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Thermal Oxidation Mechanism of Fe Nano-particles Encapsulated
Separately in Carbon Nanotubes
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Engineering, University of Science & Technology of China, Hefer 230026)

Abstract: Thermal oxidation of Fe nano-particles in nanoscopic reactors of carbon nanotubes (CNTs) was
investigated by treatment in air from room temperature to 800 °C. It is found that encapsulated Fe nano-particles
are thermally stable up to a relatively high temperature of 170 °C comparing to oxidization at room temperature of
bare ones. Fe nano-particles in the tube end of CNTs is easily oxidized to form inverse spinel structure Fe;0,/y-Fe 03
nano-particles, serving as barriers to prevent oxygen from diffusion into the inner hollow cavity of CNTs. It is
suggested that 170 °C is the critical temperature (7,) of oxygen diffusion through the barriers. At temperatures
lower than 170 °C, oxygen molecules can not diffuse through the lattice of Fe;0,/y-Fe,0; nano-particles to form
oxygen molecules in the cavity of CNTs, while at higher temperatures the penetration of oxygen occurs and Fe
nano-particles from the tip to inner most in CNTs are gradually oxidized. The mechanism is different from the
oxidation behavior and thermal stability of a CNT-encapsulated Fe nanowire, which is oxidized continuously once
the oxidation occured by oxygen ions migrating through the lattice of iron oxides and combines with Fe atoms to

complete the oxidation process.
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Ferromagnetic metallic nano-particles attract both their prospective applications in various areas such as

fundamental and technological research interest for magnetic data storage, catalysis, xerography, magnetic
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resonance imaging, and biomedical applications ' 9.
However, the application is limited for their sensitivity
to air oxidation as such nanometer-sized particles have
larger surface area, offering the promise of enhanced
reactivity, greater efficiency, and potentially new and
unusual active sites®. For instance, a pristine surface of
Fe exposed to air or oxygen-containing atmosphere is
oxidized instantly at room temperature!”. Moreover, ul-
trafine nano-particles of iron are pyrophoric®. Methods
to protect the active material from early or undesired
reactions are required if easy, cost-effective applica-
tions of these materials are to be realized. Carbon nan-
otubes (CNTSs), possessing excellent properties such as
uniform pores, good chemical stability, and large spe-
cific surface area, could be used as one of the coating
materials to provide an effective barrier'!" against oxida-
tion and consequently ensure a long-term stability of the
metallic particles encapsulated®". Several successful
applications were reported, including synthesis of metal-
lic nano-particles(e.g., Fe, Cu, Ni and Fe-Nd-B)!"?" in
cavity of CNTs, making it possible to investigate mag-
netic, electronic and thermal properties of the novel
structure of CNTs/metal nanocapsules'®'*,

Nanoscopic chemical and thermal behaviors of
CNTs/metal nanocapsules are generally classified into
two categories according to the role of carbon shell. One
of them is: CNTs participate in reactions themselves.
Bao et al." developed a facile reduction of iron oxide/
carbon nanotube encapsulates, using the carbon shell as
reducing agent directly. In their work, the formation of
metallic Fe was observed in the CNTs bores at the low
temperature of 600 °C relative to the reduction of Fe,0;
at 800 °C on the outer surface of CNTs. The curvature-
induced effects of nanotubes were employed to under-
stand the facilitated reduction of Fe,O;, proving that
nanotubes provide a confined environment with unique
electronic properties. Chen et al.” made further studies
on the nanoscopic reducing reaction of Fe;0, to metallic
Fe in a-CNT (amorphous carbon nanotube). It was re-
vealed that gas such as hydrogen could not easily enter
into a nanotube reactor to take part in reactions, be-
cause the barrier power of a-C:H films was strongly in-

