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Pressure-induced phase transitions in cobalt-filled multiwalled carbon nanotubes
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High-pressure structural properties of cobalt nanowires encapsulated in multiwalled carbon nanotubes have
been investigated up to a pressure of ~38 GPa at room temperature. Our x-ray diffraction measurements show
that cobalt, which exists in the face-centered-cubic (fcc) phase at ambient conditions in the carbon nanotubes,
transforms irreversibly to a hexagonal close-packed (hcp) structure at ~9 GPa. In comparison with the bulk
Co, the compressibility of the fcc phase in nanowires is found to be similar to that of the high-pressure fcc
phase [Phys. Rev. Lett. 84, 4132 (2000)] and the hcp phase is slightly less compressible than the bulk.
Multiwalled carbon nanotubes that encapsulate the cobalt nanowires do not undergo any other structural
transformation with pressure except partial reversible amorphization beyond 9 GPa.
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INTRODUCTION

Carbon nanotubes show fascinating properties such as
high strength, discrete electronic states, and structural helic-
ity, etc., for which these are usefully employed in miniature
devices, e.g., scanning probes,' electronic transistors,>3
field-emitting devices,*’ in nanofluidic industry,6 etc. Carbon
nanotubes can also be filled with biological molecules, giv-
ing rise to the possibilities of applications in biotechnology.’
Encapsulation of various metals in multiwalled carbon nano-
tubes (MWCNTSs) provides opportunities to study the physi-
cal properties of nanowires and nanoparticles of these
metals.>8 Magnetic metal nanowires, encapsulated inside
multiwalled carbon nanotubes, constitute an active and at-
tractive field of research,’ as these are promising materials
for use in nanodevices and in the magnetic storage industry.
In addition, recently these are also being considered as po-
tential candidates for spintronics.10 In fact, materials, when
encapsulated inside carbon nanotubes, show interesting
physical and structural properties that could be much differ-
ent than their bulk counterparts.'!-1?

Our previous high-pressure structural investigations on
iron-filled carbon nanotubes showed several remarkable fea-
tures of nanowires and the nanotubes.'? High-pressure struc-
tural studies showed that the filled mutiwalled carbon nano-
tubes, unlike pristine tubes, show sudden polygonization at a
pressure at which the interfacial part of the nanowires (Fe;C)
also underwent an isostructural phase transition. As both
transitions occur at the same pressure, the transformation
mechanism remained unclear. Also the compressibilities of
both components of the nanowires, viz. Fe;sC and «-Fe, are
found to be enhanced. So to understand the driving force and
the mechanism for these coincident phase transitions, it is
necessary to undertake careful studies on MWCNTs filled
with some other similar metals. Recently, single-crystalline
cobalt nanowires (having an aspect ratio ~100), encapsu-
lated in MWCNTs, have been synthesized by microwave
plasma chemical vapor deposition (MPCVD) technique.!® At
ambient conditions, facilitated by energy minimization, these
cobalt nanowires are found to have face-centered-cubic (fcc)
structure (B3 phase).!> Moreover, unlike Fe-filled MWNCTs,
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no interfacial carbide formation has been observed in these
tubes.

At ambient conditions, bulk cobalt is ferromagnetic and
exists in either the stable hcp phase or the metastable
(quenched) fcc phase.'* At high temperatures, hcp Co is
known to undergo a martensitic phase transition to the fcc
structure at around 695 K. At still higher temperatures it fur-
ther undergoes an isostructural phase transition to a paramag-
netic phase having a Curie temperature of 1400 K (Ref. 15).
At ambient temperatures, the hcp phase has been shown to
transform to the fcc phase between 105 and 150 GPa (Ref.
16). The first-principles calculations!>!¢ and density and
compressibility considerations suggest the high-pressure fcc
phase to be nonmagnetic, while the quenched high-
temperature fcc phase is expected to be magnetic.!” Recent
impulsive stimulated light scattering and Raman measure-
ments'® indicated an anomalous density dependence of the
aggregate elastic constants and of the E,, mode Griineisen
parameter at about 60 GPa, well below the pressure of phase
transition. Magnetoelastic coupling and a collapse of the
magnetic moment were suggested as possible causes for this
behavior. A high-pressure study on the metastable fcc struc-
ture showed that it fully transforms to the hcp phase by
24 GPa, though the starting pressure of transformation was
not determined.'” Obviously all these studies indicate a rich
variety of pressure-induced phenomena in cobalt, encourag-
ing similar studies on the nanocrystalline form of Co. How-
ever, to the best of our knowledge, no high-pressure studies
have so far been carried out on the nanocrystalline Co and
the present study on the encapsulated fcc Co is among the
first ones in this category. In this article we present the re-
sults of our high-pressure x-ray diffraction experiments on
cobalt-filled MWCNTs.

