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Advanced Materials from Natural Materials: Synthesis of
Aligned Carbon Nanotubes on Wollastonites

Meng-Qiang Zhao, Qiang Zhang, Jia-Qi Huang, Jing-Qi Nie, and Fei Wei*®

The growth of carbon nanotubes (CNTs) on natural materials is
a low-cost, environmentally benign, and materials-saving
method for the large-scale production of CNTs. Directly build-
ing 3D CNT architectures on natural materials is a key issue for
obtaining advanced materials with high added value. We
report the fabrication of aligned CNT arrays on fibrous natural
wollastonite. Strongly dispersed iron particles with small sizes
were produced on a planar surface of soaked fibrous wollas-
tonite by a reduction process. These particles then catalyzed

Introduction

The production of advanced materials from natural materials
can contribute to diminishing our current dependence on non-
renewable feedstocks."? Carbon nanotubes (CNTs), which can
be conceptually viewed as graphene sheets that are rolled into
a nanometer-scale tube form, are a class of attractive nanoma-
terials. Depending on their diameter, helicity, and alignment
along the c-axis, CNTs exhibit extraordinary behaviors that
allow them to be used for many potential applications, includ-
ing as energy conversion components of fuel cells or lithium-
ion secondary batteries;** engineering materials to enhance
the electrical and electrostatic properties or tenacity of poly-
mers, textiles, metals, and coatings;™ catalysts for oxidative de-
hydrogenation;®®” carriers of Fischer-Tropsch, noble-metal hy-
drogenation, or other catalysts;® and field emission displays.”
For most of the above-mentioned and many other applica-
tions, it is highly desirable to prepare aligned CNTs. Indeed,
compared with entangled CNTs, vertically aligned CNTs
(VACNTs) have a good orientation, large aspect ratio, and high
purity. It has been widely recognized that among the various
forms of CNTs, aligned CNTs can be considered advanced ma-
terials of paramount importance for most of the above-men-
tioned applications.*® An efficient method for the low-cost
mass production of aligned CNTs is required for their large-
scale application.

Recently, several natural materials have been used for the
synthesis of nanomaterials with the aim of developing low-
cost, environmentally benign, and materials-saving processes."
Volcanic lava rock,™' soil,™ garnet sand,"” bentonite,"? sepio-
lite,"® forsterite,"¥ disposide,’¥ and biomass-based activated
carbon can be used as catalysts for the growth of CNTs.
Montmorillonite™ and fly ash"”! can serve as catalyst supports
for CNT synthesis as well. Natural materials originating from
biomass, such as coal,"® natural gas™" liquefied petroleum
gas,"” or biomass itself,”” can be used as carbon sources for
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the decomposition of ethylene, leading to the synchronous
growth of CNTs to form leaf- and brush-like wollastonite/CNT
hybrids. The as-obtained hybrids could be further transformed
into porous SiO,/CNT hybrids by reaction with hydrochloric
acid. Further treatment with hydrofluoric acid resulted in
aligned CNT arrays, with purities as high as 98.7 %. The present-
ed work is very promising for the fabrication of advanced ma-
terials with unique structures and properties that can be used
as fillers, catalyst supports, or energy-absorbing materials.

CNT synthesis. The as-obtained products grown from natural
materials performed very well as catalysts in oxidative dehy-
drogenation (carbon nanofiber/lava® and CNT/bentonite!'?),
for energy absorption (alternating aligned CNTs and vermicu-
lite layers),”" and as fillers for strong polyamide-6 composites
(CNT/clay hybrids).”? Making use of natural materials for the
synthesis of nanomaterials can be considered as an example of
sustainable chemistry and materials science. These eco-friendly
methods are very interesting because they allow the large-
scale production of CNTs at low costs.

However, there still are some disadvantages when natural
materials are used for the synthesis of nanomaterials. For ex-
ample, most of the CNT products grown on natural materials
have a wide distribution of diameters. CNTs in the as-grown
products are usually strongly entangled.”'*'” Recently, Zhang
et al. reported the intercalated growth of aligned CNTs on nat-
ural clays, such as vermiculite and mica, and the as-obtained
CNT/clay hybrids could serve as an advanced material for
shock-absorbing applications.”” The synthesis of advanced
CNT materials on natural materials, with good alignment, uni-
form diameters, and homogeneous structures, remains a chal-
lenge.

