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ABSTRACT

This study examines the high-pressure structural properties of nanocrystalline Fe confined by single-walled carbon nanohorns (SWCNHs)
and SWCNHs (filled with Fe nanoparticles) named Fe-filled SWCNHSs up to a pressure of 21.8 GPa. In detail, the Fe-filled SWCNHs did
not undergo a special structural transformation at up to 21.8 GPa, except the partial irreversible amorphization of graphene sheets forming
the core part above ~18 GPa. Cubic Fe (bcc Fe) and Fe;O, coexisted simultaneously in the Fe-filled SWCNHs. The Fe encapsulated by the
SWCNH underwent a reversible transformation from bcc Fe to a hexagonal Fe (hcp Fe) at 11.7 GPa and reversed to bce Fe at 6.2 GPa with
a width of the domain of coexistence of bce hep of the order of 5 GPa. Due to the effect of the special tubular confinement of the SWCNHs,
the high-pressure behavior of Fe confined by them exhibited a sharp contrast to that of Fe confined by carbon nanotubes. In comparison to
the bulk bec Fe, hep Fe, and Fe;0,, these nanocrystallines confined by SWCNHs had higher compressibility than their bulk phases. Fe;O0,
did not exhibit any phase transformation until 21.8 GPa, where this was similar to the results of bulk Fe;O,.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0074420

I. INTRODUCTION
The encapsulation of various nanometal crystals in carbon
nanotubes (CNTs) and single-walled carbon nanohorns

(SWCNHs) has been widely studied under a high hydrostatic pres-
sure. This is because new and unique physical properties and phase
transformations emerge on these nanometal crystals and the host
CNTs/SWCNHs.' ™ For example, several remarkable features and
interesting results have been obtained on Fe-filled CNTs. Karmakar
et al. showed that phases of cubic Fe (bcc Fe) and Fe;C confined by
multi-walled CNTs (MWCNTs) have higher compressibility than
their bulk phases.” The phase transformation from bcc to hep in
bec Fe does not occur up to a pressure of 20 GPa. Iso-structural

phase transitions occur in MWCNTs and Fe;C confined by
MWCNTs but do not occur in bulk Fe;C and pristine MWCNTs.
They used these results to show that bcc Fe-filled MWCNTSs
without Fe;C do not exhibit any structural transformation up to a
pressure of 9 GPa.” Although the bulk modulus of the encapsulated
bec Fe is similar to that of bulk Fe, bcc Fe confined by MWCNTs
does not undergo a phase transformation until 19 GPa. However,
previous reports™ have shown that bulk and bare nanocrystalline
Fe can undergo the transformation from bcc to hep in the range of
pressure from 10 to 14 GPa. And hcp Fe can transform back to bece
Fe below 11.9 GPa. The explanations offered for these behaviors of
Fe-filled CNTs are not yet clear. More research on such systems is
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needed to gain further insight into the high-pressure behavior of Fe
encapsulated by nanocarbon materials.

SWCNHs have more remarkable structures than CNTs even
though they are nanotubular. Through their self-assembling mech-
anism, thousands of cylindrical nanotubulars are formed at spheri-
cal SWCNHs with a “dahlia-like” feature.” The core of the
SWCNHs is composed of disordered graphene sheets.” According
to our previous report, SWCNHs exhibit phase transition behaviors
that are similar to those of single-walled CNTs in terms of their
high-pressure Raman spectra and x-ray diffraction (XRD) under
20 GPa.'™'" The nanocrystalline confined by the SWCNH shows
many unique phase transitions and characteristics that are not
observed in CNTs. Urita et al. discovered that the high-pressure
phase structure of KI encapsulated by SWCNHs can undergo spon-
taneous growth from B1 to B2 owing to the tubular confinement of
the SWCNHs.'> On the contrary, bulk solid KI requires a pressure
higher than 1.9 GPa for the phase transition from B1 to B2. Li et al.
reported that orthorhombic sulfur confined by SWCNHs exhibit
different behaviors from that of bulk sulfur under high pressure
caused by the confinement effect of SWCNHs.” Fe nanoparticles
encapsulated by CNHs can be synthesized by one-step arc discharge
in liquid nitrogen according to Sano’s reports."” Fe-filled SWCNHs
have attracted considerable attention in catalytic activity for the ester-
ification of palmitic acid.'* Thus, it is important to determine the
behaviors and phase transformations of nanocrystalline-Fe confined
by SWCNHs in contrast to that of Fe-filled CNTs. However, few
experimental reports on nanocrystalline Fe confined by SWCNHs
have been published.

