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Abstract Orientation relationships between the growth
direction of carbon nanotubes and encapsulated residual
iron-containing particles have been determined using
transmission electron microscopy. The nanotubes that are
prepared by Fe-catalysed chemical vapour deposition on
sol-gel Fe(NOj3)s-tetraethyl orthosilicate substrates are the
helical multiwall type. Nanoscale particles of both the low-
temperature «-Fe (ferrite) and high-temperature 7y-Fe
(austenite) were found in the cavity of the carbon nano-
tubes with (001),, (011), and (110), parallel to the tube
growth direction, respectively. Cementite Fe;C, the most
abundant Fe-containing phase in present samples was also
found to be entrapped in nanotubes with [100]g.,c or
[101]ge,c parallel to the tube axis. The metastable retention
of y-Fe particles at room temperature is ascribed to the
strain energy induced at the particle-nanotube interface due
to volume expansion upon the y- — «-Fe phase transfor-
mation. The decomposition of initially high aspect-ratio,
rod-shape particles into a string of ovulation, while
encapsulated in carbon nanotubes is accounted for by the
Rayleigh instability. Ovulation leading to reduced particle
size has also contributed to increase the surface energy
term that counterbalances the total free energy change of
phase transformation from y- to o-Fe and further aids to the
metastable retention of y-Fe.
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Introduction

Carbon nanotubes (CNTs) are synthesized by various
growth techniques using metal particles as growth catalysts
[1-4]. Further modifications on arc-discharge [5, 6] have
led to other techniques of laser evaporation [7] and plasma-
enhanced chemical vapour deposition (PECVD) [8] that
offered the feasibility of mass production of CNT with
controlled structure and reduced cost [8]. Thermal CVD for
preparing CNT with uniformity, high yield and low cost [8]
is a relatively simple process rendering great advantage,
particularly for use in a laboratory scale production. When
catalysts, usually iron, cobalt and nickel, are added to
improve the reaction, the process is termed, accordingly,
catalyst (C) CVD. Most of CNT prepared by PECVD using
Fe as growth catalyst [4, 8] have residual catalyst particles
that remained inside the cavity or at the tip of CNT after
synthesis. Although the catalysts were usually removed [9],
subsequently, in order to retain the original properties of
CNT, their presence inside CNT was thought to be directly
connected to the growth mechanism [4, 10]. Two distinc-
tive growth modes have been recognized in CCVD [8]: (a)
growing from tip, the tip mode, and (b) growing from base,
the base mode. A mechanism suggesting growth from the
tip involving Fe and carbon decomposed from Fe;C par-
ticles at processing temperatures was proposed [4] with
convincing experimental observations.

Studies of multiwall (MW) CNTs grown by CVD have
reported [10] the orientation relationships between Fe and
the nanotubes. While o-Fe oriented in (001), and (111),,
and y-Fe along (110), along with the physical tube axis
were determined from electron diffraction, no such rela-
tionships were reported for Fe;C found predominantly at
the tip of nanotubes [4, 10]. The metastable retention of
y-Fe particles was attributed [10] to decreasing aspect ratio
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(with shortened length of the rod-shape particles), melting
of the catalyst particles due to small sizes, and high elastic
modulus of CNT confining the nanoparticles. Understand-
ing the residual phases in CNT, the characteristic
microstructure and crystallographic relationships are
important both for the modification of physical properties
and the feasibility of mass production using CCVD tech-
nique. It would assist not only in designing the composition
of the substrates where catalyst precursors are embedded,
but also in incorporating ferromagnetic o-Fe catalyst
particles to modify magnetic properties [11, 12].

In this study, the crystalline phases of MWCNT samples
prepared by CCVD adopting sol-gel SiO, substrates
embedded with iron has been analysed systematically. It
is reported here the crystallographic orientation relation-
ships between carbon nanotubes and the growth catalysts
of a-, y-Fe, and Fe;C formed during deposition using
transmission electron microscopy (TEM). Although crys-
tallographic orientation relationships similar to those
reported before [4, 10] are determined and confirmed, the
metastable retention of high temperature y-phase is dis-
cussed in terms of end-point thermodynamics by
considering the strain energy induced due to the volume
expansion accompanying with the y- — o-Fe phase trans-
formation. Ovulation or spheroidisation of Fe particles
confined in CNT is explained in terms of Rayleigh
instability.