creased by the occurrence of a network of cracks spread

out over the whole a-C:H surface.” At high tempera-
tures, H, released from a-CNT shell tends to diffuse to
exterior rather than cavity of the a-CNT shell. The other
is: CNTs were inert in reactions, functioning only as
templates or “test tubes”. Han et al.™ described the
synthesis of Fe;sB nanowires via boriding Fe nanowires
encapsulated in CNTs, demonstrating that CNTs can be
used as nanoreactors for changing the existing filling
from one kind of material to another. Tlie et al.”™ studied
the thermal stability and reactivity of oxidation of sin-
gle-wall carbon nanotubes (SWCNTSs) filled with metal
halide nanowires. The activation energy for oxidation
decreases considerably after filling, indicating that
filled nanotubes are more amenable to controlled modi-
fications based on chemical reactivity than the originat-
ing empty nanotubes.

It could be seen clearly that most of the reports are
focusing on CNT-encapsulated continuous metallic
nanowires. To the best of our knowledge, only a little
theoretical attention is paid to thermal behaviors of
separated metallic nano-particles encapsulated in
CNTs, which would be more contributing to the specific
thermal mechanism of nano-sized carbon “test tubes”
via investigating changes of nano-particles at different
positions in CNTs. Poulikakos et al.*studied the solid-
ification and the structure of gold nano-particles in car-
bon nanotubes using molecular dynamics (MD) simula-
tion, and found that the solidification temperature was
higher than the corresponding unsupported clusters,
practically depending only on the length of the nano-
particle. Very recently, Wang et al.™ used the Monte
Carlo simulation to investigate the thermal evolution of
the icosahedral Ptss clusters encapsulated in SWCNTs.
Their results indicated that the melting-like transforma-
tion temperature of the icosahedral Ptss clusters encap-
sulated in SWCNTs increased with the pore size of
SWCNTs, which had a significant effect on the struc-
tures of the encapsulated icosahedral Pt clusters. How-
ever, intuitive experimental evidences on thermal be-
havior of CNT-encapsulated metallic nano-particles be-
come the urgent need at present. In this work, we pre-
sent a detailed investigation on the oxidizing behavior

of Fe nano-particles with diameters of 20~30 nm sepa-
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rately encapsulated in the cavity of CNTs. Our results
show that inverse spinel structure Fe;0,/y-Fe,0; nano-
particles formed in the tube end of CNTs can effectively
prevent oxygen from diffusing into the inner hollow
cavity of CNTs at temperatures below 170 °C and pro-

tect the inner Fe nano-particles from being oxidized.
1 Experimental

In a typical procedure, the reaction was carried out
by heating 1.00 g of ferrocene and 6.0 g of dry ice in a
20 ml steel autoclave at 400 °C for 800 min. After
cooling down to room temperature, the dark brown
product was washed with toluene and ethanol, respec-
tively, then dried at 110 °C for 3 h to obtain Fe;0,/a-
CNT coaxial nanocables™. The heat treatment of the
boat was performed by a tube furnace in N, stream, with
a flow rate of 100 mL-min™'. Heating-up rate of the sys-

tem was 10 °C -min™

, and the temperature was held for
30 min at 620 °C. Agglomerated iron nano-particles en-
capsulated in carbon nanotubes accompanied with the
crystallization of the a-CNT shell were the as-prepared
products ®. Finally, heat treatment of the as-prepared
products was taken in quartz boat by a tube furnace in
ambient air with a temperature ramp of 1 °C +min™', and
the temperature was held for 30 min at 150, 200, 250,
300, 350, 400 C, respectively. For comparison, another
portion of the as-prepared products was held for 4 h
when at 300 °C to understand the mechanism. Solid
products were saved for further characterizations.
Thermal gravity analysis (TGA) and differential
thermal analysis (DTA) were performed on DTG-60H
thermal analyzer at the heating rate of 1 K+min™ from
room temperature to 800 “C in ambient air. Mass spec-
trometry was performed on Agilent 6890 GCT Micro-
mass spectrometer. In mass spectrometry analysis, a
sample was firstly held for 3 min at 30 °C for creating a
vacuum environment, then heated to 100 °C at the heat-
ing rate of 100 °C -min™" and held for another 3 min, fi-
nally heated to 180 °C at the heating rate of 80 “C-min™
and held for 3 min. The powder X-ray diffraction(XRD)
analyses were performed on a Rigaku D/MAX-rA X-
ray diffractometer equipped with Cu Ko radiation
(working voltage 40 kV, working current 100 mA, A=

