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Abstract: A magnetism-assisted chemical vapor deposition method was developed to synthesize branched
or iron-encapsulated carbon nanotubes. In the process, the external magnetic field can promote the
coalescence or division of the catalyst particles, causing the formation of branched or encapsulated
nanostructures. This finding will extend the understanding of the chemical vapor deposition method in a
magnetic field and promote the applications of branched or encapsulated nanostructures.

Introduction much attention has been focused on the synthesis of branched
or encapsulated CNTs in recent yets*

One of the most used methods for synthesizing CNTSs is the
chemical vapor deposition (CVD) proceSg8which is also a

Carbon nanotubes (CNTSs), as one hopeful nanomaterial for
nanoelectronics, exhibit widespread applications for their out-
standing propertiek;* and these applications can be largely

expanded, improved, or altered by forming branched or enC‘,m_generzzll ;T;ethod for producing other one-dimensional nanoma-
sulated architectures. For example, the magnetic properties ofterials?"**This process can be dramatically influenced by the

CNTs have been investigated for more than 10 y&dts external field, consequently causing a variation of the archi-
however the applications of CNTs in magnetism are still limited €cture of.the3gr3ciducts. For example, in an electronic ffedd
in success due to their poor magnetic properties. Thus, many9as flow field?**CNTs will grow and form an array parallel

. L : > .
researchers follow another approach by encapsulating magnetié_o the field d|re9t|on._ Wei et & found that in a fluctuant flow
metals into CNTs to realize the applications of CNTs in field branched junctions could form due to the coalescence of

magnetism, such as high-density magnetic storage, magneticcatalySt' Therefore, the external field offers a feasible way to
inks, drug delivery, magnetic resonance imaging, %et? control the CVD process. In this article, we introduce another

Moreover, the branched CNTs show rectifyihé and ballistic normal figld, a magnetic fielld, into the CVD process, and then
switching®17 properties while the pristine CNTs do not. For CNTs with branched or iron encapsulated structures are