In this study, we focus on the high-pressure behavior of
Fe-filled SWCNHs produced by the one-step arc-discharge
method”’ to investigate the components, phase transitions, bulk
moduli, and directions of deformation of crystalline Fe by using
transmission electron microscopy (TEM), x-ray photoelectron spec-
troscopy (XPS), and synchrotron-based angle-dispersive x-ray dif-
fraction (XRD) with the help of the Rietveld analysis using GSAS
software. The unique characteristics of the phase transitions
revealed by these analyses are reported.

Il. EXPERIMENTAL DETAILS

Fe-filled SWCNHs were produced by using N, gas in the
arc-in-water method based on the reports by Sano et al.'>'* A hole
(I mm diameter, 60 mm depth) was drilled axially in a graphite rod
used as an anode (6.1 mm) into which an Fe wire with a diameter
of 0.8 mm was inserted. The arc discharge was generated at 100 A
between the anode and a holey graphite cathode (10 mm, hole
diameter, 25 mm, hole depth) submerged in water through the
injection of N, gas (81/min).

We characterized the morphologies of all samples by using
a high-resolution transmission electron microscope (HRTEM)
(JEOL, JEM-2010F). X-ray photoelectron spectroscopy (XPS,
Shimadzu, Ultra DLD) was used to analyze the elements and struc-
tures. The peak of Cl1 s was defined at 284.6eV as the internal
standard. An XRD (Rigaku, RINT2100) with Cu-Ka radiation at a
power of 40 kV and current of 40 mA was used to obtain the phase
and crystal structure of the samples.

ARTICLE scitation.org/journalljap

The high-pressure structural transformations of the SWCNHs
were performed by using the diamond anvil cell (DAC) technique
combined with in situ synchrotron-based radiation x-ray diffraction
(XRD). A DAC device with a size of the diamond culet of 500 um
was used to generate pressures of ~21.8GPa. The 4W2
High-Pressure Station of the Beijing Synchrotron Radiation Facility
in China was used to perform the high-pressure XRD experiments.
Monochromatic radiation at 0.6199 A with a spot of size
10 x 31 um* was used to collect the data. Two-dimensional imaging
plate records were transformed to one-dimensional diffraction pro-
files by the radial integration of diffraction rings using FIT2D soft-
ware."” Le-Bail profile fitting in GSAS software was used to
examine pressure-induced variations in the lattice parameters.'®

lll. RESULTS AND DISCUSSION

A typical TEM image of the Fe-filled SWCNHs is shown in
Fig. 1(a). The peripheral SWCNH aggregates were composed of a
large number of individual CNHs and have “dahlia-like” structures
with a diameter of 40-50 nm. As shown in Fig. 1(c), each cylindri-
cal nanotubular unit consisted of a cone-shaped tip with a cone
angle of ~20° and a diameter of 2-5nm. In addition, we can see
that the nanocrystalline Fe was wrapped in the individual CNHs. It
should be noted that the pentagonal and heptagonal defects are the
indispensable condition to form the cone-shaped tip. Figure 1(d)
shows a schematic illustration of individual CNHs filled with Fe
nanoparticles with cone-shaped tips distributed pentagons and
heptagons. Actually, some Fe nanoparticles are wrapped by nano-
tubular units [in Fig. 1(g)] and graphite layers [in Fig. 1(g)] sur-
rounded by nanotubular units. As a result, we can see that the
structure of Fe confined by SWCNHs has a big difference from the
structure of Fe confined by CNTs. The diameter of the Fe particles
was mainly concentrated in the range of 2-7 nm (by measuring
over 500 particles) [in Fig. 1(b)]. Figures 1(e) and 1(f) show
HRTEM images of the Fe nanocrystal. The lattice spacings of 0.252
and 0.202 nm corresponded to the (311) interplanar distances of
Fe;0, and the (110) interplanar distances of bcc Fe, respectively.