Experimental procedures

A CVD horizontal flow reactor, incorporating a silica-tube
furnace and using N, as carrier gas, similar to those
reported before [1-3] was adopted for growing CNT.
Nanotube samples were grown on a Fe-containing sol—gel
SiO, layer prepared by using precursors of Fe(NO3)3-9H,0
and tetraethyl orthosilicate (TEOS, Si(C,Hs);), mixed in
absolute alcohol (>99%) to make a solution. After gelation,
it was coated on a silica glass substrate used as catalyst
support. All chemicals supplied by Fluka Chemie of Buchs,
Switzerland were the reagent grade. Samples were pre-
pared by heating the gel-coated substrates in three
successive steps. The SiO, gel was calcined at 450 °C for
5 h, followed by reduction of iron oxides to Fe in H,(g) at
550 °C for 2 h, acetylene (C,H,) was then passed through
the reaction chamber with a silica-tube furnace preheated
to 750 °C for 0.5 h in a N,(g) environment.

Crystalline phases in samples scraped from the glass
substrate were analysed using X-ray diffractometry (XRD).
A Siemens D5000 XRD (Karshrule, Germany) with Cuko
radiation operating at 40 kV/30 mA was used. Micro-
structure was analysed by scanning electron microscopy
(SEM) using a JEOL™ 6400 (Tokyo, Japan) operating at
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20 kV equipped with X-ray dispersive energy spectrometry
(EDS; Link Systems, Oxford Instruments, Oxford, UK) and
TEM using a JEOL™ AEM 3010 operating at 200 or
300 kV. Specimens were prepared from CNT samples
scraped from glass substrate; they were dispersed in
absolute alcohol, ultrasonicated before pipetted and settled
in holey carbon grids for TEM observations.

Results
General observation

Figure 1 shows the XRD trace of CNT samples. A mixture
of CNT with Fe,SiO, (fayalite of the olivine group [13],
JCPDS 34-0178) and Fe;C (cementite, JCPDS 35-0772)
were obtained and those reflection peaks were assigned
accordingly. Both Fe,SiO4 and Fe;C are orthorhombic but
with different space group assignment of Pmnb and Pnma
(both being No. 62) in JCPDS files, respectively. The
existence of (111)Fe,SiO4 formed from reaction between
catalyst and silica gel upon calcination was checked for
consistency from three samples. Most XRD measurements
gave interlayer spacing of approximately 0.344 nm, e.g.
[14, 15], which is assigned to (0002)cnr (as indicated in
Fig. 1). The (0002) reflection peak of CNT corresponds
similarly to dggga ~0.335 nm between grapheme layers at
20 ~ 26.23° of JCPDS 75-1621 for graphite.

Cementite Fe;C appears to be the predominant Fe-con-
taining phase in CVD samples since neither y-Fe (with
{111} at 20=42.76"°) nor o-Fe (with {110} at
20 = 44.66 °) was registered in XRD traces. The absence
of relevant reflection peaks from the XRD patterns suggests
that CNT contains iron of <3 wt.%.
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Fig. 1 Representative XRD trace of CNT samples containing two
major residual phases of Fe,SiO, and Fe;C
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Clusters of CNT varying in tube diameter are shown in
Fig. 2a. Backscattered electron image (BEI) in Fig. 2b
reveals the atomic contrast of Fe-containing phase(s)
(corresponding EDS spectrum shown in the inset) entrap-
ped in the cylindrical cavity of CNT. Such scattered grains
in other CNT’s of smaller diameters might also be dis-
cerned from Fig. 2b, as indicated.

Analysis by TEM

All nanotubes examined here are the multiwall type and
most of them have diameters <200-100 nm. Nanotubes
were easily damaged by electron irradiation, limiting the
exposure time or lowering the accelerating voltage was
often necessary during observation.

