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Double-walled carbon nanotubes (DWCNTs) were prepared from methane using a Fe/MgO
porous catalyst. A series of catalyst powders with different pore size distributions were
obtained by compression at pressures of 0-233 MPa. These were used to decompose meth-
ane and synthesize DWCNTs which differed in activity, purity, yield and degree of perfec-
tion. Characterization by transmission electron microscopy, scanning electron microscopy,
Raman spectroscopy, thermo-gravimetric analysis, N, adsorption measurement (Bru-
nauer-Emmett-Teller (BET)) and Hg penetration provided direct evidence that a compact
catalyst structure is not good for the nucleation and growth of DWCNTs, e.g., a catalyst
with a compact structure that did not have pores larger than 30-50 nm mostly produced
multi-walled carbon nanotubes. The confined growth and buckling model of DWCNTs
inside the porous catalysts are proposed to explain the growth behavior. These results sug-
gest that a porous catalyst for DWCNT synthesis should have a large pore size distribution

or loose stacked structure, which provides new guidelines for catalyst design.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Composed of two coaxial single-walled carbon nanotubes
(SWCNTs), double-walled carbon nanotubes (DWCNTSs) inte-
grate the excellent mechanical and electrical properties of
SWCNTs and the chemical and thermal stability of multi-
walled carbon nanotubes (MWCNTs). DWCNTs would find
application in field emission devices [1] and super-tough fi-
bers [2-4]. In the chemical vapor deposition (CVD) process to
prepare DWCNTSs, active components are usually deposited
on porous supports, such as Al,03;, MgO, SiO,, etc. [5-18],
which is one of the most important processes due to easy
mass production at low cost. Major focus has been put on
keeping a high specific surface area (SSA, Brunauer-Em-
mett-Teller (BET)) and dispersing the metal nanoparticles
(NPs) on the catalyst to control the nucleation [10,13], so as
to control the purity and yield of DWCNTSs. However, the resis-
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tance during the growth, in the scale of sub-micrometer, has
been concerned rarely. It is noted that the contribution to the
SSA of porous catalysts mainly comes from the existence of
micropores (<2nm) and mesopores (2-50 nm) [19]. Appar-
ently, due to their small size, these pores would not be large
enough to hold DWCNT products, which are usually several
to several tens micrometers long, unless the catalyst struc-
ture is destroyed. Thus it can be suggested that the pore
structure of the catalyst can have a negative effect on the
growth of DWCNTs. An understanding of this process will
help us find novel ways to design catalysts to prepare
DWCNTs with much higher yields and better quality.

In order to address this problem quantitatively, we studied
the effect of the catalyst structure on the DWCNT growth
using a model Fe/MgO catalyst [17] compressed at different
pressures (0-233 MPa). Catalyst powders with the same chem-
ical properties (composition, metal loading and size), but
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different physical properties (pore size distribution, hardness,
density and BET SSA) were obtained. Thus, when DWCNTs
were prepared on these catalysts with the same CVD process,
the relationship between these physical properties of the cat-
alyst powders and the products (yield, degree of perfection,
SSA) can be obtained. Notably, we found that the yield, purity,
quality and morphology of the carbon products were signifi-
cantly affected by the pore size or hardness of the catalyst
agglomerate, rather than its BET SSA. Specifically, the domi-
nant carbon products were changed from DWCNTs to carbon
capsules/MWCNTs when the pressure exerted on the catalyst
powder was higher than 56 MPa. A buckling model was used
to explain the confined growth process of DWCNTs inside
the porous catalysts.

2. Experimental

A model Fe/MgO catalyst with Fe loading of 3 mol% was pre-
pared by the impregnating method and hydrothermal treat-
ment, reported elsewhere [17]. The catalysts are not
spherical particles but small sheets with size of 100-500 nm
and thickness of 10-30 nm (Fig. 1a). The agglomerates of these
sheets are several micrometers in diameter (see Supplemen-
tary Information, Fig. S1). After calcination at 873K for 2 h,
many holes smaller than ~60 nm appeared on the sheets
due to the dehydration of Mg(OH), (Fig. 1b). Five to ten grams
catalyst powder was filled into a cylindrical container with an
inner diameter of 3 cm. Then cold pressing was carried out
vertically on the catalyst powder at different pressures (see
Supplementary Information, Fig. S2). No lubricant was used
in the experiment to avoid the pollution of the samples.