Herein, wollastonite, a mineral that exhibits a fibrous struc-
ture in the form of needle-shaped crystals, is used as natural
substrate for the facile synthesis of aligned CNTs. Wollastonite
is a type of calcium inosilicate (CaSiO;) that is widely available
from commercial mining in PR China, USA, India, Finland,

[a] Dr. M.-Q. Zhao, Dr. Q. Zhang, J.-Q. Huang, J.-Q. Nie, Prof. F. Wei
Beijing Key Laboratory of
Green Chemical Reaction Engineering and Technology
Department of Chemical Engineering, Tsinghua University
100084 Beijing (PR China)
Fax: (+86)10 6277-2051
E-mail: wf-dce@tsinghua.edu.cn

WWILEY )
) InterScience*

453



CHEMSUSCHEM

former Yugoslavia, Mexico, Greece, and other countries. Wollas-
tonite exhibits many useful properties, such as a high bright-
ness and whiteness, low absorption of moisture and oil, and a
low content of volatiles. These characteristics form the basis
for the widespread application of wollastonite in ceramic com-
posites, paint, paper, plastics, and vinyl tile manufacture.”® We
found that aligned CNTs can be easily synthesized on wollas-
tonite fiber via chemical vapor deposition (CVD). The as-grown
CNTs feature good alignment and narrow diameter and length
distributions. Moreover, the as-grown CNT arrays can be easily
purified to ca. 98.7%, providing a scaleable route towards
high-value advanced materials with extraordinary performance.

Results and Discussion
The wollastonite catalyst for the growth of aligned CNTs

Wollastonite mined from PR China was directly used as catalyst
support. Table 1 shows the composition of the pristine wollas-
tonite as determined by X-ray fluorescence (XRF) analysis. The

Table 1. Composition of pristine wollastonite used for CNT growth, as
determined by XRF.

Wollastonite component Content [wt%)]

Si0, 51.14
Ca0 46.77
MgO 167
Fe,0, 0.19
ALO, 0.08
SrO 0.05
Cr,0, 0.05
Other 0.05

wollastonite contained 51.14 wt% SiO,, 46.77 wt% CaO, and
167 wt% MgO. The natural Fe loading was 0.13 wt%
(0.19 wt% Fe,0;), which is too low for the growth of aligned
CNTs. Furthermore, the wollastonite contained small amounts
of other oxides such as Al,O,, SrO, and Cr,0;.

Wollastonite usually crystallizes triclinically in space group
P1. Its mineralogical name is wollastonite-1T and is distinguish-
ed from the more rare monoclinic wollastonite-2M (space
group P2,). The structure of wollastonite-1T contains infinite al-
ternant chains of [SiO,] tetrahedra and [Si,O,] ditetrahedra that
share common vertices, running parallel to the b-axis. The in-
terspaces of the chains are filled by calcium, forming an infinite
chain of [CaOg] octahedra that also runs parallel to the b-axis.
The three chains are stacked along the c-axis and result in acic-
ular or fibrous triclinical wollastonite-1T. A powder X-ray dif-
fraction (XRD) pattern suggests that the wollastonite used in
this study is wollastonite-1T (Figure 1a).?"

The morphology of the as-obtained wollastonite is illustrat-
ed by the scanning electron microscopy (SEM) images shown
in Figure 1b and c. Some of the fibrous wollastonites show a
sheet-like morphology (Figure 1b) that can only provide two
surfaces for the growth of CNTs, while others show a stick-like
morphology (Figure 1c¢) that can provide more than two surfa-
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Figure 1. a) XRD pattern, and SEM images of b) the fibrous wollastonite
sheets and c) wollastonite sticks used for aligned CNT growth.

ces for CNT growth. After impregnation, calcination, and reduc-
tion, Fe/Mo/wollastonite catalysts with different morphologies
were obtained (see Experimental Section).

