CVD process
despite the many attempts made, for example, by varying the
catalysts (metals, such as Co, Fe, Ni, Mo, etc. and their alloys,
and the supports, such as aumina, silica, MgO, and other
supports/substrates),5”?* carbon sources (hydrocarbons, CO,
ethanol, etc. mixed with various inert gases and/or H,),?°
temperature,?® and pressure. On the other hand, the CV D method
has advantages over the arc discharge and laser ablation methods
in the use of mild growth conditions, its potential for scale up
production, and the selectivity to SWCNTSs. Thus, a challenge
is how to prepare very high-quality SWCNTSs (those that have
very few defects) by the CVD method.

Three factors determine that the formation of defects in the
SWCNTSs from the CVD method is more probable than from
the other methods. First, alocal high-temperature condition, such
asthat present in the arc discharge and laser ablation processes,
is needed for good crystallization of SWCNTs.45¢ Therefore,
the defects in the SWCNTSs produced by these two methods
are less than those from CVD."1%16-22 |t has been noted that
the SWCNT products from the CVD method assisted by alaser
still had relatively high I/l values (0.08—0.1),%” which further
suggested that the defects in the SWCNTs were more sensitive
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to the temperature than to the other parameters. Second, in the
arc discharge and laser ablation processes, the formation of a
SWCNT only needs to break a carbon—metal bond. In com-
parison, it is not only the carbon—metal bond but aso the
metal —support interaction bond that both have to be broken
for the lifting of the SWCNTs in the CVD process.® In situ
TEM observations have confirmed that alarge stressis produced
in the lifting of CNTs from metal nanoparticles (NPs), which
resulted in the formation of defective and curved products.?®<°
Third, SWCNTs grow freely in the chamber of the arc discharge
and laser ablation reactor, where the concentrations of gas and
solid are both very low. Similarly, in some specia CVD
processs, superlong SWCNTs with very few defects have been
grown freely in afloating gas® or in aliquid phase.*> However,
for most CVD processes, the SWCNTs grow surrounded by
many stacked catalyst particles. Much evidence has suggested
that, for the growth of multi-walled, double-walled carbon
nanotubes (MWCNTSs, DWNCNTSs) and SWCNTSs over porous
catalysts,*+2°213 the limited size of the catalyst pore hindered
the growth of the CNTs and contributed significantly to the
appearance of defects. To improve the situation, a rational
catalyst structure design can be used.

In the present work, nanosized Fe/MgO particles were used
for the growth of SWCNTS, in place of the bulk of large porous
catalyst powder particles. The idea was to allow the SWCNTs
to grow freely without touching the walls in the pores in the
bulk of porous particles.**202%33 Unfortunately, even in the use
of nonporous nanosized particles, there was an unavoidable
aggregation of the catalyst NPs in the drying and calcination
of the catalysts,3 3 which till resulted in the formation of a
porous catalyst structure with large pores of up to severa ten
micrometers. Thus, an ethanol —thermal treatment of the catalyst
was further used to reduce the surface energy during evaporation
to inhibit the densification of the catalyst agglomerate during
the drying and calcination. As a result, a porous Fe/MgO
architecture with sufficient large pores of 50 nm to 5 um was
created, which alowed the growth of SWCNTs with an Ip/lg
ratio that was decreased to 0.03 (and even to 0.01). Compared
with the SWNTSs produced using a bulk Fe/MgO catalyst that
is a porous powder, the defectsin the SWCNTs were decreased
by 50—70%. The as-grown SWCNTSs had fewer defects than
any of the products obtained from the CVD process to date.
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Figure 1. XRD patterns of catalysts with different treatments.

