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This minireview outlines the main scientific directions in the research of inorganic nanotubes (INT)

and fullerene-like (IF) nanoparticles from layered compounds, in recent years. In particular, this

review describes to some detail the progress in the synthesis of new nanotubes, including those from

misfit compounds; core-shell and the successful efforts to scale-up the synthesis of WSy multiwall

nanotubes. The high-temperature catalytic growth of nanotubes, via solar ablation is discussed

as well. Furthermore, the doping of the IF-MoSs nanoparticles and its influence on the physio-

chemical properties of the nanoparticles, including their interesting tribological properties are briefly

discussed. Finally, the numerous applications of these nanoparticles as superior solid lubricants and

for reinforcing variety of polymers are discussed in brief.
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1 Introduction

The discovery of inorganic nanotubes and fullerene-like
nanoparticles [1, 2] nicknamed IF and INT, respectively,
more than two decades ago, opened new research di-
rection in solid state chemistry and in nanomaterials.
Furthermore, the research into IF and INT offered nu-
merous applications which develop steadily with new
products gradually penetrating the market place. In

essence, it was hypothesized that nanophases of layered
(two dimensional, 2D) compounds are unstable in their
macroscopic form and they spontaneously fold to form
closed-cage structures with large hollow core. Inorganic
compounds with layered structure are abundant among
binary metal chalcogenides; sub-stoichiometric oxides;
halides and pnictides and also in variety or ternary com-
pounds. In the bulk form they appear as planar crystal-
lites (platelets). Each platelet is made of molecular sheets
held together by weak van der Waals forces. Typical ex-
amples for such compounds are MoSs, CdCls, HyTizO7,
NiPS; and more. It was suggested [1, 2] that, in anal-
ogy to the case of graphite, nanostructures of such com-
pounds will form hollow closed structures akin to carbon
fullerenes and nanotubes. Figure 1 shows the transmis-
sion electron microscope (TEM) image of (a) multiwall
IF-MoS; nanoparticles, and WSs nanotube (INT-WSs)
of type I (b) and type II (c).

IF and INT from numerous layered compounds have
been reported over the years. Various synthetic strategies
have been developed or adapted for the synthesis of such
nanostructures. The purpose of the present perspective
is to shed light on recent developments in this field.

(© Higher Education Press and Springer-Verlag Berlin Heidelberg 2014
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(c)

Fig. 1 (a) TEM image of a fullerene-like (IF) nanoparticle of MoS2; TEM image of a WS2 nanotube (INT) of type I (b)

and II (c). The spacing between the layers is 0.62 nm.

2 Large-scale synthesis of WS, nanotubes

The high temperature growth mechanism of the WSy
nanotubes and MoS, from the respective oxides has been
investigated since 1995 [3] and 1997 [4] respectively. From
early on the purpose of the investigation was, eventually,
to develop scalable processes for the synthesis of the nan-
otubes. Focusing on the synthesis of WSy (MoS3) nan-
otubes from the respective oxides, it became clear that
there are at least two separate mechanisms which could
be envisaged. They are depicted schematically in Fig. 2.
In the model presented in Fig. 2(a) the nanotubes grow
spontaneously in a fast 1D prompting mechanism. Here,
MO3_, (M=Mo,W) vapors react with HaS in a reduc-
ing atmosphere yielding a few microns long and narrow
(<30 nm) nanotubes within seconds [3, 5] [type I- see
Fig. 1(b)]. Significant amounts of WS, nanotubes mixed
with IF-WSs nanoparticles could be obtained in the flu-
idized bed reactor, developed initially in 2000 for the
synthesis of IF-WS; nanoparticles [6]. Unfortunately, the

(@

(b)

INT-yield of the process was not very high (ca. 5%) and
more research is needed to optimize the synthesis.