Aligned CNTs grown on wollastonite

When ethylene was introduced onto the Fe/Mo/wollastonite
catalysts at the reaction temperature, CNTs were synchronously
grown into array forms on their flat surfaces (Figure 2a-f). Be-
cause only two flat surfaces were available for the sheet-like
wollastonite, the structures obtained after the deposition of
CNT arrays showed a leaf-like morphology, as shown in Fig-
ure 2a and b. Figure 2b and c shows that CNT arrays with a
length of ca. 15 um grew vertically on both sides of the wollas-
tonite sheet, whose structure was well-preserved after the CNT
synthesis. However, the CNT array was not so well aligned (Fig-
ure 2d). With stick-like wollastonite, CNT arrays were deposited
on each surface of the wollastonite and finally formed a brush-
like structure (Figure 2e and f), which is similar to structures
obtained by the fabrication of CNT arrays on the surfaces of
quartz,”' carbon,® SiC,?" and aluminum silicate fibers.”*

The synthesis of aligned CNTs on other natural materials has
been reported only seldom. The synchronous growth of CNTs
into array structures reported here is mainly attributed to the
strongly dispersed catalyst particles and proper growth
window (including catalyst reduction, growth temperature,
and carbon source).”™ During the catalyst preparation process,
the alkaline surface preferentially absorbed Fe*" to form an
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Figure 2. SEM images of a, b, ¢, d) leaf-like wollastonite/CNT hybrids obtained
from fibrous wollastonite sheets, and e, f) brush-like wollastonite/CNT hy-
brids obtained from fibrous wollastonite sticks, after CVD at 700 °C with eth-
ylene.

Fe(OH), layer. Fe*" ions could then precipitate uniformly onto
the wollastonite fibers. Moreover, the addition of molybdenum
was intended to increase the stability of the iron nanoparticles.
After calcination and reduction, as shown in Figure 3a, active
catalyst particles were distributed uniformly on the surface of
the fibrous wollastonite with a high density, estimated to be
8.5x10" m™2 The catalyst particles showed small sizes, from
several nanometers up to tens of nanometers, and they were
effective for CNT growth in high density. The CNTs self-organ-
ized into an aligned morphology, as shown in Figure 2.

Structure of the as-grown aligned CNTs on wollastonite

The structure of the CNTs deposited on wollastonite is illustrat-
ed well by the transmission electron microscopy (TEM) image
shown in Figure 4a. High-resolution TEM images (Figure 4b
and ¢) show that the as-obtained CNTs exhibited clear graphite
layers and few defects on the walls of the CNTs. There still
were large amounts of few-walled CNTs (number of walls 2-6)
in the as-grown CNT arrays (Figure 4a and c). The outer diame-
ters of the CNTs showed a distribution ranging from 4 to
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Figure 3. a,b) SEM images showing Fe/Mo catalyst particles on the surface
of wollastonite after the reduction process.
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Figure 4. a) TEM image, and b, ¢) high-resolution TEM images. d) Distribu-

tions of the outer and inner diameters of the as-obtained CNTs.
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30 nm, while the distribution of . . -
. ) Table 2. CVD growth of nanocarbon materials on various natural minerals.
the inner diameters of the CNTs
ranged from 4 to 12nm, as Mineral VD Carbon Type Diameter Ip/lg Yield Ref.
shown in Figure 4d. temp. source nm] [9Ge 'h ]
. . . [°c

Thermogravimetric analysis
(TGA) in air, shown in Figure 5a, Lava 650-700  ethylene CNF/MWCNT 30-200 0.66 0.18-0.26  [6]
indicated that about 30wt % of Garnet 850 city gas MWCNT 76 gg?— 0.33-0.43 [11]
the wollastonite/CNT hybrid cor- | gentonite 650 ethylene MWCNT 540/ 0.40 [12]
responded to CNTs. The sharp Forsterite 800-900  methane amorphous - - - [14]
and narrow derivative thermog- o carbon
ravimetric (DTG) peak with a Diopside 800-900  methane ::gg:]hous - - - [14]
high ignition  temperature | pagnesite 800-900  methane SWCNT 1-18 014 - [14]
(676.1°C) indicated that the ob- | Brucite 800-900  methane SWCNT 1-1.8 0.14 - [14]
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Figure 5. a) TGA curve, and b) Raman spectrum of the as-obtained wollas-
tonite/CNT hybrids excited with a 514 nm laser, showing the D and G peaks
(I/l=0.54).