For y-Fe particles encapsulated in nanotube cavity

A string of Fe particles confined within the cylindrical
cavity of CNT is discerned in Fig. 3a. Two larger ones of
rod-like shape appearing dark in BF image are designated
A and B. Particle A was tilted to approximately the Bragg
diffraction condition whose corresponding SADP indexed

Fig. 2 CNT with Fe-containing phases encapsulated, (a) SEI with
corresponding EDS spectrum in the inset, and (b) BEI showing
atomic contrast (SEM)

to Z = [011], of fcc y-Fe (Fm3m, No. 225) is shown jux-
taposed. All odd or all even reflections are allowed, e.g.
200 and 022, while reflections with mixed indices are
forbidden, e.g. 100 and 011, for fcc. Extra diffraction rings
were artefacts caused by holey carbon film of the sup-
porting grid. Four other y-Fe particles of much smaller in
size, indicated by arrows in Fig. 3a, were located between
A and B in approximately equal spacing.

The (022) plane of y-Fe is parallel to (0002) of CNT,
i.e. (022),11(0002)cnr, as indicated in SADP of Fig. 3a for
region A and the trace of plane (0002) is also shown in
Fig. 3c. The corresponding SADP of region B (Fig. 3b) is
also indexed to Z = [122], of y-Fe. Regardless of multiple
helical angles [15, 16], the (0002) spots are coincident
and remain the same in SADP [17], as indicated.
Streaking of spots perpendicular to the tube axis (of e.g.
(1010) for zigzag) representing the range of helical
a-angle in MWCNT [15, 17, 18] was not detected. In fact,
no reflections other than (0002) and (0004) were detected.
The broadened rings, indicated in Fig. 3a are due to
amorphous materials present in holey carbon grid or in
sample.

Nevertheless, the growth direction, i.e. the longer (tube)
axis of CNT although inclining an angle between the
prismatic directions of (2110) (armchair type of helicity
o = 30°) or (1010) (zigzag type of helicity « = 0°) is per-
pendicular to [100], of y-Fe. The C—C bonds are normal to
the tube axis for the armchair type while parallel for the
zigzag type. For helical tubes, the a-angle describing the
helicity of CNT lies between the two extremes and the
growth direction would incline such an angle to the C-C
bonds.

Several y-Fe particles found in regions C and D, as
indicated by in Fig. 4a, have also grown along the pris-
matic directions of CNT. The growth (tube) direction is
determined, adopting the technique reported by Kim et al.
[10], by the cross product g; X g,, two g-vectors, g; and g,
of the reflection planes in y-Fe that lying parallel to (0002)
of CNT were found by tilting CNT along its tube direction,
i.e. perpendicular to reciprocal direction 0001 ny. It is
shown in Fig. 4a, b and c for y-Fe particle in region C
(indicated in Fig. 4d). The (200) plane of both particles in
regions A (Fig. 3c) and C (Fig. 4a) are aligned in parallel
to (0002) of CNT, i.e. (200),lI(0002)cnr from Z = [011], as
evidenced from corresponding SADP in Fig. 4b for the y-
Fe particle in region C. The streaking at the 0002 spot has
arisen from slightly different orientation of the tube axis
due to strains in region C. The tube growth direction of
[011],, similar to that reported by Kim et al. [10], is
determined on the basis of three g-vectors representing
parallel planes of (200),/(0002)cnt from Z = [011],
(Fig. 4b), (511),1(0002)cn from Z = [255], (Fig. 4c) and
(311),1(0002)cnr from Z = [233], (Fig. 4d).
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Fig. 3 (a) A string of y-Fe
particles with higher
magnification shown in the
inset, corresponding SADP of
(b) Z = [011], for framed
region A, and (¢) Z = [122], for
region B (TEM)

Fig. 4 (a) y-Fe particles in
framed regions C and D with
higher magnification shown in
the inset, corresponding SADP
of (b) Z = [011],, (¢) Z = [255],
and (d) Z = [233], for framed
region C (TEM)

z=[122],

Region D at the end of CNT appearing to have broken
off also exhibits similar orientation relationships.

For o-Fe particles encapsulated in nanotubes

o-Fe particles, however, are situated within the cavity
and at the tip of CNT. Figure 5a reveals a cluster of
CNT in which a-Fe particles (region E) are encapsulated
in many locations. A string of «-Fe particles (indicated
by arrow) could be seen from a higher magnification
shown in the inset. Almost randomly oriented CNT, as
indicated by the diffuse arc of (0002) in corresponding
SADP, is shown in Fig. 5b with SADP of a«-Fe indexed
to Z =[111], from the 110 spots that are forbidden for
fcc y-Fe but characteristic to the bcc structure of a-Fe
have emerged. The arc from several «-Fe particles,
however, has prevented an unambiguous determination of
orientation relationships between the CNT and o-Fe at its
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tip. Nevertheless, the (0002) planes are parallel to
{110}, of a-Fe, as indicated in Fig. 5b.

