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The high-pressure behavior of Ni-filled and Fe-filled multiwalled carbon nanotubes has been investigated
up to 27 GPa and 19 GPa, respectively, with the help of synchrotron-based angle-dispersive X-ray diffrac-
tion. These nanotubes do not show any structural transformation up to the highest pressures studied. These
results are similar to that of Co-filled nanotubes [1], but are in sharp contrast to the earlier results on Fe-
filled tubes [2], where the tubes were found to undergo a sudden collapse of intertube separation. Our pre-
sent observations suggest that the occurrence of an isostructural phase transition in Fe,C, observed in our
earlier study, may be responsible for the structural transition in nanotubes in that case.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Due to the possibilities of substantially different behavior compared to the bulk, the studies of nanocrys-
talline materials under high pressures are of considerable current interest. Nanocrystalline CdSe, Si,
Al,0O; and Fe show pressure-induced structural phase transitions, some of which are different from the
bulk [3—6]. Even when the transformations are same, the pressures at which structural changes occur can
be quite different from that in the bulk [3—7]. For example, the diamond to beta-tin phase change in
silicon nanorods occurs at much lower pressures than in bulk [7]. On the other hand, an increase in the
transformation pressure has been observed in the case of spherical Si nanoparticles [3, 6].

There is another class of nanosystems that are quite interesting due to their unique features, i.e. nano-
tubes and nanowires. In particular, due to the high mechanical strength and ballistic electronic conduc-
tion, carbon nanotubes are beginning to find several uses such as for scanning probes [8], electronic
transistors [9, 10], field-emitting devices and energy storage [11, 12]. Nanotubes can also be filled with
biological molecules, raising the possibility of applications in biotechnology [13]. Encapsulation of vari-
ous metals in multiwalled carbon nanotubes (MWCNTs) is being used to study the physical properties of
nanowires and nanoparticles of these metals [14—16]. Transition-metal nanowires, encapsulated inside
the multiwalled carbon nanotubes are promising materials for use in nanodevices, in the magnetic stor-
age industry and for spintronics materials [17]. Several interesting results have been obtained on filled
MWCNTs. For example, Fe-filled MWCNTs were shown to behave as a one-dimensional exchange-
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coupled ferromagnetic system [16]. Recently, Sun et al. [18] have shown that controlled irradiation
of MWCNTs can cause large pressure buildup within the nanotube cores that can plastically deform,
extrude and even break the solid materials encapsulated inside the core. With the help of atomistic
simulations they also showed that the internal pressure inside nanotubes may be as large as 40 GPa.
The electron-irradiation studies on multishell fullerene clusters (carbon onions) encapsulating iron
nanocrystals demonstrated the formation of Fe,C (cementite) in the core of the cluster. They have argued
that the formation of Fe;C in these spherical nanoencapsulates may be due to high pressure,
mobile carbon interstitial atoms and the irradiation-induced lowering of kinetic barrier [19]. A useful
review of high-pressure studies on nanomaterials, including nanotubes has been given by San-Miguel
[20].

Our previous high pressure structural investigations on iron-filled carbon nanotubes showed several
interesting results [2]. In particular, these studies showed that the filled nanotubes, unlike pristine tubes,
show sudden collapse of the tubes’ cross section (probable polygonization) at a pressure where the inter-
facial part of the nanowires, i.e. Fe;C undergoes an isostructural phase transition. Due to the coincident
nature of these transformations, the driving mechanism remained unclear. In addition, the compressibili-
ties of both the components of the nanowires (Fe and Fe;C) were found to be higher than the bulk coun-
terparts. In contrast to this, our recent high-pressure structural studies on cobalt-filled multiwalled carbon
nanotubes [1] did not show any phase transition in the MWCNTSs up to the highest pressure (~40 GPa).
However, the cobalt nanowires encapsulated in the multiwalled carbon nanotubes showed a phase transi-
tion from fcc to hep phase at ~9 GPa [1]. In order to gain a further understanding of the high-pressure
behavior of encapsulated metals and nanotubes, more studies of such systems would be useful. Recently,
single-crystalline nickel and iron nanowires (having aspect ratios ~100), encapsulated in MWCNTs,
have been synthesized by the MPCVD technique [21]. In comparison with the metal-filled tubes made
through the pyrolysis method [2], the tubes made using MPCVD and used in the present investigation (as
also are Co-filled nanotubes) do not have an interfacial carbide layer [21]. We present here the results of
our high-pressure synchrotron-based angle-dispersive X-ray diffraction measurements on these Ni- and
Fe-filled tubes.