0.154 18 nm) over the 26 range of 10°~70°. After light
splitting by the graphite monochromator accompanied
with a PHA analyzer, X-rays are recorded by scintilla-
tion counter, using 26-0 linkage symmetry scanning
mode. SEM images were taken on JSM-6700F field e-
mission scanning electron microscopy. TEM analyses
were performed on a Hitachi H-800 Transmission
Electron Microscope and the accelerating potential is
200 kV. High-resolution transmission electron micro-
scope(HRTEM) images were taken on JEOL-2010 with
an accelerating voltage of 200 kV.

2 Results and discussion

2.1 Macrocosmic measurements of thermal oxid-

ation of the sample by TG/DTA analysis

The thermal stability of the carbon-encapsulated
Fe nano-particles (black powder) was investigated by
TG/DTA measurements in ambient air(Fig.1). Reddish
powder was collected as residual product after cooling
down. TG and DTA curves indicate that the thermal
variation of the as-prepared products involves six
stages, marked A-F in Fig.1. Phenomenon and mecha-

nism in these stages will be discussed later.
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Fig.1 TG and DTA curves of the carbon-encapsulated Fe
nano-particles carried out at the heating rate of 1 °C+-min™'
in air environment. A~F indicates the six stages of thermal

variation of the specimen
Fig.2 displays SEM and TEM images of the as-pre-
pared products before heat treatment, heated to 300 °C
and 400 °C, respectively. It can be seen from TEM im-
ages that the majority of Fe nano-particles in carbon
nanotubes are in diameters of 20~30 nm. No obvious

changes in morphology are observed between either

SEM images of al and b1, or TEM images of a2 and b2,
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Fig.2 SEM and TEM images of (a) the as-prepared products
and the carbon-encapsulated Fe nano-particles after
heated to temperatures of (b) 300 °C and (c) 400 °C.

Fe;0,/a-CNT nanocables was taken in quartz

exhibiting stability of this nanocapsule structure below
300 C. Images cl, c2 reveal that some carbon shells
are expelled after burning in air environment when the
temperature is increased to 400 °C, which is confirmed
by TG-DTA analysis. Aligned nano-particles are left as
residues.

XRD patterns in Fig.3 reveal the variation of the
specimen in each stage of TG-DTA measurements.
Fig. 3a shows typical graphite and a-Fe(PDF 87-0722)
as the dominating phase, with Fe;0,(PDF 85-1436) and
v-Fe;03(PDF 04-0755) as impurity phases®. Fig.3b, 3¢
reveal the intensity increase of Fe;04/y-Fe 05 peaks, in-
dicating continuous transition of a-Fe to Fe;O4/y-Fe 0
with the temperature. Another phase of a-Fe,O;(PDF
89-2810) appears when the temperature comes up to
300 °C, indicating transition of nanocrystalline mag-
netite (Fe;04) and maghemite (y-Fe,0;) to hematite (a-
Fe,03) (as shown in Fig.3d, e)®. Finally, Fig.3f reveals
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Fig.3 XRD patterns of the carbon-encapsulated Fe
nano-particles heated to tempretures of
(a) 150 C, (b) 200 C, (c) 250 °C. (d) 300 °C,
(e) 350 °C and (f) 400 C and then cooled down
in ambient air. Peaks of the compounds were
labeled on the patterns
typical peaks of exclusive a-Fe,0;. Phases of graphite,
a-Fe and Fe;0,/y-Fe,O; disappear, indicating complete
reaction occurrs with a-Fe,0; left over.