At the same time, three different groups [7-9] de-
veloped independently the two step process [type II-
see Fig. 1(c)], whereby in the first step, long W15Oy47
nanowhiskers grow by heating WO3 powder in a re-
ducing atmosphere. This reaction is rather fast and is
kinetically controlled. In a subsequent reaction, which
is mostly diffusion controlled, these nanowhiskers are
slowly converted into INT-WSs via a reaction with HoS
gas. The next breakthrough came about in 2009 by us-
ing a modified fluidized bed reactor in “NanoMaterials,
Ltd.” [10, 11]. Meticulous study of the growth parametes
provided the path for unifying these two-step synthesis
into a combined (one pot) and scalable process, which
currently produces about 1/2 kg of multiwall WSs nan-
otubes, daily, in a single batch reaction. Figure 2(b)
shows a depiction of the growth mechanism of the type
II INT-WS,. These nanotubes possess quite a perfectly
crystalline structure and consequently they exhibit very
desirable mechanical properties. Their ultimate strength

H,, H,S
WO, g5~ WO, 750°C < T<900°C
<100 nm . (1)
\ .
o@D,
e o0
[ N INC)

WS,

Fig. 2 Schematic rendering of the growth mechanisms of the WSa nanotubes: type I (a) and type II (b) nanotubes.

Reshef Tenne, Front. Phys., 2014, 9(3)

371

wm
Q
o
wm
g
iy
=9
Sl
=)
&
=
<42
=
=]
[ ]
=




S

<
-
w
-
|
Ay
i
o
&
3
'
=]
]
-
=

REVIEW ARTICLE

of up to 20 GPa and strain of 10% could be very suitable
for reinforcing nanocomposites, as discussed in various
recent reports [12, 13].

3 Doping of IF/INT-MoS, (WS5)

The doping of bulk WSy and MoSs crystals by rhenium
atoms was reported in the literature [14, 15]. Rhenium
has one extra valence electron as compared to tung-
sten and molybdenum and could serve as a substitu-
tional donor (n-type conductivity). Contrarily, niobium
has one less electron and could serve as p-type dopant.
However, for a number of reasons, doping has a differ-
ent notion in semiconductor nanoparticles as compared
to the bulk analogues. Firstly, the conduction band elec-
trons (n-type) or valence band holes do not behave like
truly free carriers, as in bulk semiconductors. In fact,
due to the mutual repulsion, they are expected to re-
side in states as close to the surface as possible. Further-
more, the number of extra carriers (or ionized dopant
atoms) in the nanocrystal is not sufficient to support a
full space-charge layer. Consequently, the potential drop
at the surface cannot be fully established and the bands
tend to be flattened.

In a series of works, doping of IF-MoSy and INT-WSs
with rhenium atoms has been investigated and its re-
markable effect on the rheological and tribological prop-
erties of metallic reciprocating serfaces was established
[16-19]. The doping of the IF/INT nanoparticles can be
done in-situ- i.e., during the synthesis, or afterwards by
annealing the preprepared nanoparticles in the presence
of the doping agent vapors [16, 17]. The in-situ doping
process of IF-MoSy nanoparticles is an extension of an
earlier work, where the synthesis of bulk amounts of the
undoped IF-MoSs nanoparticles was reported [20]. The
major difference between the two syntheses was in the
preparation of the molybdenum oxide precursor, which
incorporated measured amounts of rhenium oxide. TEM
micrograph of a typical Re-doped IF-MoSs nanoparticle
is shown in Fig. 3. This multiwall hollow closed struc-
ture is similar to the undoped IF nanoparticles (com-
pare to Fig. 5 in Ref. [20]). Visibly, the nanoparticle is
made out of 30 closed molecular layers of MoS, and has
a tiny hollow core in the center. Careful chemical anal-
ysis was required to evaluate the effective (Re) doping
density of the nanoparticles. In fact the optimal doping
density of the nanoparticle powder is 100 ppm and be-
low [17]. Combining EXAFS and XANES measurements,
the rhenium atom was found to be substitutional to the
molybdenum atom, i.e., Reno [16] which was confirmed
by direct observation of the rhenium atom in the IF-
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MoS; lattice using high resolution TEM [17]. Recent op-
tical measurements [21] showed systematic blue shift of
the A and B exciton peaks in Re-doped IF-MoS, as a
function of the doping density. The shift was attributed
to the Burstein-Moss effect, i.e., band filling due to ex-
cess free electrons in the bottom of the conduction band.
In fact a good agreement was obtained between the mea-
sured/calculated blue shift and the Re-content in the IF-
MoS> nanoparticles as determined by chemical analysis.