2 Experimental details

Nickel-filled (Fe-filled) multiwalled carbon nanotubes were prepared from nickel (iron) nanoclusters,
formed by the ammonia plasma treatment of the electroplated nickel (iron), using microwave plasma
chemical vapor deposition (MPCVD) method. These nanowires were characterized using X-ray diffrac-
tion and high-resolution TEM (HRTEM). Ni-filled tubes were estimated to have a filling factor of
40—-50%, while Fe filled tubes were comparatively less filled (15—-20%). Encapsulated metallic
nanowires are found to be single crystalline in nature, with crystallographic planes inclined at specific
angles with respect to the tube axis so as to minimize elastic deformation energies [21]. Moreover, no
interfacial carbide formation has been observed in these tubes. More details of the method of preparation
and characterization are given in Ref. [21].

For the high-pressure experiments nickel-filled or Fe-filled MWCNTSs were loaded along with a few
particles of copper, in a hole of ~120 um diameter drilled in a pre-indented ~70 um tungsten gasket of a
Mao—Bell-type diamond-anvil cell (DAC). Methanol: ethanol: water mixture (16:3:1) was used as pres-
sure-transmitting medium, which provides hydrostatic pressure environment up to ~15 GPa [22]. The
pressure was determined from the known equation of state of copper [23]. High-pressure angle-
dispersive X-ray-diffraction experiments were carried out at the 5.2R (XRDI1) beamline of the Elettra
synchrotron source with monochromatized X-rays (1= 0.6888 A in the case of Ni-filled and 0.64927 A
in the case of Fe-filled samples). The diffraction patterns were recorded using a MAR345 imaging plate
detector kept at a distance of ~20 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 [24].
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3 Results and discussion

Figure 1 shows the angle-dispersive X-ray diffraction patterns of nickel nanowires encapsulated in the
multiwalled carbon nanotubes at a few representative pressures. The diffraction peak observed at
260 =11.72° (marked as MWCNTs) is the characteristic peak for the multiwalled carbon nanotubes rep-
resenting the average intertube separation. Similarly, Fig. 2 shows the X-ray diffraction patterns of iron-
filled MWCNTs at a few representative pressures. Here, at the lowest pressure, a diffraction peak due to
MWCNTs is observed at ~11.06°. As the intertube separation is known to decrease with increasing
diameter [25], the asymmetric line shape of the diffraction peak of MWNCTs may be due to a distribu-
tion of intershell distances in the MWCNTSs. The average d, was determined by fitting the asymmetric
line shape with a sum of a Gaussian and a Lorentzian. At ambient pressures, the deduced value of the
average intershell spacing (d,) is 3.37 A, which is same as the earlier reported values for the pristine
MWCNTSs (d, =3.37 A) [25]. However, it is slightly smaller than the values reported earlier for iron-
filled (3.42 A) and cobalt-filled MWCNTs (3.43 A) [1, 2]. This may be due to the larger inner diameter
of the multiwalled tubes in this study, as has been verified by TEM results [21]. The variation of the
intertube spacing d|, (for both Ni-filled and Fe-filled tubes) with pressure is shown in Fig. 3. This figure
does not display any sudden change in the pressure variation of the intertube separation. This is similar
to the results of the Co-filled tubes [1], but is quite unlike the results of our previous study on Fe-filled
carbon nanotubes where intertube separation was found to decrease abruptly at ~9 GPa [2]. As men-
tioned above, the Fe-filled MWCNTSs used in the present study have been synthesized by the MPCVD
technique and do not have the interfacial Fe;C present in our earlier tubes. It is interesting to note that
very recently high-pressure X-ray magnetic circular dichroism (XMCD) studies on Fe;C nanoparticles

J MMJ

0.2GPa(R)
26.7GPa

18.6GPa

Intensity (arbitrary unit)

Intensity (arbitrary unit)

4.7GPag °
S
os6Pa =@
10 15 20 25 30 35 40

Fig.1 X-ray diffraction patterns of Ni-filled Fig.2 X-ray diffraction patterns of Fe-filled

MWCNTs at a few representative pressures. First peak
denoted by MWCNT is the characteristic peak of
multiwalled carbon nanotubes. W and Cu represent the
diffraction peaks from the tungsten gasket and copper
pressure calibrant, respectively.