Experimental Section

The Fe/MgO catalysts were prepared by atypical impregnat-
ing method, both with and without an ethanol —thermal treat-
ment. The MgO NPs by the coprecipitation method (S1; see
the Supporting Information) were immersed into the Fe
(NOs3)s—ethanal solution (ratio of Fe(NOs), to ethanol was 1 g
to 10 mL) and subjected to a 30 min ultrasonic treatment to
become a gel. The gel was ethanol —thermal treated in a sealed
autoclave (with itsinner wall coated by a Teflon layer; the total
volume was 70 mL with 50 mL of Fe/MgO—ethanol solution)
at 200 °C for 2—12 h. After cooling the autoclave to ambient
condition, the gel was dried at 110 °C for 24 h and calcined at
900 °C for 1 h. The loading of iron on the MgO support was
controlled from 0.07 to 0.3 wt %. The reference catalyst used,
without an ethanol—thermal treatment, was called a fresh
catalyst. Its preparation followed the same procedure except that
aFe (NO3); agueous solution was used without the hydrothermal
treatment. For comparison, a catalyst was further calcined at
900 °C'° for 3 h after the ethanol —thermal treatment.

To grow SWCNTs, 0.05 g of catayst was put into a
horizontal quartz reactor (30 mm i.d.) and heated to 800 °C in
Ar for 2 h. A mixture of CH4/H,/Ar (flow rate of 80, 5, and
400 mL/min, respectively) was then fed into the reactor for
2—15 min. After cooling in Ar to ambient condition, the
SWCNTs were sampled and characterized by transmission
electron microscopy (TEM, JEOL 2010, 200 kV), thermogravi-
metric analysis (TGA, TA2050, 20—900 °C, 15 °C/min), and
resonant Raman spectroscopy (Renishaw, RM2000, He—Ne
laser excitation line at 633 and 514 nm). Different catalysts are
characterized by X-ray diffraction (XRD, D/IMAX-II1A, nickel-
filtered Cu Ko radiation, 3—90°), TEM (JEOL, at 200 kV),
mercury porosimetry (MP, AutoPore Il 9220 V3.04), temper-
ature-programmed reduction (TPR), X-ray photoelectron spec-
troscopy (XPS, PHI Quantera SXM, 3.4*10°° Torr), and
nitrogen adsorption isotherm characterization (Autosorb-1-C).

Result and Discussion

The catalyst before reaction showed only the peak of the MgO
crystallites in the XRD pattern (Figure 1). The low loading of
Fe wastoo low to detect. The size of the catalyst NPs, calculated
from the MgO (220) peak, was 37.7 and 48.3 nm for the samples
without and with the ethanol—thermal treatment of 2 h,
respectively. No peak at 26° was observed in the XRD pattern,
which showed the pristine catalyst did not contain coke or
carbon species that were possible from the decomposition of
ethanol. Thus, we can takeit that the decreased defect formation
on these SWCNTs (discussed later) was not due to the formation
of some other active phase, for example, iron carbide. XPS
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Figure 2. SEM and TEM images of catalysts without (a, ¢) and with
the ethanol —thermal treatment (b, d).

characterization (Figure S1; see the Supporting Information)
indicated that there was a very weak signal of an iron species
on the surface of the fresh catalyst and no detectable iron species
on the catalyst with the ethanol —thermal treatment. These results
suggested that, before the reaction, the iron species was
dispersed uniformly in the MgO matrix of the catalyst and did
not form iron clusters.*

SEM images (Figure 2a,b) indicated that both catalysts were
NPs that formed large aggregates with obvious large holes and
vacancies. The TEM images (Figure 2c,d) showed that the
individual particle had well-defined crystalline facets and the
size of the MgO particles was in agreement with the XRD data.
Fe NPs, which would be a deep black color in TEM images,
were not observed on the catalyst before reaction, in agreement
with the XPS result that the Fe oxide was uniformly distributed
in the MgO phase.’® TPR characterization for the different
catalysts (Figure S2; see the Supporting Information) indicated
that the fresh catalyst had three reduction peaks at 350, 500,
and 640 °C, which were assigned to Fe,Oz, Fes0,, and FeO,
respectively.®” The ethanol —thermal treated catalyst only had
the reduction peaks of Fes0, at 400 °C and FeO at 580 °C.
These results suggested that the temperature needed to form Fe
clustersis higher than 580—600 °C. However, athough no iron
cluster was formed during the catalyst preparation, the drying
at 110 °C for the catalyst precursor did result in the aggregation
of the catalyst particles, which was driven by forces in the
evaporation of water or ethanol.*~*¢ The subsequent calcination
at 900 °C sintered the catalyst particlesinto a three-dimensional
porous structure, which was stable and which was not destroyed
by the 30 min ultrasonic treatment for TEM characterization
(Figure 2c,d).