Fig. 3 Typical TEM image of a Re-doped IF-MoS> nanoparticle.

The doped nanoparticles exhibit a remarkably dif-
ferent physio-chemical behavior compared with the un-
doped ones [16-19]. For instance, when taken out of the
reactor the powder is very fluffy, due likely to the mutual
repulsion between the nanoparticles. When pressed and
packed into pellets (for conductivity measurements), un-
like their undoped analogues, the product is very fragile
and breaks very readily. As expected, the electrical resis-
tivity of the IF-MoSs doped powder decreases with the
doping density and increases with temperature. Further-
more, the doped nanoparticles form stable suspensions
in different solvents. Most importantly, when added to
lubricating fluids they lead to the lowest friction and
wear among different additives as shown clearly in Fig. 4.
This figure depicts two different experimental series done
in different places with different settings [18, 19]. The
superiority of the Re-doped IF-MoSs nanoparticles as
solid-state lubricant additive in terms of a reduced fric-
tion and wear is clearly demonstrated. More research is
needed to understand the detailed modus operandi of the
doped nanoparticles in tribological interfaces. Nonethe-
less, these experiments clearly reveal the intimate rela-
tionship between electrical and tribological properties of
solid lubricants and further extend the potential applica-
tions of the IF nanoparticles as superior solid lubricants.

Reshef Tenne, Front. Phys., 2014, 9(3)
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Fig. 4 (a) Friction coefficient vs. time measured with pin-on-disk set-up for different samples in PAO-4 oil with 1 wt% IF
nanoparticles. The applied load is 600 N (60 MPa) and the velocity is 0.24 m/s. The inset shows tribological measurements
with oil of higher viscosity, i.e., PAO-6. The velocity of the disk here was 0.36 m/s and the load was 615 N (70 MPa). The
cumulative wear (dashed brown curve) gradually levels off with time. The temperature of the contact area goes gradually
down from 53 °C to 28 °C, which is another manifestation for the weak interactions between the reciprocating metals [16].
(b) Evolution of friction coefficient in the ball-on-disc test under mixed lubrication conditions in PAO-6 oil; p=1.64 GPa
(L=90 N); v=0.5 m/s. Re:IF-MoSy — black; IF-WS3 — green; IF-MoSs — yellow; 2H-MoS3 — blue; pure PAO-6 — red [19].

4 Catalytic growth
nanotubes

of metal-chalcogenide

Catalytic growth of nanoparticles, and especially the
VLS growth of nanowires has been discussed exten-
sively in the literature [22]. The growth of carbon nan-
otubes, which is promoted by early transition metal
catalysts, like iron and nickel, can be possibly regarded
as a hallmark of this chemical strategy. With some no-
table exemptions though, catalytically promoted growth
of inorganic nanotubes did not become a mainstay of
this field. Recently, a few examples for heavy metal

Reshef Tenne, Front. Phys., 2014, 9(3)

catalytic growth of inorganic nanotubes were neverthe-
less reported [23, 24]. In particular the work of Yella
et al. [23] serves as an eye-opener, since it focuses on
the heavy metals, like bismuth, as catalytic growth pro-
moters. These metals, besides being malleable, are typ-
ified by low melting point, in fact much lower than the
useful temperature for INT growth. Surprisingly there-
fore was the observation that temperatures exceeding
2500 K, which were obtained by focused solar beams,
could be used to grow MXs nanotubes, where M=Mo,
W and X=S, Se [24]. Lead was found to be the most
suitable catalyst in this case. In fact the high temper-
atures and temperature gradients in the reaction zone