The compressed catalyst cake was crushed to a powder of
~50 pm in size. 20 mg catalyst powder was put into a quartz
tube reactor [17,18] and heated to 1023 K in Ar (99.999% purity)
atmosphere. Then the mixed gases of Ar and CH, (99.99% pur-
ity) (with a volume ratio of 1:1 and a total flow rate of 20 ml/
min) were fed into the reactor. CH, was decomposed by the
catalyst to grow DWCNTs for 15 min. The product gas was
analyzed by an online gas chromatography (Shimadzu 14B).
Thus, the conversion of CH, was obtained. The thermal

decomposition of CH, is not serious at 1023 K, so the forma-
tion of nanotube or amorphous carbon is mostly attributed
to the properties of the catalyst.

The pore size distribution of catalysts after calcination was
measured by an ex-situ Hg penetration method. The BET SSA
of the catalyst and products were measured online by a single
point BET SSA measurement system placed in the reaction
system [18]. The crystallite size of catalyst support was char-
acterized by a X-ray diffraction (XRD, O8-DISCOVER diffrac-
tometer, nickel-filtered Cu K, radiation target) and
calculated by Scherrer equation based on the (220) crystallite.
Carbon products grown on catalysts compressed at different
pressures were characterized by high resolution transmission
electron microscopy (HRTEM, JEOL 2010F, 200.0 kV), scanning
electron microscopy (SEM, JSM 7401F, 1.0 kV), Raman spec-
troscopy (Renishaw, RM2000, He-Ne laser excitation line at
633 nm) and thermo-gravimetric analysis (TGA, TA-2050).

3. Results and discussion

Monitoring the pore size distribution of the catalyst powder
showed clearly the evolution of the pores with pressing pres-
sures (Fig. 2a). There are three-hierarchical pores in the origi-
nal catalyst powder with a wide pore size distribution ranging
from 10 nm to 5 um. The pores smaller than ~60 nm and lar-
ger than ~1 um are ascribed to the holes in the catalyst sheets
(Fig. 1b) and the cavities between the catalyst agglomerates,
respectively. The pores of 0.1-1um are the interspaces be-
tween the randomly stacked catalyst sheets in agglomerates,
which are mostly concerned in this article. After the compres-
sion at 5.6, 28, and 56 MPa, respectively, pores larger than 600,
200 and 60 nm disappeared with the dominant pore size of
the agglomerates decreased from about 110 to 36 nm gradu-
ally. With the gradual increase in the pressure exerted, multi
peaks merged into one peak, and the pores larger than 60 nm
(correspond to the interspaces between catalyst sheets) dis-
appeared, especially there was a jut in the range 20-30 nm
for the sample compressed at 56 MPa, indicating the agglom-
erates were crushed (Fig. S3) and the interspaces between cat-
alyst sheets were eliminated completely followed by an

Fig. 1 - SEM morphologies of catalyst: (a) catalyst precursor, and (b) after calcination at 873 K.
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Fig. 2 - Characterization of catalyst powder compressed at different pressures: (a) pore size distributions, and (b) the SSA and

grain densities.

increase of pores smaller than 30 nm. On further increasing
the pressing pressure to 233 MPa, the dominant pore size kept
on dropping down to ~20 nm, and the peak value decreased,
however the changes slowed down.

With the loss of pores larger than 60nm, the catalyst
agglomerate became more compact and the density of the
material (after pressure release) increased monotonically
with the pressing pressure (Fig. 2b). This tendency is similar
to that of the compression of metal powder and other mate-
rials. Specifically, the density of the catalyst powder increased
from 350 kg/m? for the original catalyst to 1500 kg/m? for that
treated at 233 MPa, which was a 4 fold increase. Compara-
tively, the BET SSA of the catalyst (calcinated at 1023 K, which
is same as the temperature for DWCNT growth; Fig. 2b) only
decreased from ~60 m?/g (the original catalyst) to ~50 m%/g
(compressed at 233 MPa). This change is relatively minor
compared with the changes in the pore size distribution and
density of the catalyst powder.

These catalysts were then used to decompose CH, and
make CNTs. Kinetic process of decomposing CH4 is shown
in Fig. 3. The original non-compressed catalyst had a high
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Fig. 3 - Delayed DWCNT growth in the compressed catalyst
powder.

activity for decomposing CH,. The time of the peak position
(for the conversion of CH,) appeared at 0.1 min. It, however,
increased up to about 2 min with increasing pressure exerted
on the catalyst powder (5.6-111 MPa), an obvious delay. Mean-
while, the peak values also decreased with increasing pres-
sures exerted on the catalyst, indicating the low activity of
the compressed catalysts. Specifically, the peak value for the
catalyst compressed at 233 MPa decreased to be about one
seventh of that for the original catalyst, which was accompa-
nied by a much longer delay for 4.5 min. These results evi-
denced clearly that the decomposition of CH, to form
carbon products are significantly hindered by the increasing
pressures exerted on the catalyst. Notably, the differences in
the negative effect of applied pressure on the catalyst mostly
occurred before the appearance of peak value (for the conver-
sion of CH,). Comparatively, the deactivation tendencies (in
the time after the appearance of the peak of methane conver-
sion), mainly due to the sintering of active components and
the coke encapsulation effect on the metal NPs [14], were sim-
ilar for all the catalysts. Considering the chemical composi-
tion of the catalysts are all the same, these results
suggested that the low activity and the slow DWCNT growth
process described above were mainly due to the compression
of the catalyst powder, purely a physical effect.

