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One of the challenges in the field of carbon nanotubes (CNTs) is the encapsulation of a single crystalline
phase of ferromagnetic a-Fe. The formation of additional y-Fe and FesC phases during CNT-growth
generally limits the direct encapsulation of these crystals in the form of a single phase. A solution, the
use of post-synthesis annealing, has been considered; however oxidation of the encapsulated metal-
phases is commonly found due to the elevated temperatures (T) necessary for the phase-conversion.
Here we investigate the dynamics of y-Fe to a-Fe transition by T-dependent X-ray diffraction in vacuum.
We show that a direct y-Fe to a-Fe transition is present already below 200 °C and becomes significantly
fast in the T-range of 300-399 °C. In such a T-range no metal oxidation is found. Rietveld refinement
analyses also show that a T-dependent increase in the unit-cell c-axis value of the graphitic CNT-walls is

rsc.li/rsc-advances present.

Introduction

In the last decade carbon nanotubes (CNTs) have attracted great
attention in the field of nanotechnology thanks to their excep-
tional physical and chemical properties.' The great chemical
stability makes these structures ideal to be employed as nano-
sized containers for the encapsulation of specific materials of
interest.*™ These important characteristics make CNTs ideal
candidates for numerous applications in the field of nano-
medicine as well as in the field of sensors and semiconductor
technology.* One of the most interesting types of materials
encapsulated inside CNTs consists of transition metals or alloys
with ferromagnetic properties.**® In particular Fe-based single
crystals like a-Fe and Fe;C have attracted great attention owing
to the high shape and magnetocrystalline anisotropy properties
that these ferromagnets exhibit in nanometer scale.*'® The
CNTs shells can indeed chemically passivate the encapsulated
nanowires and allow retaining long-term magnetic properties.
Owing to the potentially exceptional saturation magnetization
properties, o-Fe is generally considered one of the most valuable
magnetic phases to be encapsulated inside CNTs in the form of
continuous nanowires.”**™* Up to now, several strategies have
been attempted for the encapsulation of this phase in the form
of pure single crystal. These methods are based on the evapo-
ration and pyrolysis of a metallocene precursor (ferrocene).
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However, the formation of additional Fe-based phases during
the CNTs growth, namely y-Fe and Fe;C in the form of
concentrical-phases or isolated single crystals has limited the
encapsulation of a single a-Fe phase.”**™ In the attempt to
maximize the quantity of «-Fe, a post-synthesis heating-
treatment has been frequently considered™ since bulk y-Fe
can decompose into a-Fe and Fe;C below 727 °C in a process
involving the 9% of volume expansion.>*** Interestingly Leon-
hardt et al. reported that a post-synthesis annealing of approx-
imately 20 h can allow the conversion of the additional Fe-
phases above into a single a-Fe phase at annealing tempera-
tures of 645 °C in a Ar/H, flow.*> However an unusual oxidation
process leading to the decomposition of the CNTs and subse-
quent oxidation has been also reported for temperatures of
approximately 675 °C and 500 °C.">'® In the attempt to over-
come the oxidation problem mentioned above, the use of high
Ar/ferrocene flow rate has been proposed.” However, the pres-
ence of a polycrystalline arrangement in the encapsulated
crystals has limited the enhancement of the o-Fe coercive
properties.'® A recent report by Peci et al. has also shown that
low-vapour flow rates can be beneficial for the control of the a-
Fe filling rate inside CNTs-arrays,"® however the presence of
numerous oxide phases as synthesis by-products and the
necessity of post-synthesis annealing treatments still limits the
use of this method. In addition Fe;C has been reported to
decompose into a-Fe and graphitic carbon when in contact with
the graphitic walls of the CNTs at temperatures of approxi-
mately 500-550 °C.'*** However the use of such temperature
range for long-annealing processes is still limited by the above
mentioned oxidation effect. Further understanding of the y-Fe/
a-Fe phase transition is therefore required in order to achieve
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a complete phase-conversion without damaging the CNTs-
structure. Interestingly, recent reports by Boi et al**>* have
shown that the use of a low evaporation temperature in the
order of 70 °C of the chosen dichlorobenzene/ferrocene
precursors, in presence of high vapour flow rates of approxi-
mately 100 ml min~" can allow the synthesis of CNTs bucky-
paper films filled with large quantities of y-Fe and o-Fe
phases.”*