In order to confirm the critical temperature of
oxygen diffusion through the iron oxide barriers found
in TG/DTA analysis. Mass spectra is shown in Fig.4.
It is observed that no CO, is detected in the time of
10.7 min, indicating no CO, desorbs from the sample in
the whole heating process to 180 °C. On the other hand,
the amount of H,O vapor decreases in the first 3 min,
attributed to the pump for vacuum environment. Al-
though a slight peak in the time interval 3 ~3.7 min
shows the fully desorption of H,O vapor on the surface
of the sample below 100 °C, the intensity is invariable
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Fig.4 Mass spectra of (a) CO, and (b) H,O vapor
desorption with the time extended.
Temperatures of 30 °C, 100 °C and 180 C

were labeled at corresponding time by dash lines
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afterwards, indicating that no H,O vapor desorbs from
the sample in the temperature interval of 100~180 °C.
Hence, the variation of TG/DTA curves at the tempera-
ture of 170 °C could be attributed to the oxidation of
encapsulated Fe nano-particles due to the oxygen diffu-
sion through the iron oxide barriers, but neither desorp-
tion of CO, nor H,O vapor, which does not allow us to
draw a definite conclusion.

Based on the characterization results of SEM, TEM
and XRD, each stage of TG/DTA measurements could
be briefly accounted for in Table 1. Below 141 °C, the
endothermic process is attributed to the release of ad-
sorbed gases and moisture on the surface of the
nanocapsules. The weight increase in the temperature
interval of 170~314 °C is related to oxidation of a-Fe
to the phase of Fe;04y-Fe,0;. Besides, magnetite
(Fes04) nano-particles tend to transform into the fully
oxidized, cation deficient oxide maghemite (y-Fe,0;),
since the Fe?* cations are not stable upon exposure to
oxygen-containing atmosphere. When the temperature
up to 314 C ,

maghemite(y-Fe,0;) to hematite(a-Fe,03) occurs, while

comes transition of metastable

remaining Fe nano-particles oxidized unceasingly. Fi-
nally in the temperature interval of 372~536 °C, the
weight decrease is accompanied by exothermic reac-
tions and can be ascribed to the burning of the carbon
coatings, with the ultimate oxides consisting of ag-
glomerated hematite(a-Fe,0;) nano-particles aligned in
lines. According to the experimental results, one clear
sees that Fe nano-particles encapsulated in CNTs ex-
hibit thermal stability below 170 “C. Complete oxida-
tion even occurs above 350 “C. In contrast, bare iron
nano-particles can be oxidized in a minute even at
room temperature with the generation of oxide layers
about 2 nm on the surface™. Moreover, according to
110 C

threshold temperature at which bare Fe nano-paricles

Caberra-Mott model of oxidation, is the
in diameter about 20 nm is completely oxidized under
oxygen partial pressure of 267 Pa. Apparently, Fe
nano-particles encapsulated in CNTs exhibit much
better thermal stability than bare ones, attributed to
effective protection of carbon shells. The results con-
tribute a lot to the prospective application of the fan-

tastic ferromagnetic material.

Table 1 Description of phenomena in each stage of TG-DTA measurements of Fig.1

Stage Temperature Range / °C Mass variation / wt% Heat variation Corresponding XRD patterns®!
28-141 -1.66 Endothermic N/A
B 141-170 0 Invariable a
C 170-314 +2.52 Exothermic b, c, d
D 314-372 +0.48 Exothermic e
E 372-536 -35.57 Exothermic f
F 536-800 0 Invariable N/A

* XRD patterns mentioned in the table are corresponding to those in Fig.3

2.2 Oxidative behavior of microscopic Fe nano -
particles in CNTs based on HRTEM charac-
terizations

Although the XRD patterns in Fig.3 have already

revealed the oxidation behavior of inner Fe nano-parti-

cles along with the temperature increase, which offers a

statistical average result, we have performed detailed

characterization of some particular carbon-encapsulated

Fe nano-particles heated to different temperatures by

HRTEM images to study the oxidizing process of Fe

nano-particles in these nanometer-sized carbon test

tubes along with XRD analysis. Two independent

groups of particles were investigated, and one typical
group of them is presented in this report after heated to
150, 250 and 400 °C, respectively (Fig.5) (HRTEM
analysis of another nanotube encapsulating three parti-
cles heated to 150 “C can be found in Supporting Infor-
mation). The fast Fourier transform(FFT) pattern, calcu-
lated from the HRTEM image, reveals symmetry of cor-
responding nano-particle. Some of them appear simul-
taneously to be several groups of dot arrays, for the se-
lected nano-particles are agglomerated with several
nanocrystals. However, HRTEM analysis of d value