Strain contrast observed along the long axis direction, as
indicated by filled arrows in Fig. 6a, suggests that the
multiwall CNT contains defects of, e.g. stacking faults or
dislocations [16]. Orientation relationship is successfully
determined for a-Fe encapsulated in CNT (region F con-
taining two particles shown in Fig. 6a) with corresponding
SADP using a similar technique. Parallel planes having the
relation: (211),/I(0002)cnr from Z = [111],. Tilting about
the tube axis gives (222),I1(0002)cnt from Z = [211],
(Fig. 6b) and (011),/1(0002)cnt from Z = [100], (Fig. 6¢).
The growth direction of CNT perpendicular to [011], is
determined accordingly.

Another o-Fe particle (Fig. 6d with corresponding
SADP in the inset) having parallel crystal planes of
(101),JI(0002)cnr and (402),1I(0002)cnr is determined to
have its growth direction perpendicular to [010], similar to
that reported before [10].
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Fig. 5 (a) Cluster of CNT
encapsulated with «-Fe particles
(region E) with higher
magnification shown in the
inset, corresponding SADP of
(b) Z = [011], (TEM)

Fig. 6 (a) o-Fe particle in
framed region F with
corresponding SADP of

Z = [111],, (b) Z = [211],, (©)
Z = [100], and (d) another «-Fe
rod with corresponding SADP
shown in the inset (TEM)

For o- and y-Fe particles both encapsulated in nanotube
cavity

The co-existence of both «- and y-Fe particles in a nano-
tube cavity is shown in the framed regions of G and H in
Fig. 7a along the growth direction. Corresponding SADP
for a-Fe are shown in Fig. 7c where curved tube is evident

Z=[111],,

0(1)10 004

%0002
9 0020

«011

0003

Z=[101], Z=[102]

Z=[100],,

from the arc of (0002), as indicated. Similarly, parallel
planes of (020),1I(0002)cnr (Fig. 7b and c) permit deter-
mination of tube axis to [101],, this is consistent with that
derived from Fig. 6a—c. Tube curving increases towards tip
end (region H) as evidenced by the larger arc in corre-
sponding SADP (Fig. 7a versus Fig. 7c) where nanotube
grows along the [101], direction of y-Fe similar to that in
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Fig. 7 (a) o-Fe and y-Fe
particle in framed region G and (a)
H respectively encapsulated in
one CNT with corresponding
SADP of (b) Z = [111],, (c)
Z =[001], and (d) Z = [113],
(TEM)

Fig. 3. Nevertheless, the diffuse arc due to curving (Fig. 7c
and d) has made the determination of growth direction
parallel to [101], ambiguous.

For Fe;C particles at tube tip

Considerable beam damage has occurred to this particular
nanotube containing two rods of ~300-400 nm long in its
cavity (Fig. 8a). The particles were confirmed of Fe;C by
electron diffraction, shown in Fig. 8b and c are corre-
sponding SADP for region I only. Parallel crystal planes
between Fe;C and CNT of (010)Fe;Cli(0002)cnt (Fig. 8b)
and (051)Fe;ClI(0002)cnr (Fig. 8c) are found. The growth
direction of [100]Fe;C is again determined by the cross
product of g; = 020 and g, = 051.

Another cemenite rod was found (shown in Fig. 9a)
and its orientation relationship with CNT was analysed.
Necking near one end, as indicated, suggests that ovula-
tion along tube axis is imminent. Parallel planes of
(202)F63C”(0002)CNT (Flg 9b) and (212)FC3C||(0002)CNT
(Fig. 9¢) indicated in corresponding SADP shown in
juxtaposition has enabled to determine the growth
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«170

Z=[001],

2=[113],

direction of CNT along the axial direction parallel to
[101]FesC.