In this work we investigate the experimental conditions
necessary for the achievement of y-Fe to a-Fe conversion
without CNT damage by temperature dependent X-ray diffrac-
tion experiments in vacuum. Surprisingly we find that the
conversion of the y-Fe phase into o-Fe starts at temperatures
below 200 °C and becomes significantly fast in the temperature
range of 300-399 °C. We therefore demonstrate that these phase
transitions can be achieved at temperatures much lower than
those reported in literature. In addition, no oxidation of the
annealed CNTs films is found. By using theoretical analyses
through Rietveld refinements methods, we also find that
a significant increase in the c-axis value of the graphitic CNT-
walls is present at the temperature of 399 °C. Such increase
implies that the distance between the graphitic lattice-planes of
the CNT increases with the increase of the temperature, leading
to a consequent relaxation of the high pressure y-Fe into a a-Fe
phase. These observations have a great significance since imply
that the main parameter to consider for the y-Fe to o-Fe
conversion is the change of the multiwall CNT c-axis with the
increase of the annealing-temperature.

Experimental

The synthesis of the CNTs buckypaper films used for the
temperature dependent X-ray diffraction analyses was achieved
by evaporation and pyrolysis of ferrocene/dichlorobenzene
mixtures (1.5 g of ferrocene, 0.15 ml of dichlorobenzene) at
the evaporation temperature of approximately 80-90 °C and
pyrolysis temperature of 900 °C inside a quartz tube CVD
reactor of length 1.5 m and inner diameter of approximately 40
mm under an Ar flow of 100 ml min~".>* The annealing exper-
iments were performed with a Rigaku Smartlab X-ray diffrac-
tometer (40 kV) at the temperatures of 25 °C, 100 °C, 200 °C,
300 °C, 399 °C in vacuum values below 7 Pa (for approximately 4
hours). The sample was then cooled down by fast cooling
through the use of liquid nitrogen. Similar annealing condi-
tions were used also for comparative experiments on as
purchased hollow CNTs. A 200 kV American FEI Tecnai G2F20
was employed to obtain transmission electron microscopy
(TEM) images. The magnetic measurements were performed at
room temperature with a vibrating sample magnetometer
(VSM) (Quantum Design).

Results and discussion

A typical example of a X-ray diffractogram of the as-grown
buckypaper before the annealing stage is shown in Fig. 1 with
red colour. The presence of multiwall CNTs was revealed by the
observation of a diffraction peak in the region of 26 degrees 26.
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Fig. 1 X-ray diffractogram (red line) and Rietveld refinement (green
line) of the as grown buckypaper before the annealing stage at 25 °C.

The presence of the y-Fe and a-Fe phases was revealed by the
observation of three diffraction peaks corresponding to the 111
and 200 reflections of y-Fe and to the 110 reflection of o-Fe
respectively (see Fig. 1). The Rietveld refinement method* was
then used in order to estimate the unit cell parameters and
relative abundance of the phases encapsulated inside the CNTs
core. Note that additional unlabeled diffraction peaks are also
present in Fig. 1 however those are due to the signal of the used
substrate in the diffractometer. The theoretical fit of the dif-
fractogram is represented in green colour. The unit cell param-
eters extracted from the Rietveld refinement were as follows; y-Fe
a=Db = ¢: 0.3602 nm, o-Fe a = b = ¢: 0.2880 nm and graphitic
CNT-walls @ = b: 0.2513 nm and c¢: 0.6878 nm. The relative
abundance of the phases comprised in the sample were: 77%
graphitic carbon (comparable with that measured in ref. 24) with
space group P6;/mmc (ICSD crystal database card 53781), 17% of
v-Fe (COD crystal database card 9008469) and 6% of a-Fe (COD
crystal database card 1100108). Rescaling with respect to the
metal phases is possible to obtain 74% of y-Fe and 26% of o-Fe.
The annealing experiment with the diffractometer mentioned
above was then considered in order to investigate the minimum
temperature necessary for the conversion of the y-Fe phase into
a-Fe. The attention was firstly focused on possible changes of the
multiwall CNT-structure during the annealing process with the
increase of the temperature.