The XRD pattern of the Fe-filled SWCNHs under ambient
conditions is depicted in Fig. 2. The patterns of the Pnma space
group of Fe;C, the Fd3m space group of Fe;O,, and the Im3m
space group of bce Fe can be indexed on this pattern. Although the
two strongest peaks of Fe;C were clearly observed in the XRD pat-
terns, they were difficult to distinguish because the peaks of Fe;C
were very close to those of graphite and bcc Fe. Furthermore, the
lattice spacing of Fe;C could be barely observed in the HRTEM
images. Therefore, the existence and the content of Fe;C are
needed to be further confirmed by XPS and other analyses. The
d-spacings of the bcc Fe and Fe;0, as calculated by the XRD pat-
terns were similar to those obtained from observations of the
HRTEM images.

Figure 3(a) shows three major peaks of the Fe-filled SWCNHs
at ~284.5, 532.7, and ~710.0 eV denoted by Cls, Ols, and Fe 2p,
respectively.l’*’18 Oxygen was present for two reasons: the exposure
of the samples to air and the process of arc discharge from the
boiling water. In our experiments, the high-resolution spectra of
the 2p peak of Fe were fitted into six components centered at 706.9,
707.8, 710.1, 711.5, 719.1, and 720.2 eV [see Fig. 2(b)], which were
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FIG. 1. (a) Typical morphology of Fe-filled SWCNHs. (b) The size distribution of the nanocrystalline Fe. (c) The HRTEM image of Fe confined by individual CNHs. (d)
Schematic illustration of Fe-filed CNHs. (e) and (f) Lattice fringes of Fe confined by SWCNHs showing the d-spacing of nanocrystalline Fe. (g) and (h) HRTEM images of
Fe confined by SWCNH:s.

19,20,21

assigned to Fe®™, Fe;C, iron oxide Fe2ps;,, and iron Fe2p,,,
suggesting that Fe, Fe;C, and iron oxide were produced simultane-
ously during arc discharge. The relative ratios of Fe and iron oxide
were 52% and 47%, respectively, and the Fe;C phase constituted

. Fe-filled SWCNHs

Graphite (reference)
a-Fe (reference)

Fe,C (reference)
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Intensity (arb. units)
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FIG. 2. The XRD results of Fe-filled SWCNHSs in ambient conditions.

less than 1%. These results are consistent with those analyzed by
the Rietveld refinement using GSAS software on the results of the
synchrotron and are explained below.

The high-pressure behaviors of nanocrystalline Fe confined by
the SWCNHs at a few representative pressures are presented by its
x-ray diffraction patterns in Fig. 4. It should be noted that the syn-
chrotron x-ray diffraction patterns became much wider owing to
the smaller particle size under high pressure. With increasing pres-
sure, the 20 degrees of the nanocrystalline Fe tended to up-shift,
suggesting that its d-spacings had decreased under high hydrostatic
pressure. Up to 11.7 GPa, two new synchrotron x-ray diffraction
peaks for hcp Fe appeared at (101) and (102), indicating that the
nanocrystalline bee Fe had begun to transform into hcp Fe.

To confirm the accuracy of the overall results, the profile anal-
ysis is provided here using the Le-Bail profile.”” The ambient pres-
sure pattern (Fig. 5) was indexed on the primitive bcc Fe and
Fe;0, unit cells with Im3m and Fd3m space groups, respectively.
The x-ray diffraction pattern recorded at 11.7 GPa (Fig. 5) matched
the hexagonal structure obtained using the space group P6;/mmc
(194). The values of the weighted profile factor (R,,), expected
profile factor (Rey), and reduced chi-square (x*) were 8%, 10%,
and 1.3 for 0.07GPa and 10%, 9%, and 1.8 for 11.7 GPa,
respectively.

