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Encapsulation of quaternary 1D pentlandite-type alloy crystals within
conical multi-layer carbon nanotubes
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Ordered 1D crystals of a complex pentlandite-type alloy
with the general composition (Fe,Ni,Co0)oSg have been
synthesised inside conical Multi Walled Carbon Nanotubes
(MWNTs); the crystals are observed as a by-product of an
arc-evaporation synthesis of Double Walled Carbon Nano-
tubes (DWNTs).

Cubic pentlandite is a Fe-Co—-Ni—S mixed phase with the
general composition of (Fe,Co,Ni)eSg. Because the M:S ratio
does not always equal 9 : 8 the Greek letter m is used to
designate alloy phases containing this ratio.! Pentlandite is an
important ore of nickel and iron that has been long known to
mineralogists. In its natural state it does not produce well-
formed crystals and is generally only found in impure form.
Knop and |brahim? studied in detail the 7t-phases of pentlandites
prepared synthetically by heating mixtures of Fe-Co—Ni-S at
700 °C in avacuum-sealed quartz ampoule. They determined a
ternary phase diagram establishing the boundariesfor this phase
of the Fe—-Co—Ni-S system. They observed that Fe : Co : Ni
ratios vary within wide limits while the lattice constant (ag =
ca. 0.1 nm) kept relatively constant. Small nanocrystals of
(Fe,Ni)gSg pentlandite have aso been identified in matrix
olivines of the Allende meteorite.3

In 1973, Rajamani and Prewitt4 demonstrated the rel ationship
between the pentlandite aloys and the CogSs structura
archetype. With the space group Fm3m (225), the unit cell of
cubic cobalt pentlandite contains four MgSg units. In this space
group, the 36 metal atomsare distributed over 4 octahedral sites,
4(b), and 32 tetrahedral sites, 32(f). The 32 sulfur atoms are
distributed over 8(c) and 24(e) equipointsin four- and five-fold
coordination by metal atoms, respectively. Previoudly, it has
been shown that binary Invar-type aloy crystals can be formed
within MWNTSs.5 In this communication, we describe the first
observation of complex quaternary m-phase cobalt pentlandite
crystals formed within mainly conical MWNTS.

The synthesis of DWNTS followed the method described by
Moravsky and Loutfy in which a sulfur-containing Fe: Co: Ni
mixture is co-evaporated together with carbon in an electric arc
in the presence of H,.6 Sulfur promotes the formation of both
DWNTs® and the formation of metals in filled nanotube
‘impurities 7 athough the mechanisms by which these proc-
esses occur remain uncertain. We used a computer automated
arc evaporation machineand aFe: Co: Ni : Scatalyst prepared
under an inert atmosphere. An atmosphere of 30 vol% H, and
70vo0l% Ar at 100 mbar was applied as opposed to the 500 mbar
used in the published method.® The arc product was purified by
acid and air oxidation and then refluxed in 70% HNO3 at 110 °C
for 1 hfollowed by astatic air oxidation at 350 °C for 2 h. This
was followed by refluxing in 35% HCI at 110 °C for 8 h and a
final 1 h air oxidation at 380 °C. The products were examined
in a300 kV JEOL JEM-3000F High Resolution Transmission
Electron Microscope (HRTEM; Cs = 0.6 mm). Images were
acquired on a Gatan (1k x 1k) CCD camera model 794
calibrated using the Si [110] lattice spacings. Energy Dispersive
X-Ray microanalysis (EDX) was done with an Oxford Instru-
ment 1SIS EDX system. Image simulations were performed
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with a standard multi-slice algorithm employing representative
parameters for the 3000F.

When Hutchison et al .8 first published their resultsonthearc-
evaporation synthesis of DWNTs they mentioned the formation
of encapsulated catalyst particles (CPs) and SWNTSs as the by-
products of the synthesis procedure. The EDX analysis of the
CPs showed a composition of Fe, Ni, Co and S. However no
further studies were done on these structures nor was there any
mention of the formation of MWNTSs. In our attempt to
reproduce the results with an optimised version of their
method,® we found that, we also obtained impurity MWNTSs
with various shapes and dimensions. Many of these MWNTSs
were found to have their inner cavitiesfilled with aloy crystals
asshowninFig. 1(a). In thisexample, the nanotube has alength
of approximately 100 nm and a diameter of 17 nmin the larger
region narrowing down to 6 nm at the other end.