www.pss-b.com

MWCNTs at a few representative pressures. First peak
denoted by MWCNT is the characteristic peak of
multiwalled carbon nanotubes. W and Cu represent
the diffraction peaks from the tungsten gasket and
copper pressure calibrant, respectively.
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have shown high moment to low moment transition at ~10 GPa [26]. Although so far no structural inves-
tigation is reported on unencapsulated nanocrystalline Fe,C, our previous studies on Fe-filled nanotubes
[2] showed that Fe,C in the nanowires undergoes an isostructural transition at ~9 GPa. Therefore, the
sudden collapse in the intertube separation in our previous study on Fe-filled MWCNT might have been
triggered by the isostructural phase transformation of the nanocrystalline interfacial Fe,C, which was
also associated with a reduction in the compressibility.

From the width (FWHM) of the Bragg peak of MWCNTs and using Scherrer’s formula, we estimate
the total wall thickness of the MWNCT to be ~10 nm, which agrees well with the results of TEM studies
[21]. Figure 4 shows that the peak width of Ni- and Fe-filled MWCNTs increases sharply beyond 9 GPa,
a feature similar to what has been observed earlier in the pristine tubes [2, 27]. As the width of the cop-
per pressure calibrant (also given in Fig. 4) hardly changes up to ~27 GPa, it is reasonable to assume that
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Table 1 Comparison of B, and B’ of encapsulating and pristine multiwalled carbon nanotubes with that

of graphite.
B, (GPa) B

graphite 35.7 10.8 [29]
Ni-filled MWCNT 33.1+£5 10.3 £ 1.4 [present study]
Fe-filled MWCNT 35+2 10.2 [present study]
Fe-filled MWCNT 49.3 8.1[2]

(having interfacial Fe;C)
Co-filled MWCNT 50+3 5.5+0.7[1]
pristine MWCNT 40.1£3 10.8 [28]

the observed sharp increase of the width of MWCNTs diffraction peak is not due to the nonhydrostatic
stresses. Therefore, this change may be ascribed to the partial disorder or heterogeneous deformation of
the tubes, as speculated earlier [27]. The higher slope of increase of FWHM of Fe filled tubes, compared
to that of Ni-filled tubes, may be due to less filling of those tubes. This is supported by the observation
that this is intermediate between those of Ni-filled and pristine MWCNTSs [28].

The pressure-induced compression of nickel-filled and iron-filled MWCNTSs when fitted to the one-
dimensional Murnaghan equation [29]

{51

gives By =33.1+ 5 GPa, B'=10.3 + 1.4 and B, =35+ 2 GPa, B’ = 10.2, respectively. These values differ
significantly from the results of earlier iron-filled [2], cobalt-filled MWCNTs [1], and pristine MWCNTs
for which B;=49.3 GPa, B'=8.1 and B,=50+3 GPa, B'=55+0.7 and B,=40.1+3 GPa and
B’ =10.8 [27], respectively. However, for Ni-filled MWCNTs, the results are very close to the values for
the linear moduli along the c-axis of graphite (B, = 35.7 GPa and B’ = 10.8) [29]. This is understandable,
as the diameter of the innermost tube in the present case is larger than the earlier cases, supporting a
more graphite-like behavior. For easy comparison these values have been tabulated in Table 1. We
should also mention here that as the intensity of MWCNT diffraction peaks reduces beyond ~10 GPa,
the errors in d|, increase beyond this pressure.

The absence of either vanishing or appearance of any diffraction line in the diffraction pattern shown
in Fig. 1, implies that the encapsulated Ni does not undergo any phase transition up to the highest pres-
sure in this experiment, i.e. 27 GPa. The pressure-induced variation in the lattice parameter was deter-
mined by analyzing the diffraction patterns with the help of Le—Bail profile fitting [30]. In the case
of Ni-filled tubes, multiphase analysis was performed incorporating three phases, viz., fcc-nickel, fcc-
copper and bee-tungsten. At ambient conditions, the lattice parameter of nickel nanowires encapsulated

Table 2 Comparison of B, and B’ of bulk, nanocrystalline and encapsulated Ni-nanowires.