In the stage where bcc Fe and hcp Fe coexisted, the XRD
peaks of the remaining bcc Fe widened drastically and weakened in
intensity when hcp Fe appeared, indicating that the transformed
zones had also induced a large plastic deformation on the
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FIG. 3. (a) XPS spectrum of Fe-filled SWCNHSs. (b) The high resolution peak for Fe 2p.

remaining, untransformed bcc Fe. The phase of hcp Fe persisted
until 21.8 GPa, the highest pressure considered in this study. Note
that bec Fe confined by the SWCNHs underwent a phase transfor-
mation from bcc to hcp above 11.7 GPa, different from the Fe con-
fined by CNTs that did not undergo any phase transition until
20 GPa.™” Upon decompression, the diffraction patterns of hcp
completely disappeared at 6.2 GPa while those of bcc Fe

1 1 " 1 n 1 1 1

i /AN J\ Release 0 GPa A-
5 /\ TR Release 6.2 GPa_"\_|
g AX A A\__21.8GPa M|
£ P AN 18acpa A\
- V= = =
2 /\ = 1mzepa S|
(2]
é ] Fil 7.9 GPa /L-
B Fi J\/\/\_ 4.5 GPa /\_
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2 0 (degrees)

FIG. 4. The synchrotron x-ray diffraction patterns of nanocrystalline Fe confined
by SWCNHs at a few representative pressures (b for the bcc phase; h for the
hcp phase). The peaks around at 17° maybe aroused by graphite carbon. At
0.07 GPa, the planes of (311) and (440) represent Fe;04, and that of (110) rep-
resents the bce Fe. At 11.7 GPa, the arrows represent the peak of hcp Fe.

reappeared, implying the reversible nature of hcp-to-bec transfor-
mation. It should be noted that the pressures of the transitions
from bec to hep and from hcp to bec were not performed with
high precision because the measurements were carried over incre-
ments in pressure.

The synchrotron XRD patterns and the profile analysis imply
that the encapsulated Fe;O, did not undergo any phase transition
up to the highest pressure in our experiment, where this is similar
to the results for bulk Fe;O,.”””* Furthermore, under hydrostatic

O Experimental
— Fitted
Difference

Intensity (arb. units)

R~ 47,
NS WA W g N WA e AN

FIG. 5. The XRD patterns of Fe-filled SWCNHs at 0.07 and 11.7 GPa using
Rietveld fitting.
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FIG. 6. Volume compression V/V, of nanocrystalline of (a) bcc Fe and hep Fe confined by SWCNHs and (b) Fe;O4 confined by SWCNHs. The experimental data for
hydrostatic compression are represented by the filled symbols while the open symbols represent data taken upon decompression. The red lines are fitted by the Birch—

Murnaghan equation. Vj is the reference volume and V is the deformed volume.

pressure, the d-spacing of the (440) plane decreased more rapidly
than that of the (311) plane, suggesting that deformation along the
direction of the (440) plane occurred more easily than that along
the (311) plane.

The pressure-induced variation in the parameters of the
lattice was obtained by analyzing the synchrotron diffraction
patterns with the help of Le-Bail profile fitting.”” To ensure the
accuracy of the results, we also used the pressure dependencies
of the d-spacing to calculate the lattice parameters and obtained
similar to those of Le-Bail profile fitting. The pressure-volume
(P-V) behaviors of Fe confined by the SWCNHs are shown in
Fig. 6(a). When they were fitted to the Murnaghan equation of
state,””® we obtained the bulk modulus By=153+25GPa
and the derivative of the bulk modulus By’ =22.6 + 10. These
results indicate that the compressibility of bcc Fe in the nano-
crystalline form was slightly larger than that of bulk bcc Fe
(B =162.5 GPa).”” With respect to the phase of hcp Fe, By and
By’ had values of 163 +27 GPa and 33 + 15, respectively, in the
experimental results. Its bulk modulus was smaller than that had
been determined earlier (Bo=219+11GPa with By =1).°
The high-pressure behavior of nanocrystalline Fe;O, confined
by SWCNHs was similar to the behavior of bulk Fe;O,, yielding
Bo=154+23 and By’ =11 +5 (Table I).”>*" Furthermore, after
decompression, the crystallite size of Fe;O, was smaller than
that of the initial unit cell as shown in Fig. 6(b), suggesting
that lattice relaxation in nanocrystalline Fe;O, led to irreversible
change.