373

wm
Q
.-
wm
>
=
o
T
)
£
2
"
=
)
-
=




S

@
»p—
7]
)
=]
=9
i
(=}
&
)
=]
)
=
]
—
=

REVIEW ARTICLE

MoS,
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beam Mo (Pb)O;_, Mo (Ph]03__r_

Pb+Mo+S  Pb+Mo+H,0+0,
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Mo (Pb)O;_,

MoS,

Fig. 5 Schematics of the MoS2 nanotubes growth in the solar ablation experiment [24].

were critical for the catalytic growth of the MXs nan-
otubes. Although the precise role of the lead catalyst
is not fully understood, the current understanding is
that it enhances the growth and the thermal stability
of the MOg3_, nanowhiskers. Figure 5 shows the growth
mechanism of the nanotubes [24]. In the first instants of
the reaction, the MXs powder is converted into MOgs_,,
which protrudes from the sulfide and grows rapidly into a
nanowhisker. In the next step, a slow diffusion-controlled
back reaction of the oxide nanowhisker with the X5 va-
por leads to the conversion of the nanowhiskers into MXs
nanotubes. The slow diffusion-controlled back reaction
proceeds according to the well-established mechanism
described in Refs. [10] and [11].

5 Growth of nanotubes from misfit
compounds: (SnS),, /(SnS,),, nanotubes

The first report of IF-SnSs nanoparticles obtained by
high temperature reaction of SnOs nanoparticles and
H,S appeared in Ref. [25]. Later-on, using laser abla-
tion, the production of small amounts of IF and INT of
SnS; was attempted [26]. However instead of obtaining

T-trigonal prismatic SnS, layers

(a) Yy rrrrrrx iy

(b)
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the pure SnS, nanoparticles, IF and short INT with a se-
quence of SnSy and SnS layers forming a superstructure
were obtained. The alternating stacking of the trigonal
structure SnSs and orthorhombic SnS is reminiscent of
misfit compounds of the general formula (MS),,(TS2)n,
where M and T are two metal atoms and n, m are real
numbers [27, 28]. Misfit compounds have been discussed
in the literature since many years. In fact it is well es-
tablished [29-31] that, due to the lattice mismatch be-
tween the orthorhombic (O) MS and the trigonal (T)
TSq sublattices, at least along one axis, the misfit layers
tend to fold and form tubular structures as depicted in
Fig. 6 [32]. The stability of the (MS),,(TSz), superstruc-
ture is attributed to a partial charge transfer from the
orthorhombic MS to the trigonal TSy layer. The large
thickness of the (MS)(TS;z) layer (above 1 nm in the
simplest case of n = m = 1) does not allow these tubes
to adopt diameters smaller than one micron, in general.
However, by combining the effect of misfit; heavy metal
catalysts and the edge annihilation effect as manifested
by other INT, one could hope to form misfit nanotubes
with diameters as small as 100 nm and even below [27,
28]. Figure 7 shows a TEM picture of a (SnS)(SnSz) nan-
otube obtained by annealing SnSs powder in the presence

(c)

Fig. 6 (a) Schematic rendering of the lattice structure of the trigonal (T) SnS2 and orthorhombic (O) SnS; (b) Scrolling

of the misfit O-T layers of SnS-SnS2; (c) Remediation of the edges during the annealing process leads to the formation of
crystalline O-T misfit nanotubes (courtesy of Dr. A. N. Enyashin, RAS, Ekaterinburg).

Reshef Tenne, Front. Phys., 2014, 9(3)
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of Bi and SbyS3 as growth promoters. A large tempera-
ture gradient was applied in this case with the precursors
placed at 800 °C and the product was collected at 250
°C. Misfit nanotubes with the superstructure order O-
T (SnS)(SnSz), O-T-T (SnS)(SuSs)s2, and O-O-T-T-T
(SnS)2(SnS2)s, were also analyzed in the reaction prod-
ucts [27, 28].