It is interesting to compare the properties of the CNTs ob-
tained in the present research with those based on other natu-
ral materials. As shown in Table 2, compared with natural ma-
terials that were used as the catalyst directly, such as lava,”
garnet," and bentonite,'”? CNTs on wollastonite were with
smaller diameters and higher yields. For forsterite, diopside,
magnesite, and brucite," only amorphous carbon or single-
walled CNTs (SWCNTs) with low yields were obtained at the op-
erated growth windows. When montmorillonite was used as
catalyst support, multiwalled CNTs (MWCNTs) with relatively
small diameters and high yields were obtained,"**” but they
were strongly entangled. With fly ash, entangled carbon nano-
fibers (CNFs) as well as MWCNTs with broad diameter distribu-
tions (10-200 nm) and high Iy/l; values (0.83-1.28) were ob-
tained, indicating that the CNTs were of low quality."” Vermicu-
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lite was also demonstrated to be a good catalyst support for
the growth of CNTs. When the reaction was operated at 900°C
using methane as the carbon source, entangled S/MWCNTs
with small diameters and low yields were obtained.®” Howev-
er, when the reaction was operated in the temperature range
of 650-750°C and using ethylene as carbon source, MWCNT
arrays with high yields were grown among the layers of ver-
miculite in an intercalated manner,®" but the value of /,/l; was
1.06; much higher than when grown on wollastonite, indicat-
ing the relatively high defect density of the obtained CNTs on
vermiculite. In this work, with a good dispersion of iron parti-
cles formed on wollastonite by precipitation and reduction,
aligned MWCNT arrays with small diameters (4-30 nm), low I/
Ig values (0.54), and high yields (0.86 gg.. 'h™') were ob-
tained. The CNTs were also much longer (15 um).

Transformation into SiO,/CNT hybrids

Wollastonite can be easily transformed into porous amorphous
SiO, by reaction with hydrochloric acid at 50-60 °C, and the as-
obtained products with high surface areas can be used as raw
materials for the production of silastics, catalyst support, and
other materials. Accordingly, we used a HCl solution to trans-
form the wollastonite/CNT hybrid into a SiO,/CNT hybrid mate-
rial. As demonstrated by energy-dispersive X-ray (EDX; Fig-
ure 6a). the product mainly consisted of C, O, and Si, with an
O/Si molar ratio of 10.9:5.4 and minor amounts of Ca and Fe.
This indicated that the well-crystallized wollastonite in the wol-
lastonite/CNT hybrid was successfully transformed into SiO,
after HCl treatment, as illustrated by the black arrow in Fig-
ure 6b. Because only a weak external force was applied that
could not destroy the alignment, it was observed that after the
reaction the CNTs were still in array form. TGA indicated that

ChemSusChem 2010, 3, 453 -459
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Figure 6. a) EDS spectrum, b) SEM image, and c) TGA curve of the SiO,/CNT
hybrid obtained after reaction with HCI.

the CNT content of the SiO,/CNT hybrid had increased to
48.2% after the removal of CaO (Figure 6¢).

To obtain the details of porous structure, both exsitu Hg
penetration and N, adsorption measurements were carried
out. As shown in Figure 7a, the pore sizes of the pristine wol-
lastonite were concentrated around 10°-10* nm, which can be
attributed to interspaces among the packed fibrous wollaston-
ites. When the CNTs arrays were synthesized on wollastonites,
the volume of pores ranging from 2x10% to 3x 10° nm as well
as 30 to 2x10° nm showed a significant increase. The former
can be assigned to enlarged spaces between the wollastonite/

(a) (b)

FULL PAPERS

CNT hybrids, while the latter probably corresponds to the
spaces between the CNTs. For the SiO,/CNT hybrids, the
volume of pores with a large size decreased significantly,
owing to a densification effect during the HCI treatment. How-
ever, the densification of the CNTs as well as pores formed by
the removal of CaO from wollastonite obviously resulted in the
increase of the volume of mesopores with a diameter of 5-
50 nm. Figure 7b shows the pore size distribution below
10 nm, obtained by N, adsorption. The volume of pores rang-
ing from 2 to 5 nm increased significantly after the deposition
of CNTs, which can be assigned to the internal spaces among
the CNTs. After treatment with HCl, the volume of pores (2-
5nm) of the SiO,/CNT hybrids showed a further increase due
to the removal of CaO, leading to the formation of large
amounts of pores in wollastonite.