It is widely known that the main diffraction peak of carbon
materials is formed owing to the (002) interlayer spacing derived
from the layered graphitic structure.”® In our case, the (002)
d-spacing was due to interlayer spaces of graphene sheets in the
core of the SWCNHs. The d-spacing decreased sharply at 3-5 GPa

as illustrated in Fig. 7, where this can be attributed to the deforma-
tion of each CNH on the SWCNH surface. The cross section of
individual CNHs underwent a transformation from circular to oval
at 3.5 GPa.'’ In this way, the graphene sheets located at the core of
the SWCNHs could be controlled by the hydrostatic pressure, and
the d-spacing decreased significantly. Above 7 GPa, the d-spacing
became stable at 0.302 nm. Up to 18 GPa, the peak intensity weak-
ened and then nearly disappeared, suggesting that the core of the
few layers of graphene sheets had buckled or crumpled, resulting in
a loss of the diffraction signal.”” These results were consistent with
those of planar carbon, including graphite and graphene.”’ No
structural transition occurred in this pressure range below 20 GPa.
These results are in sharp contrast to those for Fe-filled CNTs,
which underwent a sharp change at 9 GPa."

TABLE I. Comparison of values of By and By’ of the bulk and nanocrystalline bcc
Fe, hcp Fe, and Fe;0, confined by SWCNHs (the value of B of the nanocrystalline
Fe30, is reported for rare).

Samples By (GPa) By

Bulk Fe 162.5 557

Fe (bcc) confined by MWCNT's 167 8.5°

Fe nanowire confined by CNTs 89.7 20"

(with interfacial Fe;C)

Bulk Fe;O, 187 3
Nanocrystalline (hcp) Fe 179+8 3.6+0.7

Fe (bcc) confined by SWCNHs 153 +£25 22.6 £ 10 (this study)
Fe (hcp) confined by SWCNHs 163 +27 33 + 15 (this study)
Fe;0, (bcc) confined by 154423 11 %5 (this study)

SWCNHs
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FIG. 7. (a) Variation in the average d-spacing (002) of Fe-filled SWCNHs with
pressure. (b) Synchrotron XRD patterns of SWCNHSs at different pressures.

IV. CONCLUSION

This study examined the high-pressure behavior of Fe con-
fined by SWCNHs and Fe-filled SWCNHs produced by the
one-step arc-discharge method. We used the Rietveld analysis
with GSAS software and XPS analysis and found that the nano-
crystalline Fe included 52% of bcc Fe, 47% of Fe;O,, and 1% of
Fe;C. The bcc Fe confined by the SWCNHs underwent a transi-
tion to hcp Fe, which was then completely converted back into
bee Fe at 6.2 GPa. This was different from Fe confined by CNTs
owing to the effect of the special tubular confinement of the
CNHs. The pressure of the encapsulated bee Fe at phase transition
was between that of the bulk Fe and nanocrystalline Fe.
Importantly, bcc Fe and hcp Fe coexisted over a wide range of
pressures. Fe;O, confined by the SWCNHs did not undergo any
structural transformation in pressures ranging from 0.07 to
21.8 GPa. Moreover, the bulk moduli of nanocrystalline bcc Fe,
hcp Fe, and Fe;O,4 confined by SWCNHs were lower than those
of their large-grained counterparts.
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