could be employed to confirm the structure of different
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Fig.5 HRTEM images of the carbon-encapsulated
Fe nano-particles heated to tempretures of (a)
150 C, (b) 250 “C, (c) 400 °C. The insets show
the fast Fourier transform(FFT) pattern
corresponding to the HRTEM image

nano-particle in a single carbon nanotube. Fig.5a dis-
plays HRTEM images of a single carbon nanotube and
three encapsulated nano-particles heated to 150 °C. Left
lower image(particle A in the tube end of CNT) reveals
d spacing of 0.249+0.005 nm(Stat. 10 spacing), corre-
sponding to the [311] plane of Fe;0,/y-Fe,0;. Appar-
ently, particle A is oxidized from a-Fe, consisting of
dominantly Fe;0,4 and y-Fe,05 in small quantities con-
sidering the core size(>20 nm).”™ Left upper image(par-
ticle B in the cavity but near to the open tip of CNT) re-
veals d spacing of 0.203+0.005 nm, while right image
(particle C in the very interior of CNT) reveals d spac-
ing of 0.200+0.005 nm, all corresponding to the [110]
plane of a-Fe. It can be concluded from Fig.5a that

oxygen molecules in air are unable to enter into the

cavity of CNT and inner Fe nano-particles are not oxi-
dized due to some effective barriers at 150 °C. Com-
bined with XRD analysis of Fig.3a, weak peaks of
Fe;04/y-Fe)O; are induced by the oxide shells of nano-
particles located at the exterior and in the tube end of
CNTs. None of inner Fe nano-particles is oxidized to the
phase of Fe;0,/y-Fe,0; before heated to 170 °C.

HRTEM images of a single carbon nanotube and
three encapsulated nano-particles heated to 250 °C are
shown in Fig.5bh. d spacing of 0.252 +0.005 nm and
0.210£0.005 nm of two-dimensional lattice fringes, cor-
responding to the [311] and [400] planes of Fe;0,/y-
Fe,0;, indicates complete oxidation of particle D in the
tube end of CNT (right upper image). Furthermore, d
spacing of 0.250 £0.005 nm and 0.208 £0.005 nm of
two-dimensional lattice fringes, corresponding to the
[311] and [400] planes of Fe;04/y-Fe,0s, indicates oxi-
dation of particle E in the cavity of CNT (left image).
However, d spacing of 0.202+0.005 nm of two-dimen-
sional lattice fringes, corresponding to the [110] plane
of a-Fe, indicates that particle F in deeper cavity of
CNT is consisted of exclusive unoxidized Fe(right lower
image). In addition, XRD pattern of Fig.3b shows typi-
cal intensity increase for Fe;O4y-Fe, 05 peaks, indicat-
ing transition of inner a-Fe particles to Fe;04/y-Fe,05
when the temperature increases to 200 “C. Obviously,
oxygen molecules have entered into the cavity of CNTs
and oxidized inner Fe nano-particles before the temper-
ature comes up to 200 °C. Meanwhile, Fe nano-particles
in deeper cavity get lower level of oxidization. Since the
carbon shells are structurally and thermally stable, it is
generally accepted that they are not favorable for oxy-
gen permeating, oxygen molecules are more likely to
diffuse through the inverse spinel structure Fe;O./y-
Fe,0; nano-particles in the tube ends and enter into the
nanotubes.