Furthermore, after deposition of CNTs the bulk density of
the wollastonite sample decreased significantly, from
0.785 gcm™ for the pristine material to 0.168 gcm ™, while the
total intrusion volume increased to 15.2cm?g™"; about 17
times that of pristine wollastonite (0.84 cm®g™"; Table 3). The
porosity and Brunauer-Emmett-Teller (BET) specific surface
area (SSA) of the wollastonite/CNT hybrids showed increases of
124% (from 65.9% to 74.1%) and 74.8% (from 32.1 to
56.1 m?g™"), respectively. The SSA of the CNTs in the hybrids
was estimated to be 100.8 m?g~". Furthermore, because of the
densification effect during HCl treatment the bulk density of

Table 3. Comparison of the porous properties of wollastonite, wollaston-
ite/CNT, and SiO,/CNT.

Sample Bulk densi- Porosity Total intrusion volu- BET
ty® %] melt! SSAK
[gecm™] [em*g™] m?g™"]

Wollastonite 0.785 65.9 0.84 32.1

Wollastonite/CNT 0.168 74.1 15.2 56.1

hybrid

SiO,/CNT hybrid 0.335 784 2.36 197.4

[a] Measured at 0.50 psia (1 psia=6.894x 10° Pa). [b] Measured by ex situ
Hg penetration. [c] Measured by N, adsorption.

the obtained SiO,/CNT hybrids
increased to 0.335gcm™ while

3 —
—v— wollastonite —v— wollastonite : : _
—*— wollastonite/CNT 20} —+— wollastonite/CNT the total lntru5|on3 vollume de
[ —o—SiO,/CNT —a—SiQ,/CNT creased to 236 cm°g~ . Howev-
- f er, the porosity of the SiO,/CNT
;’ o = 5E hybrids showed a further in-
pe 1L crease to 78.4%, which can also
g g 10} be assigned to the formation of
o
% 1} g pores after the removal of CaO
S from wollastonite. For the same
T 5} L / )
e '\ reason, the SSA of the SiO,/CNT
3 T hybrids also showed a significant
L 1 1 1 L ) increase to 197.4 m?g~", which is
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Figure 7. Pore size distributions obtained via a) ex situ Hg penetration and b) N, adsorption.
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tained porous SiO,/CNT hybrids
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with high SSA can be used as catalyst supports or for CO, ab-
sorption.?

Purification of the aligned CNTs

The production of CNTs based on natural materials is very
promising for providing low-cost, high-quality industrially avail-
able CNT products to develop large-scale applications. Thus, it
is important to remove the natural materials after the CNT syn-
thesis by a simple method. Here, to remove the SiO, from the
SiO,/CNT hybrids, a simple HF treatment was carried out to
obtain purified CNT arrays. As shown in Figure 8a, the porous

(b) 100

80

%

Percentage
8

200 400 600 800
Temperature / °C

Figure 8. a) SEM image, and b) TGA curve of the purified aligned CNTs.

SiO, substrate was completely removed after reaction with HF,
leaving a CNT array free of substrate. The purity of the as-puri-
fied CNT arrays was as high as 98.7 %, as demonstrated by the
TGA curve shown in Figure 8b. As a result, it is demonstrated
that CNT arrays with high purity and small diameter can be
easily produced at low costs by using natural wollastonite as
catalyst support via CVD and a simple subsequent purification
process.