TEM images present the typical morphologies of the car-
bon products grown on the catalyst powder compressed un-
der different pressures (Fig. 4). When the pressure was
lower than 56 MPa, the dominant carbon products were
DWCNTs. DWCNTs grown on the non-compressed catalyst
had a relatively perfect morphology and were mostly bun-
dled. However, with increasing pressing pressure, some short
DWCNTs and broken nanotubes or carbon fragments ap-
peared. Also, the bundle size and the ratio of bundled
DWCNTs decreased (see Supplementary Information, Fig. S4
and S5). Even worse, the carbon products from the catalysts
compressed above 56 MPa, were not DWCNTSs, but were
mainly carbon capsules or short MWCNTs. These results
had not been reported and indicated an undiscovered effect.

Raman spectra (Fig. 5a) also showed that, with increasing
pressures exerted on the catalyst powder, the intensities of
the peak of radial breathing modes (RBM, 100-250 cm ™) and
the G band (~1590 cm ') of the carbon products decreased
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Fig. 4 - TEM images of the carbon products prepared by catalyst powder compressed under different pressures: (a) 0 MPa, (b)

5.6 MPa, (c) 28 MPa, (d) 56 MPa, (e) 111 MPa, and (f) 233 MPa.

significantly. Surprisingly, the RBM peak of the products
nearly disappeared when the pressing pressure on the cata-
lyst was above 56 MPa, which also suggested that in this case,
the dominant products might not be DWCNTs but were oth-
ers, e.g. MWCNTSs or carbon capsules. Furthermore, when
we used the intensity ratio of the D band (~1320cm ™) to G
band (Ip/Ig) to evaluate the degree of perfection of the CNTs,
the insert in Fig. 5a shows that Ip/Ig value increased signifi-
cantly with the pressure exerted on the catalyst powder.
The Ip/Ig value of the carbon product at 111-233 MPa was
close to 1, which implied that the products were mostly amor-
phous carbon or MWCNTs.

Meanwhile, BET SSA of carbon products also confirmed
that the quality of the products was seriously affected by ap-

plied pressure. Fig. 5b shows that the BET SSA of the carbon
products decreased with the pore size reduced. The SSA of
the carbon product prepared from the original catalyst was
around 600 m%/g, but it was only 171 m%g for that prepared
from a catalyst compressed at 233 MPa with a dominant pore
size of ~20 nm, which was close to those for MWCNTSs or car-
bon black. These results indicated that the content of carbon
impurities, such as carbon fragments and MWCNTs, in-
creased in the products from the catalyst compressed at pres-
sures above 56 MPa, in agreement with the TEM observation
(Fig. 4).

On further correlating the carbon yield with the pore size
of the catalyst powders, it can be seen that powders with dif-
ferent pore sizes gave different increasing carbon yield
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between the yield, specific surface area of carbon products and the dominant pore size of the catalyst powder. The inset in (a)
is the relationship of defects (Ip/Ig value) in the products with the pressing pressures.

(Fig. 5b). The yield was lower than 0.2 g carbon per gram cat-
alyst powder when the powder with a dominant pore size of
~20 nm was used. However, it increased up to about 0.6 grad-
ually for catalyst with a dominant pore size larger than
110 nm. It indicated that the catalyst powder with a large pore
size had sufficient space inside and allowed the formation of
carbon in high yield.

The results of TEM observation, Raman spectra and BET
SSA all gave the evidence that a catalyst with a compact
structure not only gave a low yield, but also gave a low quality
and/or low content of DWCNTs in the gross product. These
findings suggested the confined growth of DWCNTs in the
porous catalysts.