HRTEM images of the specimen heated to 400 °C
are shown in Fig.5c. It is found that carbon nanotubes
in the figure burn out, with residual nano-particles
aligning tightly. d spacing of 0.270 £0.005 nm and
0.370+0.005 nm of two-dimensional lattice fringes of
particle G and H corresponds to the [104] and [012]

planes of a-Fe,0s. Fe nano-particles have been fully



52 B

B BN AT 900 ST B AN K BIORE T 9 B AR A PE RERT 5 327

oxidized, with generated Fe;0,/y-Fe,0; transforming to
a-Fe,0;, which agrees with XRD pattern of Fig.3f.
2.3 Oxidative mechanism

A model is proposed to understand the oxidization
mechanism of Fe nano-particles encapsulated sepa-
rately in CNTs(Fig.6). In the beginning, Fe nano-parti-
cle in the tube end of CNTs is easily oxidized to Fe;0,/
v-Fe,0; at low temperatures. Dissociative adsorption of
oxygen in air occurs on the surface of the iron oxide
nano-particle in the tube end for the high oxygen partial
pressure there, and then oxygen ions migrate along the
oxygen vacancies of the nano-particle. However, at such
low temperatures, oxygen ions can not desorb and com-
bine as oxygen molecules at the lower oxygen partial
pressure side in the cavity of CNT. Hence, Fe nano-
particles inside the CNTs are safely protected(as shown
in Fig.6a). The inverse spinel structures for oxygen per-
meating membrane has seldom been reported directly.
However, Lee et al.® found that the oxygen permeability
of dense oxygen permeable perovskite-type ceramic
membranes, Lay-Sry:Gagsleq405., were enhanced 6 times
by introducing nanosized surface reactive layers,
LageSre4,Co05 5 on the surface of oxygen ion transport
membranes. The enhancement may have been caused
both by the increase in the effective surface area and by
the increase in surface activity to oxygen dissociation
and association when the nanosized layers are intro-
duced. Another work by Jin et al. reported the oxygen

permeation flux of SrCopsFe(sZ10,0;5 via a flame aerosol

synthesis(FAS) method was increased by 40% at the el-
evated temperatures comparing to that via the tradition-
al solid-state reaction(SSR) method™. Because SSR me-
thod sets an insurmountable barrier to fabricate nano-
sized MIEC oxides, while FAS method often ensures the
formation of the perovskite-type oxides with nanostruc-
tures. All these suggest when the grain size is decreased
to nanometer scale, oxygen permeability could be
greatly enhanced. It is suggested that the mechanism is
also applicable to inverse spinel structures in this re-
port, although they typically display low oxygen perme-
ability. The oxygen succeeds in permeating the Fe;0,/y-
Fe,O; nano-particles with a size of 20~30 nm. When the
temperature elevates to 170 °C (according to the TG-
DTA analyses), the inverse spinel iron oxide particles
are no longer barriers against oxygen penetration as
bulk ones. Oxygen succeeds in diffusing through the
iron oxide nano-particle in the tube end and desorbs as
oxygen molecules in the cavity, then arrive at the sec-
ond Fe nano-particle rapidly to oxidize it(as shown in
Fig.6b) ™. With the temperature elevation, oxygen in-
creases its diffusivity and diffuses slowly in the cavity to
gradually oxidize Fe nano-particles from tip to inner
most of CNTs in the oxidizing process(as shown in Fig.
6¢). Obviously, temperature plays a very important role

in oxygen diffusion through Fe;O4/y-Fe,0; nano-parti-

cles and oxidation of Fe nano-particles in the cavity of

CNTs.

(a) below T., oxygen in air can not penetrate the inverse spinel structure Fe;O4/y-Fe;0; nano-particle in the tube end of CNT,

though oxygen ions are able to migrate along the vacancies. Inner Fe nano-particles are safely protected. (b) when the temperature

comes up to T, oxygen ions diffuse through the lattice of Fe;0./y-Fe,05 nano-particle in the tube end and desorb as oxygen

molecules in the cavity, then arrive at the second Fe nano-particle rapidly to oxidize it on the surface; (c) With the temperature

elevated, Fe nano-particles are gradually oxidized by penetrated oxygen molecules from the tip to inner most of CNT.