The pore size distribution of the different catalysts was
characterized by N, adsorption (Figure S3; see the Supporting
Information) and Hg penetration (Figure 3). The ethanol —thermal
treatment increased the percentage of pores that were in the
2—10 nm and 50 nm—>5 xm ranges but decreased the percentage
of pores that were in the 10—50 nm range, as compared with
those of the fresh catalyst. The percentage of the pores that were
50 nm to 5 um increased 3-fold and could be further increased
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Figure 3. Pore size distributions of catalysts with different treatments.

with an increased ethanol —thermal treatment time. These pores
were mainly the inner pores of the catalyst architecture, whereas
the much larger pores of 5—300 um were due to the stacking
vacancies between catalyst aggregates. In agreement with the
latter assignment, the percentage of these latter pores (5—300
um) did not vary insignificantly for the three catalysts. The effect
of the ethanol —thermal treatment on the catalyst structure was
similar to other hydrothermal® or solvent—thermal processes.
Generaly, some MgO particles are dissolved in the ethanol
solution and then recrystallized.?3%4° With a short treatment
time (2 h), the dissolved MgO was present in a small amount
and the recrystallization over the undissolved relatively large
seeds resulted in the formation of relatively large MgO NPs.
However, a long treatment time (12 h) caused a large amount
of MgO NPsto dissolve, which produced small MgO NPs upon
recrystallization due to the increased supersaturation of MgO
in ethanol. In the following drying process, the evaporation of
ethanol still caused the catalyst particles to aggregate. However,
compared with the use of water evaporation, the smaller surface
energy during ethanol evaporation resulted in the formation of
a relatively loosely packed porous structure with many large
pores in the range of 50 nm to 5 um.

For the growth of SWCNTSs, most Fe oxide species werefirst
reduced to Fe NPs 1—3 nm in diameter (Figure 4). SWCNTs
grow on the Fe NPs dispersed on the surface of the catalyst
particles (Figure 4b,c). Because the catalyst has a three-
dimensiona porous structure, the SWCNTS first to be grown
inside the catalyst follow a random direction. Therefore, the
growth of relatively long SWCNTSs will be obstructed by the
catalyst wall regardless of the growth direction and they get
bent. Depending on the growth position of the SWNTs inside
the catalyst, some get twisted together inside the limited pore
space when these pores are less than 50 nm to 5 um and would
cease to grow,?* while some other SWNTs would alter the
growth direction (along the surface of or around the catalyst
particles, as shown in Figure 4d,e) and significant defects get
produced in the curved sections of the SWCNTs. However,
some SWNTs also get to grow straight through the pore of the
catalyst structure (Figure 4f). The growth out of the catalyst
structure is free, and many small such SWCNT bundles can
form alarge bundle (Figure 4g,h). It can be suggested that the
complex porous catalyst structure has a pronounced influence
on the quality of the SWCNTs. A catalyst structure with
sufficiently large pores (e.g., those from the ethanol —thermal
treatment) gives advantages over the fresh catalyst in growing
clean and long SWCNTSs in large amounts with few defects, as
shown in Figure 5.