Discussion
Inclined (0002) planes and curving of nanotubes

Reciprocal space construction suggests that the reciprocal
lattice points for a non-helical tube are circles [15-19].
Therefore, the (0002) planes registered correspondingly as
the 0002 spots are usually observed [15, 16] from a straight
CNT as shown for example in Fig. 3b. However, multiwall
tubes are mostly helical and the C—C bonds are inclining an
a-angle of 0-30° with the tube axis. Although the helicity
of MWCNT should have been registered as streaks on the
reflections of {1010} and {2110} [15-19], such reflections
did not appear in all SADP examined.

The diffuse arcs usually indicate grains in a polycrys-
talline aggregate that exhibit preferred crystallographic
orientation with correspondingly an angle of rotation about
the zone axis. Here, the arc in 0002 is due to the changing
of axial directions in curved nanotubes. This is best
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(a)

z=[001],, . Z=[015],, .

Fig. 8 (a) Two Fe;C entrapped in curved CNT with corresponding
SADP of (b) Z = [001],c, and Z = [015]g,c (TEM)

(a)

032
0004
DG{FZ 0212

0210

Z:[‘IIOJF(-JC

Fig. 9 An entrapped Fe;C particle (a) with corresponding SADP of
(b) Z=1010]z,,c and (¢) Z = [120]4,,, shown in juxtaposition
(TEM)

exemplified by tubes clustered in Fig. 5a resembling a
polycrystalline aggregate of random orientations.

Relatively straight nanotube as in Fig. 4a does not have an
arc on the 0002 reflection spot (Fig. 4b). The tube curved at
tip (Fig. 7a) is alsoregistered by an arc (Fig. 7c of a small arc
and Fig. 7b of alarger one) again due to change in the growth
direction. Such a bend along CNT may be analogously
regarded as grain boundary. Unlike the model proposed by
Kim et al. [4, 10], Fe3C was not found at the tip.

Metastable retention of y-Fe

All Fe-containing particles appear as single crystals [4, 10],
unlike a mixture of crystalline phases from Mossbauer
studies [20]. The fact that the stable phase field of (pure)
y-Fe lies between 1396 ° and 912 °C [21] suggests the y-Fe
particles found here have been retained metastably at room
temperature [4, 10]. They are formed in the stable phase
field during CVD deposition at 750 °C exceeding the eu-
tectoid temperature 727 °C of the Fe—C binary system,
should then phase transform to «-Fe upon cooling to room
temperature. However, these particles may have composi-
tions lied in four phase fields depending on carbon content,
and they are accordingly: (i) a-phase, (ii) « + y mixture,
(iii) y-phase, and (iv) y + C or y + Fe;C upon increasing
solute (i.e. carbon) content.

Phase transition of y- to o-Fe is accompanied with a
volume expansion of ~9% [22], similar to that of ~3.0—
4.9% in the tetragonal (t) — monoclinic (m) phase trans-
formation in ZrO,. The metastable retention of t-ZrO, [23—
25] is attributed to the positive strain energy (AGgi,i,) from
the matrix constraint of t-particles embedded in a rigid
matrix (e.g. cubic (c)-ZrO, matrix). The positive AGgain
compensates for the combination of surface (AGg) energy
and volume (AGy) energy in total free energy change
(AGya) upon phase transformation. Under insufficient
matrix constraint, AGy, remains negative, phase trans-
formation to a-Fe occurs thermodynamically according to
the Fe—C binary equilibrium phase diagram. Arguing from
end-point thermodynamics [25], when AGg,;, from tube
constraint becomes large enough to completely counter-
balance the negative change in AG,, and further results
in positive total free energy change, i.e. AGyy >0, the
phase transformation to o-Fe would then be suppressed and
the high-temperature y-Fe retained at room temperature.