To clearly understand this, we proposed the growth model
of an individual DWCNT inside the pore of the catalyst (Fig. 6).
The nucleation of CNTs could be considered as self-assembly
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Fig. 6 - Confined growth of an individual DWCNT in a porous
catalyst agglomerate: (a) free growth, (b) touching of the
catalyst sheet, (c) termination of the growth, (d) pores of
catalyst agglomerate broadened, (e) buckled, and (f)
continued growth.

of carbon atoms into tubes after precipitating from quasi-li-
quid saturated C-Fe solution. No matter the tip growth [20]
or the base growth [21] mode dominates the nucleation pro-
cess of the DWCNT, the grown DWCNT always touches the
catalyst sheet, and therefore, three possible scenarios will oc-
cur: (1) If the catalyst agglomerate is strong and the DWCNT
cannot expand the catalyst agglomerate, growth will termi-
nate (Fig. 6¢); (2) the DWCNT can expand the catalyst agglom-
erate and continue to grow if the strength of the catalyst
agglomerate is weak (Fig. 6d); (3) the DWCNT cannot expand
the catalyst agglomerate but can buckle when the pore size
is large enough, then the DWCNT can extend out from the
interspaces between catalyst sheets in agglomerate and con-
tinue to grow (Fig. 6e and f).

Mechanical force was calculated according to the buckling
of the DWCNT in the interspaces between the catalyst sheets
quantitatively. The critical compression stress (o¢rit) for Euler
buckle of DWCNT can be calculated by the equation ocyi.
¢ = E(nr/Ly)? [22-26], where E denotes the Young’s modulus
(~1TPa), r is the nanotube radius (1 nm), and Ly is the half
length of the nanotube. Larger stress is needed for DWCNTSs
buckled in smaller pore. For the catalyst pore with the diam-
eter of 100 nm, the calculated stress is 4 GPa. However, when
the catalyst was compressed, i.e. at 233 MPa, the catalyst
agglomerate got constricted and the pore size decreased. In
such limited space, smaller than 30 nm, the critical compres-
sion stress would be more than 40 GPa, which may be too
large for DWCNT to grow because large deformation of the
quasi-liquid metal NPs might occur at such large pressure
(see Supplementary Information, Text 1). Maybe the deformed
metal NPs led to the failure of DWCNT growth, while carbon
capsule/MWCNT (with the diameter of ~10 nm, in the range
of the pore size of the compressed catalyst) appeared after
the aggregation of such deformed metal NPs in confined
space (Fig. 7a). Similar situation has happened to MWCNT ar-
rays when suffering from applied pressure, resulting in more
defects and serpentine morphology [27,28]. The mechanical
energy [27] suffered from in confined space may be another
factor to terminate the DWCNT growth. However, further
investigation is needed. Generally, catalysts with strong struc-
ture and smaller pores will produce carbon capsules/
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Fig. 7 - Growth modes of CNTs in pores of different sizes: (a)
termination of growth or evolution to capsules/MWCNTSs in
small pore, (b) expanding the medium pores in agglomerate,
and (c) buckled and continued growth in large pores.

MWCNTs; Medium pores with weak agglomerate may enable
DWCNTs to grow, but accompanied with bad degree of perfec-
tion; larger pores make the bulking of DWCNTSs possible and
growth continued (Fig. 7).

Buckled DWCNTs were indeed found abundantly in the
gross product by SEM observation (Fig. 8a). The sheet-like cat-
alyst was kept without obvious break. DWCNT fibers extend
in the interspaces between the sheets. Most of them buckled
and coiled together. Statistics of about 200 coiled DWCNTSs
show that the diameter of coils is mostly larger than 200 nm
(Fig. 8b), which may be the critical dimension for buckling.
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The evolution of crystallite size and pore structure after
the DWCNT growth was also studied (Fig. 8c and d). The crys-
tallite sizes of catalysts are all around ~20 nm, however they
increased after DWCNT growth, which may be due to the sin-
tering of MgO crystallites. The crystallite size increased much
more after DWCNT growth for more compact catalyst (e.g.
compressed at 233 MPa). So we can conclude that DWCNTs
are unable to crack the MgO crystallite, different from the ef-
fect of chemical bond force to destroy the MgO crystallite by
lattice mismatch during reaction with CO, [16].