EXPERIMENTAL DETAILS

Cobalt-filled multiwalled carbon nanotubes were prepared
using cobalt nanoclusters as catalysts (generated through am-
monia plasma treatment) by microwave plasma chemical va-
por deposition technique. High-resolution TEM studies show
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FIG. 1. X-ray diffraction profiles of Co-filled MWCNTs at a few
representative pressures. For each profile the corresponding pres-
sure (in GPa) is indicated on the left-hand side. R represents the
diffraction profiles with decreasing pressure. The peak marked
MWCNT is the characteristic peak of the multiwalled carbon nano-
tubes associated with the average intershell distance. Indices
marked with Au are for gold (pressure calibrant), F for fcc phase, H
for hep phase, and W for tungsten. At 22 GPa, the arrows represent
the observed hcp peaks. The diffraction pattern on complete release
of pressure shows absence of fcc phase implying the irreversible
nature of fcc — hep transformation.

the presence of perfect single-crystalline nanowires encapsu-
lated inside multiwalled carbon nanotubes. The diameter of
the nanowires ranges from 6 to 20 nm and the length varies
between 0.29 and 0.9 um. The (111) planes of face-centered-
cubic cobalt are found to be inclined at an angle of 39.4°
with respect to the tube axis. More details of the method of
preparation and characterization are given in Ref. 13.

For the purpose of high-pressure experiments, cobalt-
filled MWCNTs along with a few particles of gold, were
loaded in a hole of ~120 wm diam drilled in a preindented
~70 wm tungsten gasket of a Mao-Bell kind of diamond-
anvil cell (DAC). Methanol: ethanol: water ~16:3:1 mix-
ture was used as pressure-transmitting medium which pro-
vides a hydrostatic pressure environment up to ~15 GPa.
The pressure was determined from the known equation of
state of gold.?® High-pressure angle dispersive x-ray diffrac-
tion experiments were carried out up to ~38 GPa at the 5.2R
(XRD1) beamline of Elettra synchrotron source with mono-
chromatized x rays (\=0.690 12 A). The diffraction patterns
were recorded using a MAR345 imaging plate detector kept
at a distance of ~21 cm from the sample. Two-dimensional
imaging plate records were transformed to one-dimensional
diffraction profiles by the radial integration of diffraction
rings using the FIT2D software.?!
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FIG. 2. Variation of the average intershell distance d,, with pres-
sure. Variation of dg, line of graphite (dashed line) is also plotted
for comparison.