Conclusions

Aligned CNTs of high quality and with small diameters were
produced in a facile manner by using natural fibrous wollas-
tonite as catalyst support, through the CVD process. The as-ob-
tained wollastonite/CNT hybrids show leaf- or brush-like struc-
tures with a CNT content of 30.0%. They can be easily trans-
formed into porous SiO,/CNT hybrids by HCl treatment. The
SiO,/CNT hybrids obtained in this manner exhibit a structure
with abundant pores and a high specific surface area of
197.4 m?g~". The CNT content of the SiO,/CNT hybrids in-
creased to 48.2% owing to the removal of CaO from the wol-
lastonite. Furthermore, CNT arrays with a high purity of 98.7%
were obtained following HF treatment, removing the SiO,
from the SiO,/CNT hybrids. This method provides new ad-
vanced materials based on natural materials with unique struc-
ture and properties that can be used as fillers, catalyst sup-
ports, or energy-absorbing materials.
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Experimental Section

The wollastonite used here was mined in Jiangxi, PR China. Ball-
milling was carried out to produce small fibrous wollastonite,
which was then used as catalyst support. Fe(NO;);-9H,0 (>99.0%,
5.09) and (NH,)sMo0,0,,4H,0 (>99.0%, 1.0 g) were dissolved in
deionized water (100 mL). Wollastonite powder (20.0 g) was sus-
pended in the solution to form a uniform suspension through
strong stirring at 80 °C for 6 h. After filtration, the filtrated cake was
dried at 110°C for 12 h and was further calcined at 300°C for an-
other 2 h yielding the fibrous Fe/Mo/wollastonite catalysts for CNT
array production.

The preparation of the wollastonite/CNT hybrids was carried out
by a catalytic CVD process. About 5.0 g of the Fe/Mo/wollastonite
catalyst was sprayed uniformly at the center of a horizontal quartz
tube inserted into a furnace at atmospheric pressure. The furnace
was then heated under flows of Ar (600 mLmin~") and H,
(50 mLmin™"). When the temperature reached 700°C, CH,
(100 mLmin™") was introduced into the reactor. The growth was
maintained for 30 min at 700 °C before the furnace was cooled to
room temperature under protection of an Ar atmosphere. The
products were then collected for further characterization.

The as-obtained wollastonite/CNT hybrids (1.0 g) were dispersed
into deionized water (50 mL) under slight stirring. The suspension
was heated to 55°C and hydrochloric acid (6.0 molL™") was drop-
ped into the suspension to keep its pH below 0.15. The reaction
was maintained for 40 min. After that, KOH solution (2.0 molL™")
was used to adjust the pH of the solution to 4.0. The obtained sus-
pension was filtrated and dried at 120°C for 1 h and then calcined
at 700°C for 1 h. The as-obtained SiO,/CNT hybrids were then col-
lected and characterized.

Purification of the aligned CNTs was carried out by using HF to
remove SiO, from the SiO,/CNT hybrids. A sample of SiO,/CNT hy-
brids (0.50 g) was put into a polyfluortetraethylene pot containing
100 mL HF (3.0 molL™"). The SiO,/CNT hybrids were dispersed by
slight stirring and the suspension was heated to 60°C and kept for
1 h. After that, the suspension was filtrated and dried at 120°C for
another 1 h. Purified CNT arrays were obtained for further charac-
terization.

The samples were characterized by using a JSM 7401F (JEOL Ltd.,
Tokyo, Japan) SEM instrument operating at 3.0 kV and a JEM 2010
(JEOL Ltd., Tokyo, Japan) TEM instrument operating at 120.0 kV.
EDX analysis was performed by using a JSM-7401F apparatus with
the analytical software INCA and an applied accelerating voltage of
15.0 kV. XRF analysis was carried out by using an XRF-1800 to
obtain the composition of the pristine wollastonite. XRD patterns
were recorded on a Rigaku D/max-RB diffractometer at 40.0 kV and
120 mA with Cu-Ka radiation. The carbon content was analyzed by
TGA heated under air atmosphere with a temperature ramp rate of
10°Cmin~" using a Q500 device. Raman spectra were obtained
with He-Ne laser excitation at 514 and 633 nm using a Renishaw
RM2000. The pore size distribution of the samples was measured
by an ex situ Hg penetration method. The BET specific surface area
of all samples was measured by N, adsorption at liquid N, temper-
ature by using a Micrometrics Flow Sorb Il 2300.
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