The volume of pores smaller than 35 nm increased signif-
icantly after the DWCNT growth, indicating that the very
short DWCNTs may have a certain possibility to broaden
the pores of the catalyst, similar to that of MWCNTs [29].
However, DWCNTs of 100-475nm in length may buckle in
the catalyst agglomerate and occupied the interspaces be-
tween catalyst sheets, leading to the reduction of the pore
volume, which is in agreement with above calculation and
the results of the compaction response (see Supplementary
Information, Fig. S3). As to the pores between 500 and
7000 nm (the cavities between agglomerates), they increased
significantly (Fig. 8d), maybe due to the weak interaction
(e.g. static electrical force or Van der Waals force) between
the catalyst agglomerates.
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Fig. 8 - Characterization of products and catalysts before and after DWCNT growth: (a) buckled and coiled DWCNTs in the

interspaces between catalyst sheets, (b) diameter distribution of the coils, (c) XRD crystallite size of catalyst support, and (d)
pore size distribution of non-compressed catalyst. The pore size distribution after DWCNT growth is corrected by dividing by
the weight percentage of the catalyst, e.g., if the content of DWCNTs is 30%, then the pore volume is corrected by dividing by

0.70.
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The growth of DWCNTSs was also compared using different
kinds of catalysts (not compressed). Fig. 9a presents an im-
proved catalyst with a larger sheet than the original catalyst
in the present work, whose dominant pore size is larger than
180 nm (also see Supplementary Information, Fig. S6). A mix-
ture of DWCNTs and SWCNTs grown on this catalyst has a
high carbon yield and a high BET SSA of 1005 m%g (Fig. 5b
and Table 1), about 1.7 times that grown on the original cata-
lyst (~600 m%g). There are abundant DWCNT fibers in the
interspaces between the catalyst sheets (Fig. 9b). Compara-
tively, as using a granulated catalyst, sparse fibers were found
in the pores for large granulated catalyst (100-200 nm, Fig. 9c).
However, DWCNTs mostly grew on the surface of the agglom-
erate of small granulated catalyst (20-30 nm, Fig. 9d). Appar-
ently, the different topologies of DWCNTSs in the pores or on
the surface of catalyst agglomerate are ascribed to the differ-
ent architectures of the catalyst. Sheet-like catalysts have
large interspaces between different sheets, which do not hin-
der the free growth of DWCNTs in the holes or on the surface
of thin catalyst sheet. Thus the journey (equals to the thick-
ness of sheets, ~20 nm) is shortened for DWCNTs growing

from the small pore (where nucleation occurred) to large pore
(where buckled and growth continued), consequently, the ste-
ric hindrance is significantly reduced, compared with that of
granulated catalyst where small pores are mainly inside its
core. Hence SWCNTs/DWCNTs with a high quality and a high
yield were obtained as using sheet-like catalysts.

This work shows the evidence that DWCNT growth not
only needs a good dispersion of the active metal components
on the catalyst support and a suitable large BET SSA, but also
needs a proper catalyst structure (most pores larger than
60 nm, small primary agglomerate, wide pore size distribu-
tion, large pore volume and weak interaction between the cat-
alyst sheets/particles in agglomerates). We can conclude that
any factors to enlarge the pore size or reduce the strength of
catalyst (including the direct formation of large pores in a cat-
alyst by the assistance of organic compounds/materials, con-
trolled critical drying of the catalyst precursor [10], inhibiting
catalyst powder sintering at high temperatures, i.e. fast heat-
ing method [15], minimizing catalyst support size [16,30], aer-
osol catalyst [31], ball-milling or direct spray-drying the
catalyst to very fine powders, and so on) would provide a cat-

Fig. 9 - Topologies of different catalysts and DWCNTSs: (a) SEM images of the improved sheet-like catalysts, (b) as-grown
DWCNTSs in the improved sheet-like catalysts, and (c, d) DWCNTs grown in the granulated catalyst of different granule sizes.
The cajon in (d) was carefully checked by adjusting the focus of microscope, however few DWCNTs were found.
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Table 1 - Comparison between original and improved catalysts and their CNT products

Sample Catalyst CNT product

Sheet size (nm) Pore size (nm) Yield (g/g) SSA (m%g)
Original ~300 ~110 0.61 ~600
Improved ~1000 ~180 0.97 1005

alyst with a low bulk density and the weak interaction in
agglomerate to meet the requirements of DWCNT growth in
high yield, high purity and high quality. These findings pro-
vide new guidelines for catalyst design for the preparation
of DWCNTs in high purity, high yield and at low cost.

4, Conclusions

Compression of the catalyst powder changes the density,
pore size distribution and BET properties of the catalyst pow-
der and this exerts an enhanced confinement effect on the
growth of DWCNTs. Consequently, the DWCNT products
are obtained in low yield, low purity and with many defects.
A buckling model based on a mechanical strength calcula-
tion can explain this process well. These findings show that
one should give at least the same importance to the pore vol-
ume and weak structure of a catalyst as to the BET surface
area and dispersion of metal components on the support
when a powder is considered for DWCNT synthesis. The
findings indicate a conceptually novel method to design a
catalyst with relatively weak structure and large pore vol-
ume, which is useful for the controlled synthesis of
DWCNTSs.
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