these reasons and the absence of a common synthetic methodYNthesized by the magnetism-assisted CVD method.
Experimental Section
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Scheme 1. Presentation of the Experimental Setup
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experiment, hydrogen gas (99.99%) was used as carrier gas through ¢
guartz tube at a steady flux of 40 sccm. As the furnace temperature
reached 950C, a quartz boat with 0.05 g of FePc (Acros Organics (a)
Corp., Morris Plains, NJ), which was used as both carbon source for
CNT growth and iron source for catalyst and encapsulated material,
was placed in the region of 55, and then FePc was evaporated
from the boat and pyrolyzed in the high-temperature region downstream, catalyst
where a silicon wafer with a 500 nm oxidation layer was placed as a b T
substrate for the CNT growth. The reaction lasted for 12 min. During :
the reaction, we inserted a 380:7 magnet into the reaction place of ﬁ
the furnace for 10 s and then pull it out, and this process was repeated Lt i
every 30 s. The magnetic induction was about 0.2 T, and the magnetic :
induction gradient was about 50 nti* around the surface of the
magnet. The inserted magnet was located above or beside the substratt
thus, the magnetic field was parallel or vertical to the CNT growth
direction. To avoid the demagnetization of the magnet at high
temperature, a piece of wet cloth was covered on the magnet, thus
allowing the temperature of the magnet to remain below ID0After
the reaction, the product was annealed at 95@or 5 min to provide
sufficient thermal energy to make CNTs into perfectly crystalline
structures. Finally, the reactor was cooled to room temperature under
the H, ambient after the growth. (b)
The samples were characterized by scanning electron microscopyrigure 1. SEM images of arrays of CNTs produced by introducing a
(SEM, Hitachi S-4300, operated at 15 kV), transmission electron magnetic field vertical (a) or parallel (b) to the CNT growth direction. The
microscopy (TEM, Hitachi-2010, operated at 200 kV), and X-ray insets are the higher magnified images of the areas indicated by dashed
photoelectron spectroscopy (XPS, ESCA Lab2201-XL). The substrate frames, and the branched junctions are contoured in white lines for clarity.
with product was split from the middle, and then the profile of CNT
arrays was examined by SEM. The magnetic measurements were
performed in a vibrating-sample magnetometer (Lakeshore 7307) atto Fe(0) 2p3/2 and Fe(0) 2p1/2 of the encapsulated iron particles.
298 K in normal pressure. The small peaks centered at 398.6 and 532.8 eV correspond to
N 1s and O 1s, and the small amount of N and O comes from
the reactant FePc and the surface absorption of oxygen gas,
Figure 1 shows SEM images of the products produced by respectively. The wide range XPS spectrum of QNsFows
introducing a magnetic field vertical (product: CNJ or the predominant presence of carbon (89.6 at. %), and iron (1.9
parallel (product: CNI) to CNT growth direction. They are gt %). Compared with CNT (C 96.0 at. %, Fe 0.6 at. %), the
arrays of We”-a"gn(Ed CNTs perpendicular to the substrate. Iron atomic Composition of CNITreveals a prominent increase of
particles are on the base of CNTs adhering to the substrate asron, indicating there are more encapsulated iron particles in
catalyst, indicating that the growth of CNTs follows a base CNTII. The detailed structures of a “Y” junction and an iron-
growth mode. From TEM images, we can find there are three encapsulated CNT are examined by high-resolution TEM
types of CNTs in both of the products, which are branched CNTs (HRTEM) as shown in Figure 4. Both images indicate that the
(Figure 2a), iron-encapsulated CNTs (Figure 2b), and iron- cNTs are multiwalled and perfectly graphitized with the
encapsulated branched CNTs (Figure 2c). However, the yield interlayer separation of 3.4 A. The center of the branched CNT
of each type is different. More branched junctions are observed s hollow with graphitic sheets gradually bent parallel to the
in CNTL (about 60%) than in CNT(about 10%), while higher  cormer, while at the corner of two branches the graphitic layers
contents of iron-encapsulated CNTs are found in CK&bout  are abruptly bent and many defects exist in this area due to the
70%) than in CNTJ (about 15%). To confirm this result, these  yresence of nonhexagonal carbon rings in the graphitic sheet.
products were examined by XPS (Figure 3). The peak at 284.8 \jost encapsulated particles are well-crystallized with a clearly
eV corresponds to C 1s of the graphitelike carbon atoms of the resolved interlayer separation of 0.20 nm, corresponding to the
tube walls, while the peaks at 707.2 and 720.1 eV corresponds(110) crystal plane ofi-iron, and the selected-area electron
(32) Wei, D. C.: Liu, Y. Q. Cao, L. C.. Fu, L. Li, X. L: Wang, Y.: yu, .. difiraction (SAED) patterns (Figure S1 in the Supporting
Zhu, D. B.Nano Lett.2006 6, 186-192. Information) also confirm this result.

substrate

Results and Discussion

J. AM. CHEM. SOC. = VOL. 129, NO. 23, 2007 7365



ARTICLES Wei et al.

Cis
CNTu

o

o

)

=

[}

c

o

= M L___M“

T T T T T T T T T T T
1200 1000 800 600 400 200 1]

Binding energy (eV)

Figure 3. Wide survey XPS spectra of CNT arrays produced by introducing
a magnetic field vertical (black line) or parallel (red line) to the CNT growth
direction.

Figure 2. TEM images of a branched CNT (a), iron-encapsulated CNTs
(b), and an iron-encapsulated branched CNT (c).

In viewing of the configuration of the products, a coalescence
or division mechanism of catalyst particles could be proposed R
for the formation of branched junctions or encapsulated Figure 4. HRTEM images of a branched CNT (a) and an iron-encapsulated
structures, respectively (Scheme 2). Almost all branched junc- CNT (b). The inset of (a) shows the higher magnified images of the areas
tions have a similar configuration. The stems are located below indicated by dashed frames.
the branches, with catalyst on the base adhering to the substrate, . ) )
so the branches should grow before the growth of the stems.Particles, which can also induce the formation of branched
Around the junction area, the diameter of the stem usually junctions, could be eliminated, because the catalyst particles
corresponds to the aggregation of the branches, thus indicatinggre only detected at the base of the stems. Moreover, some “V"-
the catalyst for the stem has a similar size with the aggregationshaped CNTs are detected in the products, in which the catalyst
of the catalysts for the branches, because the diameter of CNTgust coalesces without the growth of the stems. The iron-
are defined by the size of the cataly&tTherefore, the encapsulated CNTs also have a similar configuration. Iron
coalescence of catalysts should take place in the process, angarticles are located in the straight cavity of the CNTs
then branched junctions form accompanied by the growth of successionally, and one particle always remains at the base of
the stem from the coalescent catalyst. The splitting of catalyst the CNTs as catalyst. It is not possible that encapsulation comes
(33) Cheung, C. L.; Kurtz, A.; Park, H. K.; Lieber, C. M. Phys. Chem. B from the qiﬁUSion of iron atc_)ms through the CNT walls but