The total free energy change for phase transition from
y- to o-Fe can be described by:

AGtotal = AGV + AGS + AGstrain (1)

Such phase transformation may either be thermal-, or
stress-induced. For the former, phase transformation from
y- to o-Fe occurs athermally upon cooling when particles
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exceed a critical size (rgicq1) For the latter, it ensues when
the matrix constraints are relieved by externally applied
tensile stress. The critical size of an unconstrained
particles, in the absence of AGgyi,, described in terms of
AGy and AGg is: Terigeal = - 3(AGv)/(AGg) [24, 25]. The
surface energy term AGg becomes positive if particle size
was decreased below the critical value (r¢ggea) [23—-26] and
that further offsets the initially negative AGiga.
Mechanical confinement would further augment to AGg
with a positive AGyg,in, induced by the volume expansion,
and compensates for the total free energy change AGq of
phase transformation. The AGgy,;, term in eq. (1) is
supplemented additionally by positive AGg from particle
sizes 1 < Ieical When Fe particles are confined in CNT
cavity. The two effects of matrix constraint and reduced
particle size would synergistically combine to
counterbalance the negative AGy and afford the
metastable retention of the high temperature phases at
room temperature, such as the metastable t-ZrO,,
c-BaTiO;, and now y-Fe. It is, therefore, suggested that
y-Fe particles are retained metastably due both to the
constraint imposed physically by CNT and the reduced
particle size by the Rayleigh decomposition (elaborated in
the next section).

Growth mechanism and Rayleigh decomposition

The Fe;C particles often located at the tip of CNT indicates
a tip-mode growth mechanism [4] particularly when
cementite is the predominant Fe-containing phase in the
mixture (Fig. 1), although such a configuration was also
detected (Fig. 8a) here but failed to reveal a close resem-
blance [4]. Kim et al.’s [4] model was based on Fe;C
particles that formed above 727 °C, the eutectoid temper-
ature, decomposed on cooling subsequently to a mixture of
y-Fe (metastably retained) or «-Fe (transformed) and C.
Independent of whether such a mechanism should have
been dominating the growth of CNT by CVD, the iron
particles trailing behind Fe;C [4] is likely to have resulted
from the Rayleigh instability [27] of a cylindrical rod,
regardless of being solid or liquid [28, 29], or pore [30].
The driving force for cylindrical rods breaking up to ovu-
lation is the decrease of interface energy [27-30], the
energy between Fe rods and CNT. It is predicted [27] that
instability occurs in a rod of infinite length and isotropic
surface energy when(4, > 2n(r,, i.e. perturbation wave-
length is greater than rod circumference, where r,: rod
radius, and Z,: perturbation wavelength, when surface
(interfacial) energy per unit volume is minimized by
reducing the interfacial area. In a tip growth mode [4], the
growing of CNT provides the necessary perturbation
perpetually until Fe;C is completely consumed.
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Similar to Fes;C, iron rods (of radius r,) also become
unstable and spheroidised to discrete particles when longi-
tudinal perturbations (of wavelength 4,) occur upon growing
of CNT along its axial direction. Therefore, regardless of the
crystalline phases of rods being Fe;C, y-Fe (Figs. 3a and 4a)
or o-Fe (Fig. 5a), decomposing into a string of ovulations
due to the Rayleigh instability to minimise the interface
energy between CNT and Fe particles is observed. Of course,
although the interfacial energy is minimised upon decom-
position, confined in the cavity the strain energy (AGgyain)
between CNT and 7y-Fe particles would have been positive
and large enough to facilitate metastable retention. Besides,
reduction in particle sizes upon ovulation would have also
contributed favourably to increase the surface energy term
(AGsg) in the overall free energy change.

Conclusions

The crystallographic orientation relationships between
CNT and the residual catalysts of y-Fe, a-Fe, Fe;C
encapsulated in CNT are determined. The tube growth axis
of multiwall CNT prepared by CVD is aligned with
(110),, (011),, (001),, and [100]Fe3C or [101]Fe;C,
respectively, but the physical axis does not coincide with
either (2110)oypy or (1010)oypdue to tube helicity.
Although CNT samples were prepared by CCVD on sol-
gel Fe(NO;);-TEOS substrates, similar orientation rela-
tions determined before by Kim et al. were confirmed.
Similar to t-ZrO, particles with matrix constraint where a
critical size exists thermodynamically, the metastable
retention of y-Fe particles at room temperature is attributed
analogously to the strain energy term induced by the ~9%
volume expansion upon the y- — «-Fe phase transforma-
tion while confined in the CNT. Small particles of the
residual phases encapsulated in CNT are likely to have
decomposed from particles of an initially rod-like shape
due to the Rayleigh instability where the interface area and
energy is reduced. The ovulation of rod-shape particles,
when the surface energy term is increased by reduced sizes,
has further assisted on the metastable retention of y-Fe.
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