As shown in Fig. 2A and B at first glance no significant
changes in the position of the multiwall CNTs peak is observed
in the interval of 25 °C to 100 °C. Instead, a small shift of the
multiwall CNT-peak toward lower values of degrees 26 is
observed at the temperature of 200 °C (see Fig. 2C). The changes
in the graphitic unit cell parameter were as follows; at 100 °C
a = b: 0.2565 nm, and ¢: 0.6883 nm. Instead at 200 °C the
measured graphitic CNT unit cell parameter were as follows;
a=b:0.2575 nm and ¢: 0.6887 nm. It is interesting to notice that
a significant increase in the value of the graphitic c-axis is
present. Further analyses were then performed on the diffrac-
tion peaks measured at the temperatures of 300 °C and 399 °C.
The results of these analyses are shown in Fig. 3A and B. By
using the Rietveld refinement method, in this case the following

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (A-C), X-ray diffractograms (red line) and Rietveld refinements

(green line) of the as grown buckypaper showing the graphitic CNT
peak at the temperatures of 25 °C, 100 °C and 200 °C.

graphitic unit-cell parameter were measured; a = b: 0.2577 nm
and c¢: 0.6893 nm at 300 °C and a = b: 0.2579 nm and c:
0.6905 nm at 399 °C. Interestingly it is important to notice that
a clear increase in the value of the c-axis is found with the
increase of the temperature. Such transition can be clearly
observed also in Fig. 3A and B were a shift of the CNT graphitic
peak toward lower values of degrees 20 is present. The change in
the c-axis of the graphitic CNT unit-cell with temperature is
shown in Fig. 4A, while the changes in the g-axis are shown in
ESI.7 Further investigations of the effect of annealing on the
arrangement of the y-Fe and a-Fe phases was then considered.
In Fig. 4B the changes in the y-Fe and o-Fe peaks with
temperature are shown. A sudden decrease in the intensity of
the 111 and 200 reflections of y-Fe together with a peak-shift
toward lower values of degrees 26 is present in the transition
from 100 °C to 200 °C. Note that with the decrease of the
intensity of 111 and 200 reflections an increase in the intensity

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (A and B), X-ray diffractograms (red line) and Rietveld refine-

ments (green line) of the as grown buckypaper showing the graphitic
CNT peak at the temperatures of 300 °C and 399 °C. See also ESI
Fig. 2.1

of the a-Fe 110 reflection is found. This variation in the
reflection-intensities becomes clearer in the transition from
200 °C to 399 °C where a dramatic decrease in the intensity of
the 111 and 200 reflections of y-Fe is found. The quantification
of the relative abundance of y-Fe converted into «-Fe in the
temperature interval of 200-399 °C was then considered by
using the Rietveld refinement method. The Rietveld refinement
of the diffractograms measured at 200 °C, 300 °C and 399 °C is
shown in Fig. 5A-C. The following changes in the unit-cell
parameters were found for y-Fe, a = b = ¢: 0.3605 at 200 °C,
a=>b = c:0.3615 at 300 °C and @ = b = ¢: 0.3617 at 399 °C.
Instead the following changes in the unit-cell parameters were
found for a-Fe, a = b = ¢: 0.2880 nm at 200 °C, a = b = ¢:
0.2885 nm at 300 °C and a = b = ¢: 0.2887 nm at 399 °C. Thus,
evaluating the changes in relative abundance of the encapsu-
lated phases, a decrease in the relative abundance of y-Fe from
68% (200 °C) to 46% (399 °C) is found. As consequence an
increase in the relative abundance of a-Fe from 32% (200 °C) to
54% (399 °C) is found. An unusual decrease in the 002 carbon
reflection intensity is also found despite the used vacuum
conditions below 7 Pa. Such decrease could be therefore asso-
ciated to the possible transformation of a small quantity of
graphitic carbon into an amorphous carbon phase. Note that no
oxide phases were observed in the sample. In addition it is very
important to notice that no formation of additional Fe;C crys-
tals is found as a result of y-Fe decomposition. The y-Fe to a-Fe
transition is therefore found to be a direct transition possibly
induced by the change in the c-axis value of the graphitic-CNT

RSC Adv., 2017, 7, 25025-25030 | 25027
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Fig. 4 In (A) the variation of the c-axis of the graphitic CNT unit-cell
with temperature is shown. In (B) the variation of the diffraction-peaks
position for the y-Fe and a.-Fe phases with temperature is shown. See
ESI Fig. 31 for the final XRD pattern obtained after cooling with liquid
nitrogen.

with temperature and therefore from a possible decrease in the
pressure applied by the CNTs walls into the encapsulated
crystals.