2002 106, 2429-2433. from division of catalyst particles, because the CNT walls are

7366 J. AM. CHEM. SOC. = VOL. 129, NO. 23, 2007



Branched or Iron Encapsulated Carbon Nanotubes ARTICLES

Scheme 2. Presentation of the Formation of Branched or
Iron-Encapsulated CNTs?
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aThe lower insets of-+iii show the forces applied to the catalyst in the
stages of +11l, Respectively F; indicates the adhesion force of the substrate,
F, indicates the adhesion force of the CNT for the capillary effect,and
indicates the magnetic force applied to the catalyst.

perfectly closed with only one peristome which is filled by
catalyst.

The magnetic field plays a pivotal role in the coalescence or
division process. In normal cases, if the CNTs grow in a steady
environment, the catalyst particles will remain in a stable state, particles is very little if we pyrolyze FePc without the magnetic
and then one-dimensional CNTs with few branched junctions fije|d. Figure 5 shows the SEM and TEM images of the product.
or encapsulated iron particles grow as Dai et al. repd€d.  Therefore, in our case, the branching or encapsulation would
However, as Helveg et al. detected in situ by HRTEM, the come from another factor. The catalyst particles are inclined to
catalyst particles were elongated into CNTs for the capillary coalesce to reduce the surface tension but usually remain in an
effect and suddenly contracted due to the surface tension in theyncoalescent state for the interval of neighboring catalyst
growth®® Although the vaporliquid—solid process, which  particles, the obstacle of CNT walls, the adhesion of the
causes the formation of CNTs, dominates the growth, some othersypstrate, et® Meanwhile, the catalyst particles are inclined
factors also exist and influence the growth of CNTSs, causing to fill into CNTs for the capillary effed¢46 but usually remain
the formation of CNTs with various morphologies. Therefore, gn the base of CNTs for the adhesion of the subsfdairie to
by pyrolysis of FePc, CNTs with curved, helical, coiled, double- these two opposite factors, the catalyst particles tend to divide
helical, and tube-within-tube shapes could be observed in the and consequently encapsulate into CNTs; however, the division
products?’ In fact, many factors can also induce the formation s prohibited by surface tension. So in a steady environment,
of branched CNTs in a CVD process, like the flow fluctuattén,  the catalyst particles remain in a stable state without coalescence
the dopant of sulfuf? coppers® or titaniunf in the catalyst,  and division, and then the products are mainly straight CNTs
etc.; similarly, many routes have been reported to synthesizeithout branches or encapsulated particles (Figuré*%).
encapsulated CNTs in a CVD procéds?® However, in our  However, magnetic metals like Fe, Co, and Ni are usually used
cases, these factors for branching or encapsulation are avoidedas the catalysts for CNT growth, and they remain magnetic even
because the amount of branched junctions and encapsulategh the liquid state at high tempertutéSo if we insert a magnet,

a magnetic forceKy,) is applied to iron particles, which can be

= LY &

Figure 5. SEM image (a) and TEM image (b) of CNTs produced in a
normal CVD process by pyrolysis of FePc without the magnetic field.

(34) Huang, S. M.; Dai, L. M.; Mau, A. W. HJ. Phys. Chem. B999 103
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1 by a magnet, which is cooled and protected by a piece of wet
cloth to avoid the demagnetization at high temperature. Although

Hy - the effect of the magnetic field on the CVD process is obvious

0.5 - under our conditions, the effect would be more obvious and

—— . .
Hy controllable if we use coils around the growth zone to generate

magnetic field, because the coils can provide a larger and more

E 0 stable magnetic field and the magnetic field can be easily
= controlled by the electrical current of the coils.