RESULTS AND DISCUSSION

Figure 1 shows the diffraction patterns of Co-filled
MWNTs at a few representative pressures. Before we discuss
the behavior of nanocrystalline 8-Co, we focus on the results
of the MWCNTs. The diffraction peak observed at 26
=11.73° (marked as MWCNT) is the characteristic peak for
the multiwall carbon nanotubes representing the average in-
tershell distance. The observed value of average d, is 3.43 A
at ambient pressures and compares favorably with the values
reported by other investigators.?? Its difference from dy, of
graphite (3.353 A) may be interpreted as due to the curvature
of the tubes. The asymmetric line shape of the MWCNTs
diffraction peak can be due to a distribution of intershell
distances because d, is known to decrease with the radii of
the tubes.?? Therefore we identify d,, with the average inter-
shell separation. The value of d, was determined by fitting
the asymmetric line shape with a sum of Gaussian and
Lorentzian.?3 The variation of this intershell spacing d,, with
pressure is shown in Fig. 2. From the width of the MWCNT
Bragg peak and using Scherrer’s formula, we estimate the
total wall thickness of the MWCNT to be ~9 nm which
agrees well with the results obtained from TEM (Ref. 13). As
shown in Fig. 3, beyond 9 GPa the full width at half maxi-
mum (FWHM) of the MWCNT Bragg peak begins increas-
ing, a feature similar to what has been observed for the pris-
tine tubes by us and others.'>?* This has been ascribed to
partial disorder or heterogeneous deformation of the tubes. It
should be noted that the observed increase of the FWHM of
the MWCNT peak is not due to the nonhydrostatic stresses,
as can be inferred from the comparison of the FWHM of the
MWCNT peak with that of the gold pressure calibrant, also
given in Fig. 3. Moreover, unlike the iron-filled MWCNTs
(Ref. 12), no sharp change of the intershell separation was
observed in this case. When fitted to the one-dimensional
Murnaghan equation,”® we get B=50+3 GPa and B’
=5.5+0.7, which compares well with our earlier results on
iron-filled MWCNTSs (Ref. 12). Therefore, we can say that
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FIG. 3. Variation of the FWHM of the MWCNTSs’ diffraction
line for cobalt-filled MWCNTs. The linewidth for Au (220) is also
plotted for comparison. The increase in FWHM of the diffraction
peak of MWCNTs is apparent from the solid line drawn as a guide
to the eye.

the compressibilities of both iron-filled and cobalt-filled
tubes are quite similar. We should also point out that as the
intensity of the MWCNT diffraction peak reduces beyond
9 GPa, the errors in d) increase beyond this pressure.

At ambient conditions, the diffraction pattern in the 26
range of 15°-40°, can be very well analyzed with the help
of the Le—Bail profile fitting? in terms of three components,
viz., fcc Co (B phase), fcc Au (pressure calibrant), and bee-
tungsten (gasket) (WwR,=3%, R,=1.5%, x*=0.16). This is
shown in Fig. 4. From the width of the 8-Co peak and using
Scherrer’s formula we get the average diameter of the single-
crystalline cobalt nanowire to be ~10 nm, which compares
well with the TEM results.'® The refined unit-cell dimension
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FIG. 4. Le-Bail profile fitting of the diffraction pattern at ambi-
ent conditions. The diffraction pattern is fitted with three compo-
nents (fcc-Co, Au pressure calibrant, and tungsten gasket). Peaks
marked with F, Au, and W represent fcc (Co), gold, and tungsten
diffraction lines, respectively.
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FIG. 5. Variation of fractional abundance of fcc and hep phases
as a function of pressure.

of B-Co (space-group Fm3m) is determined to be
3.544+0.001 A compared to ~3.52 A of bulk B-Co (Ref.
19). At a pressure of ~9 GPa, fcc cobalt starts transforming
irreversibly to the hcp phase. Across the mixed phase region,
the relative abundances of the fcc and the hcp phases have
been obtained by the comparison of the integrated intensities
of the (200)¢.. and (101)y, peaks [after the normalization of
the diffraction patterns with respect to the (220) diffraction
peak of gold]. The variation of abundance of fcc and hcp
phases as a function of pressure is shown in Fig. 5. These
results show that this transformation is completed by
~15 GPa. The lattice parameters of the hcp phase near the
transition pressure (~9 GPa) are found to be a
=2.455+0.002 A and ¢=4.185+0.003 A, compared to the
values of bulk hcp Co at ~9 GPa, which are a=2.461 A and
¢=3.989 A (Ref. 16). The axial ratio c/a of the hcp phase at
9 GPa is found to be ~1.7,which is much larger than that of
the bulk metal, i.e., ~1.623 at ambient conditions.!®!° Some-
what larger values of lattice parameters of nanocrystalline
cobalt (of both phases) compared to bulk are consistent with
the general trend in most of the materials and are believed to
be due to the larger free surface in nanoparticles.”’ Figure 6
shows the pressure variation of lattice constants of both fcc
and hcp phases. Variation of c¢/a as a function of pressure is
plotted as an inset in Fig. 6. For comparison, the theoretical
variations deduced from the first-principles full potential
linear-muffin-tin orbital (LMTO) calculations of Yoo et al.'®
are also shown. The axial ratio (c/a) decreases with pressure
and around 27 GPa, the variation of axial ratio becomes
similar to the theoretical estimates and is close to the value
of the ideal hcp structure.