Raman characterization of the SWCNTSs at different times
provided evidence of the confined growth process (Figure 6).

el P

Figure 4. TEM images of SWCNTSs from catalysts with different
treatments. (a) Highly aggregated catalyst structure that was not
destroyed by an ultrasonic treatment. (b) Initial growth of SWCNTs
on the catalyst. (c) Short SWCNTSs grown that adhere on the surface
of the catalyst. (d) Long SWCNTSs obstructed by the catalyst particles,
which were bent and that continued to grow on the catalyst surface.
(e) Long SWNT bundles grown aong the surface of catalyst particles.
(f) Long straight SWCNT bundles grown through the large pores of
the aggregated catalyst structure. (g) Many SWCNT bundles grown
around catalyst particles in different growth directions. (h) Large
amounts of small SWCNT bundles that form a large bundle growing
out of the catalyst structure.

Theinitially grown SWCNTs had the highest 1/l value. This
was because they had to break the metal —support interaction
bond and the carbon—metal bond. After that, the SWCNTs grew
freely inside the porous catalyst architecture and the amount of
defects decreased to some extent. However, after 30 s of growth,
the Ip/lg value of the SWCNTSs increased with growth time.
This reversed trend in the Ip/lg vaue with time was observed
using different Raman laser excitations at 633 and 514 nm for
SWCNTswith different diameters. The formation of amorphous
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Figure 5. Magnified TEM images of SWCNTs from the catalyst
without (a) and with (b) ethanol—thermal treatment.

Figure 6. Evolution of the Ip/lg ratio of SWCNTs with growth time
(from the 2 h ethanol —thermal treated catalyst).

Figure 7. TGA pattern of SWCNTs from catalysts with different
treatments.

carbon, carbon-encapsulated metal NPs, or the deformation of
the SWCNTSs can all be the cause of the increased I/l value.
To distinguish between these, TGA andysis was used to
characterize the existence of defective amorphous carbon or
SWCNTSs using their different oxidative thermal behavior. As
shown in Figure 7, the yields of carbon were 5.56 and 4.50%
over the fresh and ethanol —thermal treated Fe/MgO catalysts,
respectively. No further weight loss was observed after 600 °C,
which suggested that al the carbon products were free of
MWGCNTs and carbon-encapsulated metal NPs. The weight loss
before 400 °C was attributed to the burning of amorphous carbon
or defective carbon. Thus, the ratio of SWCNTSs to defective
amorphous carbon can be determined. This was 2.31 and 3.5
for the carbon samples over the fresh and the ethanol —thermal
treated catalyst, respectively. Because the content of amorphous
carbon from the thermal decomposition of CH4 was nearly the
same for the different catalysts, the contribution of amorphous
carbon to the Ip/1 values should not change with reaction time.
From the above analysis, we can say that the increased Ip/lg
value with reaction time was due to the deformation (bending)
of long SWCNTSs due to obstruction by the catalyst wall.
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In addition, the TPR result (Figure S2; see the Supporting
Information) suggested that, as compared with the fresh catalyst,
the Fe NPs after the ethanol —thermal treatment became more
uniform, but the reducible amount was significantly decreased.
This result explained why the yield of carbon from the
ethanol —thermal treated catalyst was lower, as shown in Figure
7. On the other hand, from comparing the ratio of SWCNTs to
defective carbon over the different catalysts, it can be deduced
that SWCNTSs grew faster on the ethanol —thermal catalyst than
on the fresh catalyst. This assumed that the same amount of
amorphous carbon was produced from the thermal decomposi-
tion of CH, in the same time. This is reasonable because the
large pores of the catalyst with the ethanol —thermal treatment
allowed the quick growth of SWCNTSs; that is, the higher
percentage of large pores of 50 nm to 5 um in the catalyst
increased the ratio of SWCNTSs growing out of the catalyst
structure. These can further grow to a length that was not
possible in the pores of the host catalyst.