B, (GPa) B’
bulk Ni 161 £ 11 7.5+1[4]

180 4 (fixed) [4]

177 +2 4 (fixed) [38]
nanocrystalline Ni 185.4+ 10 4 (fixed) [4]

161 +3 4 (fixed) [38]
encapsulated Ni nanowire 179.8 +£24.7 5.3 + 3.1 (present study)

1904+ 4 4 (fixed) (present study)
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in the MWCNTs is found to be 3.527 A, compared to the value of 3.52 A in bulk. A slightly higher value
of the lattice parameters is a common feature of all nanoparticles [31]. The variation of the unit-cell
volume with pressure is shown in Fig. 5. The P—V behavior of encapsulated nickel when fitted to the
Birch—-Murnaghan equation of state [32], gives B, = 179.8 £ 24.7 GPa and B’ =5.3 + 3.1. However, the
bulk modulus obtained by constraining the B’ to 4, yields B, = 190.4 + 4. These results are consistent
with those of an earlier high-pressure (energy dispersive) X-ray diffraction study on nanocrystalline
nickel [4], where no phase transition was observed up to 55 GPa (the highest pressure in that experiment)
and the bulk modulus was found to be B, = 185.4+ 10 GPa with B’ constrained to be 4. For the bulk
nickel, the bulk modulus is known to be = 161 + 11 GPa with a B =7.5 + 1 [4]. And if B’ is constrained
to 4, the fitted bulk modulus was found to be 180 GPa [4]. So the compressibility of nanostructured
nickel encapsulated within nanotubes is found to be comparable to that of the bulk. Also, the high-
pressure behavior of nickel nanowires is found to be similar to the behavior of nanocrystalline Ni studied
earlier (particle size of 20 nm). Table 2 gives the comparison between B, and B’ of nickel nanowires,
nanocrystalline nickel and the bulk.

In the case of Fe-filled MWCNTs, each diffraction pattern consists of the Bragg peaks due
to MWCNTs (at ~11.06°), bee-iron, fce-Cu and bee-W. An additional feature (a few diffraction spots at
d-spacing = 2.31 A, shown by the asterisk (*) in the diffraction pattern of Fig. 2) was found to appear
at ~5 GPa. With increasing pressure this evolved into a full diffraction ring that merged with the tung-
sten gasket peak at ~10 GPa. The source of this behavior remains unclear at the moment. We have tried
to fit the diffraction pattern at ~5 GPa with the known structures of iron (viz., hcp, fce, orthorhombic
and dhcp) or that of iron compounds such as Fe,O; or Fe,C, etc. However, none of these explains
the emergence of this new diffraction peak. As mentioned earlier, it is interesting to note that this kind

Table 3 Comparison of B, and B’ of bulk, and encapsulated Fe nanowires (for nanocrystalline Fe, the
bulk modulus for a-phase has not been reported so far).

B (GPa) B’
bulk Fe 162.5 5.5[37]
encapsulated Fe nanowire 89.7 20 [2]
(with interfacial Fe;C)
encapsulate Fe nanowire 167 GPa 8.5 (present study)
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24 Fig. 6 Variation of unit-cell volume of encapsulated iron as a
function of pressure. Solid line is the fit to the Birch—
Murnaghan (BM) equation of state.
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of new feature was not observed in Ni-filled MWCNTs. The lattice constant of the bce iron is found
to be ~2.875 A. Like our previous studies [2], encapsulated Fe in this study also does not undergo
any structural transition up to the highest pressure of this study (~19 GPa). In contrast, bulk and
bare nanocrystalline iron undergoes a bcc—hep transition in the pressure range of 10—14 GPa [33, 34].
One may speculate that this displacive phase transition may be suppressed because of the one-to-one
matching of the carbon atoms of nanotubes with crystallographic planes of bce Fe, as in Co and Ni
[35]. As the bee to hep transformation requires compression along the [001] and shearing of (110) layers
along [110] direction in the bee phase [36], this transformation is likely to increase the elastic energy of
the coupled system of nanotubes and Fe. Figure 6 shows pressure versus unit-cell volume for the
bee iron, which, when fitted to the Birch—Murnaghan equation of state, gives B,= 167 GPa and
B’ = 8.5, which shows that the bulk modulus of encapsulated bcc-iron is similar to that of bulk iron (Ta-
ble 3) [37].

To summarize, both Ni-filled and Fe-filled multiwalled carbon nanotubes do not undergo any
first-order pressure-induced structural transformation in the pressure range of present investigations. The
pressure-induced variation in the intertube separation is found to be comparable to that of graphite. En-
capsulated Ni does not undergo any structural transition up to 27 GPa. Even the encapsulated Fe does not
undergo the expected bee—hep structural transitions up to 19 GPa. The observed bulk moduli for Ni and
Fe are found to be comparable to that of the bulk counterpart.
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