Our observations exclude the presence of a decomposition
process which would then yield a-Fe and Fe;C. These findings
have a great significance in the field of Fe-filled CNTs since can
allow the manipulation of CNTs-filling material without oxida-
tion problems at much lower temperatures than those used in
previous reports. In order to further verify these observations,
additional temperature dependent XRD measurements were
then performed in hollow CNTs samples (see Fig. 9 ESI{ for
TEM micrograph). Typical XRD analyses performed in these
hollow CNTs samples (in similar vacuum conditions) at the
temperatures of 25 °C, 200 °C and 400 °C are shown in Fig. 6-8
ESI.1 In order to compare the obtained results with those shown
above for the Fe-filled CNTs sample, the use of Rietveld refine-
ment was considered also in this case. The plots showing the
variation of the c-axis and a-axis of the CNTs graphitic unit-cell
with temperature are shown in Fig. 4 and 5 ESI.{ Curiously we
find that also in this case an increase in the c-axis is found with
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Fig. 5 (A-C), X-ray diffractograms (red line) and Rietveld refinements
(green line) of the as grown buckypaper showing the variation of the
diffraction-peaks position for the <y-Fe and a-Fe phases with
temperature at the temperatures of 200 °C, 300 °C and 399 °C.

the temperature. However this change in graphitic CNT unit cell
appears to be different with respect to that observed in the case
of the Fe-filled CNTs sample. In particular a major difference is
observed in the case of the g-axis, as shown in Fig. 5 ESL.{ The
graphitic CNT unit cell values extracted with the Rietveld
refinement were as follow: for the measurements performed at
25°C a = b: 0.2485 nm and c¢: 0.6890 nm. For the measurements
performed at 200 °C a = b: 0.2486 nm and c: 0.6893 nm. Instead
for the measurements performed at 400 °C, a = b: 0.2494 nm
and ¢: 0.6910 nm.

In order to further verify the encapsulation of the Fe-based
crystals within the CNT-capillary, further cross-sectional investi-
gations were performed with transmission electron microscopy
(TEM). The presence of Fe-crystals within the CNT-core was
confirmed by TEM micrographs in Fig. 6A and B. These analyses

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 TEM micrographs showing in (A and B) the morphology of the
as grown CNTs filled with large quantities of y-Fe/a-Fe crystals. In (B)
the yellow arrow indicates a cross-sectional region of the CNT where
a high stress seems to be present. The black region within the CNT-
core represents the encapsulated Fe-crystal.

revealed also possible presence of stress within the CNTs-
structure. In addition, in order to verify the possible changes
in the magnetization between the un-annealed and annealed

— T T T T —T T T T T
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Fig. 7 Room temperature hysteresis loops of the as grown (red
hysteresis) and vacuum-annealed (black hysteresis) samples.
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samples, VSM measurements were performed at 300 K. As shown
in Fig. 7, these measurements confirmed the presence of an
increase in the magnetization, from the value of approximately
29 emu g ' (before annealing), to the value of approximately 37
emu g ' (after annealing). Instead no changes in the coercivity
were found (coercivity of approximately 293 Oe).

Conclusion

In conclusion we have investigated the dynamics of y-Fe to a-Fe
conversion by temperature dependent X-ray diffraction experi-
ments in vacuum. Our results show that the conversion of the -
Fe phase into a-Fe starts at temperatures below 200 °C and
becomes significantly fast in the temperature range of 300-
399 °C. These results are much different with respect to those
reported in literature where the use of much higher annealing
temperatures has been reported to induce the oxidation of the
filled CNTs structures. Note that in our experiment, no oxida-
tion process of the annealed CNTs films is found. By using
theoretical analyses through Rietveld refinements methods we
find that a significant increase in the c-axis value of the graphitic
CNT-walls is present with the increase of the temperature from
the value of 0.6878 nm at 25 °C up to the value of 0.6905 nm at
the temperature of 399 °C. Such increase implies that the
distance between the graphitic lattice-planes of the CNT can
possibly increase with the increase of the temperature, leading
to a consequent direct relaxation of the high pressure y-Fe
phase into a a-Fe phase at much lower temperatures than those
previously reported in literature. These structural changes were
compared also with those of hollow CNTs. The observed phase
transitions in the encapsulated Fe phases were also confirmed
by additional magnetization analyses.
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