Multiple EDX spectra obtained from the examplein Fig. 1(a)
(Fig. 1(b)) indicated that the alloy filling was quaternary with
the approximate composition FesNisCo,Sg. Additionally,
HRTEM lattice images (Fig. 2(a)) and FFTs (Fig. 2(b))
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Fig. 1 (@) HRTEM image of aconical MWNT filled with a pentlandite-type
crystal. The white rectangle represents the magnified image taken for
analysis (see Fig. 2). The circle shows the area where the EDX was taken
from. (b) EDX spectraof thefilling material obtained with aca. 3 nm probe
(regionindicated in (a)). The Cu peaks are from the copper support grid. The
inset shows the unit cell of the pentlandite structure viewed along [321]. Fe,
Co and Ni are randomly distributed over the indicated metal sites.
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Fig. 2 (a) High magnification image of the boxed region in Fig. 1(a) showing a single crystal region of the alloy formed within a conical MWNT. (b) Fast
Fourier Transform (FFT) of the compositein (a). Besides the reflections due to the crystal it is possible to observe the reflections from the MWNT {0002}
wall layers (W1 and W2 in (a)) indicated as dw1* and dw2*. (c) Enlarged image of the selected region in (a). The white stripes correspond to gaps in the
structure (i.e. G), the black stripes to the mixed sulfur—-metal layers(i.e. M + S) and the grey lines are due to the triple layers of metal (i.e. 3M). (d) Extended

structure model with the graphite layers (cf. Fig. 1(b) inset). (€) Image simulation obtained from the model in (d).

indicated that the microstructure corresponded to a lamellar
aloy of the pentlandite form. In the example in Fig. 2(a), the
crystal islocated within a 15-layer conical MWNT in which the
opposing walls imaged in projection (i.e. W1 and W2) are
arranged at an angle of ca. 10° to the MWNT axis (A). Severd
crystals with this microstructure type were observed in other
conical MWNTs which exhibited similar metal ratios but
varying sulfur content. The reason for the conical shape of the
encapsulating nanotube is unclear but is probably related to the
morphology of the aloy precursor particle as has been
suggested for other encapsulates.®

Thelamellar microstructure of thealloy (Fig. 2(c)) consists of
aternatinglight (i.e. G) dark (i.e. M + S) and semidark (i.e. 3M)
layers which we attribute to the oblique [321] projection
through the cubic pentlandite unit cell (see inset in Fig. 1(b)).
The 3M layers are made up two layers of tetrahedrally
coordinated 32(f) metal sites alternating with a central layer of
octahedrally coordinated 4(b) sites which are staggered in
projection. Either side of the 3M layer are M + Slayers which
comprise onelayer of tetrahedrally coordinated metal 32(f) sites
and a pure sulfur layer. These are separated from adjacent M +
Slayersby asmall gap (i.e. G) layer which also corresponds to
the white lines in the lattice image (Fig. 2(c)).

In order to simulate the HRTEM image, a model was made
based on atomic positions taken from the published pentandlite
structure (Entry 2775, MDF database, Cambridge Structural
Database).10 The variation of thickness in the crystal given its
conical nature was taken into account and the overall thickness
is consistent with that on the RHS of the main image (i.e. Fig.
2(a)). {0002} graphite planes corresponding to the walls of the
nanotube were added and the overall simulation was based on a
model containing ca. 20000 atoms (Fig. 2(d)). The image
computed for Scherzer defocus (i.e. —47 nm for our instrument)
provides an excellent match with the experimental image (cf.
Fig. 2(e) with Fig. 2(a) and (c)). Conseguently, we believe that
thefilling material is homogenous rt-phase pentlandite with the
approximate composition FesNi,Co,Ss.

The sulfur concentration in our initial catalyst was not high
(~ 0.75 at%). Nonetheless, as Demoncy et al. have ob-
served,”11 even an impurity concentration level of sulfur is
sufficient to catalyse the formation of sulfur-containing materi-

as inside MWNTs formed from catalyst precursors and also
that it can be encapsulated in higher concentrations than the
starting M : S composition. They further proposed that sulfur
diffuses into the metal catalyst particle in the liquid state and
assists the graphitisation of the nanotube. These observations
are consistent with the high sulfur content produced in our alloy
which contains simultaneously a homogenous mixture of Fe, Ni
and Co in the condensed phase.

It has been shown that successful encapsulation of r-phase
cobalt pentlandite has been achieved as a by-product of an arc
evaporation process used to synthesize DWNTSs. This filling
represents the first example of a complex quaternary alloy
within a MWNT.
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