To investigate magnetic properties, we measured an iron-

054 encapsulated CNT array by a vibrating-sample magnetometer

at room temperature in normal pressure. Figure 6 shows the
magnetic hysteresis loops for the directions perpendicular or
parallel to the CNTSs, respectively. The saturation magnetization/

-1 T T T T T T T T

5 4 3 2 A 6 1 2 3 4 5 unit area is about 2kemumm~2, and the remanence is about
H (kOe) 8 uemumm—2. Compared with pure bulk iron, an enhancement
Figure 6. Magnetic hysteresis loops of an iron-encapsulated CNT array Of coercivity is observed. The coercivities perpendicularl{Hc
in room temperature. and parallel (HB) to the CNTs are measured about 531 and

556 Oe, respectively, much larger than that of bulk irblg &
) ) ) 0.15 Oe). This is attributed to the small size effect of magnetic
X|e_et _al._also obs_erveo! the existence of a magnetic fqrce dueparticle§9 and the protection of the CNT walls, because the
to liquid iron particles in the growth of carbon nanofidér.  cNT walls confine the encapsulated particles to a nanoscale

Accompanying the insertion of the magries, will largely vary, space, prohibit the oxidation of iron particles, and then ensure
causing the breakdown of the steady state of the CNT growth. 4 long-term stability of the ferromagnetic core.

If the magnet is inserted beside the substr&ig, which is _
perpendicular to the CNTSs, can cause the catalysts to overcomé=onclusions
the obstacles to coalesce, and then branched CNTs form due to |n summary, we developed a simple and effective method to
the continuous growth of CNT from the coalescent catalyst. If synthesize branched or iron-encapsulated CNTs through a new
the magnet is inserted on top of the substrég, which is route by introducing a magnetic field into a CVD process. We
parallel to the CNTs, can apply to the catalyst an impetus to investigated the branching or encapsulating process, and a
divide and fill into CNTs and then iron encapsulated CNTs form. mechanism of magnetic field promoted coalescence or division
Actually, because the magnetic field around the magnet is a of catalyst particles is proposed. By encapsulation of the CNTS,
nonparallel field Fy, with both directions can be applied to the the coercivity of iron is largely enhanced, showing wide
catalysts in the insertion process of magnet, although one potential applications in high-density magnetic storage, magnetic
direction dominates. So both types of CNTs can be observedinks, ferrofluids, drug delivery, etc. Moreover, this method can
in the products, and one type dominates. And, if the catalyst not only be used to produce branched or encapsulated CNTs
particles go through both a coalescence process and a divisiomut also has the potential to produce branched or encapsulated
process, iron-encapsulated branched CNTs will form as shownnanostructures made of other materials, which also use magnetic
in Figure 2c. catalysts. This finding will extend the understanding of the CVD
The content of encapsulated iron particles can be influenced method in a magnetic field and promote the applications of
by the intensity of the magnetic field. Here, three types of branched or encapsulated nanostructures.
magnets were used in the magnetism-assisted CVD process,
which were an AINiCo magnet (0.02 T), a 980;7 magnet
(0.2 T), and an AlFeB magnet (0.4 T). The SEM and TEM
images of the products (CNJY are shown in Figure S2
(Supporting Information). We can find that using the AINiCo
magnet, only a few iron particles are encapsulated, while a larger
amount of encapsulated particles can be observed if the Sm  Supporting Information Available: Figures S1 (the SAED
Coy;7 or AlFeB magnet is used. Therefore, a higher intensity of patterns of encapsulated iron particle) and S2 (SEM and TEM
magnetic field will benefit the iron encapsulation. Moreover, images of CNTs produced by inserting an AINiCo, &7,
due to the limitation of the experimental conductions, in our or AIFeB magnet) and complete ref 18. This material is available
research, the magnetic field is introduced into the CVD process free of charge via the Internet at http://pubs.acs.org.
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