Fig.6 A model for understanding the mechanism of nanoscopic oxidizing reaction in CNTs
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Additional XRD patterns of the product holding for
30 min and 4 h at 300 °C, respectively, are performed in
order to get rid of time influence to oxygen diffusion in
CNTs (Fig.7). There exists no obvious difference be-
tween respective peaks of a and b pattern, indicating Fe
nano-particles does not get continuously oxidized with
the time increase once the temperature is invariable. It
can be easily understood that at certain temperatures,
the amount of oxygen molecules is constant after quick
permeation through Fe;O4/y-Fe,O; nano-particles in
very short time. Oxygen pressure in the cavity of CNTs
is invariable and residual Fe nano-particles are hardly
oxidized along with the time, which agrees with the ear-
ly report.” As a result, time influence to oxygen diffu-
sion in CNTs is weak and neglectable during the whole

process of oxidation.
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Fig.7 XRD patterns of the carbon-encapsulated Fe

nano-particles heated to 300 °C and held for

(a) 30 min, (b) 4 h, then cooled down in

ambient air

Comparing with other nano-sized reaction in car-

bon nanotubes, the mechanism makes unique contribu-
tion, for the metallic nano-particles are encapsulated
separately, much different from continuous nanowires in
other reports. The temperature of 170 °C, is especially
described as the critical temperature, at which oxygen
molecules can just diffuse through the inverse spinel
structure Fe;0,/y-Fe,0; nano-particles in the tube end
of CNTs and begin to oxidize inner Fe nano-particles.
With the temperature elevatation, oxygen diffuses slow-
ly in the cavity and gradually oxidizes Fe nano-particles
from the tip to inner most of CNTs, different from the
thermal behavior of a CNT-encapsulated nanowire,
which is oxidized continuously once the oxidation oc-
curred. For instance, ref. 22 has presented an oxidative
behavior of continuous Fe nanowires encapsulated in

CNTs. At high temperatures, B,0; vapor entered carbon

nanotubes interiors and started to oxidize the Fe
nanowire continuously to form Fe;sB nanowires in the
tubes with the help of nitrogen. The difference is proba-
bly related to the way oxidative gas diffuses. In the oxi-
dizing process of a CNT-encapsulated Fe nanowire,
oxygen ions migrate through the lattice of iron borides
or oxides and combine with Fe atoms to complete the
oxidation process. But in this report, it is involved that
oxygen penetrated the iron oxide nano-particles to form
oxygen molecules and diffused in the cavity of CNTs. It
is found that oxygen permeability is enhanced when the
size of the inverse spinel structure iron oxide particles
decrease to nanometer scale, no longer being barriers
for oxygen diffusion as corresponding bulk materials.
After a Fe nano-particle in the cavity is oxidized, oxy-
gen could only diffuse through it when oxygen partial
pressure is increased sufficiently at one side. As a re-
sult, the oxidizing reaction in the cavity is mild. Ac-
cordingly, the temperature range, over which the inner
Fe nano-particles completely evolve into oxides, is sup-
posed to be much wider than Fe nanowires encapsulat-

ed in CNTs with the same lengths.
3 Conclusions

We have shown that Fe filled carbon nanocapsules
are thermally stable in air environment up to 170 °C,
which is suggested to be the critical temperature for
oxygen diffusing through the inverse spinel structure
Fe;0,/y-Fe, Osnano-particles in the tube end of CNTs by
the oxidation of Fe nano-particles. Above 170 °C, sepa-
rate inner Fe nano-particles are gradually oxidized from
tip to inner most, attributed to the diffusion of oxygen in
the cavity of CNTs with the temperature elevation. The
studies reveal that oxygen entering into a nanotube re-
actor to take part in reactions is determined by the oxy-

gen permeability of nano-particles at the tip end.
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