The Raman spectra of the SWCNTs in Figure 8a at 633
nm and Figure 8b at 514 nm both suggested that there was
a very strong radial breathing mode (RBM) response at
100—250 cm™*. The dominant products were 1.26 nm tubes
with a RBM peak centered at 190 cm™2. All the samples had
avery strong G band (~1589 cm™) and very weak D band
(~1310 cm™). The Ip/l¢ data in Figure 8a,b indicated that
the amount of defects in the SWCNTs was very small when
grown in the catalyst with the ethanol—thermal treatment,
but this was not the case with the fresh catalyst. This result
is qualitatively in agreement with the ratio of SWCNT to
defective carbon in the TGA results (Figure 7). Further
investigation indicated that the Ip/lg values did not change
significantly with the metal loading of the catalyst. The
change due to this was small compared with the change due
to whether the preparation method was with or without
the ethanol —thermal treatment (Figure 8c). We also tested
the effect of growth temperature (800, 850, 900, and 950
°C) on the growth of the SWCNTSs. The Ip/lg values did not
change significantly compared to those in Figure 8c. More-
over, Figure 8d indicated that the amount of defects in the
SWCNTs decreased gradually with an increase of the
ethanol —thermal treatment time, which resulted in the forma-
tion of more large pores (Figure 3). The decreasing trend of
the Ip/lg value was observed with both the 633 and the 514
nm laser in the Raman characterization. Because SWCNTs
with different diameters are sensitive to different Raman laser
wavelengths, it is reasonable that there was minor difference
in the detailed Ip/lg value.”? To provide further evidence of
this effect, the catalyst after the 2 h ethanol—thermal
treatment was intentionally further calcined in air at 900 °C
for 3 h, which decreased the percentage of large pores.
Subsequently, a high Ip/lg value (0.048) for the SWCNTs
was observed (blue triangle in Figure 8d). Most of the Ip/lg
values of the SWCNTSs from the catalyst with the ethanol —
thermal treatment were smaller than 0.04. The smallest value
obtained was 0.018. These values were all smaller than those
(mostly larger than 0.1) obtained using bulk Fe/MgO catalyst
porous powder with the same Fe loading® and SWCNT
samples from other catalysts in several hundred references
that reported Raman data.”1916-2233 The SWCNTSs in the
present work can be ranked as the product with the fewest
defects prepared by the CVD method to date, and they are
comparable in being defect-free to the SWCNTSs from the
arc discharge method.*516
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Figure 8. Raman spectra of SWCNTSs from catalysts with different
treatments. (@) Raman spectra (633 nm) and (b) Raman spectra (514
nm). (¢) The effect of iron loading. (d) The effect of ethanol —thermal
treatment time.

The above growth phenomenon of the SWCNTSs is similar
to that of MWCNTs.** However, MWCNTs with large diameters
can destroy the catalyst structure in the course of their growth,
but this was not the case with the SWCNTSs. Also, the increase
inthe Ip/l value of the MWCNTs was less significant compared

Nie et al.

to the SWCNTs.*! Recently, a catalyst with an open microscale
structure was prepared using carbon fibers as a burnable
sacrificial template.*? Such a catalyst increased the yield of
SWCNTSs but did not increase the quality of SWCNTSs signifi-
cantly. Thiswas probably because the poresin that catalyst were
not large enough, as was the case in the present work. These
results all indicate that the quality of SWCNTs produced is
sensitive to the growth condition. Our catalyst preparation
method was very simple and can be easily performed on alarge
scale so that we can produce a much larger amount of very
high-quality SWCNTS, as compared with the previous work.*
Our results suggested that, if monodispersed nanosized catalyst
particles can be prepared in large amounts and it can be
suspended in the reactor, it should be possible to increase the
quality of the SWCNTSs further.

Conclusions

In producing SWCNTSs from methane decomposition using
a Fe/MgO catalyst, SEM/TEM, TGA, Hg penetration, and
Raman results suggested that a catalyst packing structure with
large poresis crucid for the formation of SWCNTs with much
fewer defects. The ethanol—therma method is effective for
increasing the percentage of very large pores in the porous
catalyst structure and can be used for the growth of very high-
quality SWCNTs.
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