Pressure-volume behavior of the encapsulated nano-Co is
shown in Fig. 7, which shows that the transformation is
weakly first order, associated with a volume change of
~1.2%, consistent with the displacive mechanism available
for fce-hep transformation.”® Comparisons of V,, at ambient
conditions (Vy.=11.18 A3, Vo-hep=11.09 A3 —extrapolated
for hep) indicates that hcp may be a slightly denser phase,
suggesting fcc to be metastable even when in nanocrystalline
form. Theoretical variation of volume with pressure, as given
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FIG. 6. Variation of lattice parameters for the fcc and hep phases
as a function of pressure. The filled circles represent data for the fcc
phase. For the hcp phase, the data on increase of pressure are rep-
resented by open symbols (circles for apep and squares for chcp)
while the corresponding crossed symbols denote data on release of
pressure. Variation of ¢/a as a function of pressure is plotted as an
inset. For this, the filled circles represent the present data and the
best fit is shown by the solid line. Experimental results for the hcp
phase (bulk), shown as open circles, are from Ref. 16. The dashed
flat line represents the theoretical variation of ¢/a from Ref. 15.

in Ref. 15, is also shown in this figure. Our results show that
beyond ~15 GPa for the hcp phase, the experimental varia-
tion of volume with pressure is somewhat larger than the
theoretical predictions. The comparison for the fcc phase is
an extrapolation of the theoretical estimates obtained at
higher pressures.!® The observed pressure variation in this
phase is also found to be slightly larger than the theoretical
predictions. Fit of experimental P.V. results to the Mur-
naghan equation of state® for the fcc phase gives, B
=224+5 GPa with B'=3.6+1 (for the Vinet equation of
state?® B=223.7+4 GPa with B’=3.6+1). These results are
in agreement of the values determined by Yoo et al.'® for the
fcc phase observed beyond 105 GPa (B=224 GPa), differing
somewhat from the results of Ref. 19 which gave B
=199 GPa. However, it should be pointed out that the results
of Ref. 18 were essentially derived from only one fcc (200)
peak and may be limited in accuracy. These results are in
contrast with our earlier observations of enhancement in
compressibility of the encapsulated nanocrystalline a-Fe and
Fe;C compared to bulk. For the hcp phase, our experimental
results give B=215+10 GPa with B’=1.6+0.4 (Vinet equa-
tion of state gives B=219+11 GPa with B’ =1), i.e., its bulk
modulus is somewhat higher than determined earlier, i.e.,
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FIG. 7. Variation of V/V, as a function of pressure for fcc and
hep phases. Filled circles represent the data for the fcc phase. For
the hep phase, the open circles and cross signs (+) represent data on
increase and decrease of pressure, respectively. As the V/V,, varia-
tions for the fcc and hep phases are too close, these are artificially
shifted with respect to each other by representing these on the left
and right vertical scales. The solid lines are the fits to the third-order
Birch-Murnaghan equation of state. The dotted and dashed lines are
the theoretical curves for the fcc and hep phases, respectively (from
Ref. 15; for the fcc phase the curve is an extrapolation to lower
pressures).

199 GPa (Ref. 19). The explanation of this behavior needs
further experimental work.

In summary, the nanowires of cobalt formed in the
MWCNTSs, existing in the B (fcc) phase at ambient condi-
tions, undergo an irreversible transformation to the hcp phase
at ~9 GPa. The irreversibility of the transformation is un-
derstandable in terms of metastability of the fcc phase at
ambient conditions. In contrast to the iron-filled carbon
nanotubes, the cobalt nanowires are not found to be more
compressible compared to the bulk. Also unlike Fe-filled
tubes, the Co-filled carbon nanotubes do not show any abrupt
reduction in intershell separation and show only partial re-
versible amorphization beyond ~9 GPa. This suggests that
sudden compaction observed in Fe-filled MWCNTs may be
due to the phase transition observed in Fe;C in that system.
In this context, it is interesting to note that recent x-ray mag-
netic circular dichroism studies indicate that nanoparticles of
Fe;C undergo a high moment to low moment transition
around 10 GPa (Ref. 30).
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