Fig. 7 TEM image of O-T-T (SnS-SnS2-SnS2) misfit nanotube.
Superimposed on the TEM image is a model showing the lattice
structure of this misfit nanotube (courtesy of Dr. A. N. Enyashin,
RAS, Ekaterinburg). The insets show SEM images of an assortment
of misfit nanotubes in two magnifications.

The growth mechanism of these nanotubes involved,
most likely, first formation of the misfit nanosheet. This
step was strongly promoted by the bismuth and anti-
mony catalysts. It was hypothesized that the role of
the bismuth, at least in part, is to dislodge some sulfur
atoms from the SnSs precursor by forming BisSs obtain-
ing thereby the orthorhombic SnS layers. Subsequently,
the misfit sheet formed a nanoscroll which after some
further annealing was converted into a perfect nanotube
by annealing-out the edges. One can thus regard these
misfit nanotubes as a new “templating” strategy, where
the lattice-mismatch between the two molecular sheets;
the partial charge transfer between the layers and the
catalytic reaction serves as the stimulus for folding of
the layers. Subsequently, the nanoscrolls are converted
into nanotubes by annealing-out the rim atoms.

6 Core-shell nanotubes

Filling of the hollow core of carbon nanotubes has been
the subject of numerous studies. There are variety of

Reshef Tenne, Front. Phys., 2014, 9(3)

reasons why one would like to use this hollow space, for
instance for drug delivery purposes; reinforcing the nan-
otube, or for the understanding of materials’ crystalliza-
tion under confined space [33]. It was hypothesized, that
the wider hollow core of inorganic nanotubes could serve
the purpose of forming a template for the crystallization
of nanotubes from other layered compounds, which can-
not be easily formed otherwise. For that purpose a drop
of, e.g. Pbls salt was melted near the WS, nanotubes
at 500 °C. The strong capillary forces and the covalent
nature of the chemical bond in this salt lead to a perfect
wetting of the inner core of the WS nanotube. Upon
cooling, the receding salt crystallized forming a perfect
core-shell PbI,@WS5 nanotubular structure as shown in
Fig. 8 [34, 35]. This strategy was later exploited for the
synthesis of other core-shell-based iodide salts, like Bils
and Asls inside the hollow core of WS nanotubes. The-
oretical calculations indicated that, due to the elastic
strain, the innermost layer of the core nanotube cannot
go below say 5 nm, which was confirmed by the exper-
iments. In order to extend this templating strategy to

560
540
520
500
480
460
440
420
400
380
360

] 2 ks 6 8 12
nm

Fig. 8 TEM micrograph of core-shell PbIo@WS> nanotubes. The
inner Pblz nanotube has a periodicity of 0.7 nm and the templat-
ing (outer) WSz nanotube a periodicity of 0.6 nm as shown by the
line profile.
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salts with larger ionic character, like the metal-chlorides,
one needs to use template (nanotubes) with higher de-
gree of ionicity which cannot be easily synthesized so far.

7 Applications

Various applications have been proposed for inorganic
nanotubes and fullerene-like nanostructures. Extensive
research and development effort was carried out to capi-
talize on their superior behavior as solid lubricants [36].
While a fair number of products are already on the mar-
ket place (see for example Ref. [37]), mostly as additive
to lubricating oils, additional work is needed to extend
this concept to many other products and technologies.
The main obstacle is the tendency of the nanoparticles
to agglomerate, on the one hand and their compatibility
with the existing technology, like formulated oils, greases
etc., on the other hand. Self-lubricating coatings contain-
ing the nanoparticles have been prepared and were shown
to be suitable for variety of applications [38], including
orthodontic wires; endodontic files and medical insertion
devices. The addition of small amounts of IF/INT into
high performance polymer matrices was shown to bring
about a significant reinforcement effect; improved tribo-
logical behavior and increased thermal stability of the
nanocomposites [12, 13]. Apparently, on top of being
good solid lubricants and mechanically very robust, the
IF nanoparticles lead to improved rheological properties
of the polymer blends [39, 40]. Therefore, mixing the IF
with other additives, like carbon fibers and nanotubes
into the polymer matrix produces a strong synergistic ef-
fect [39, 40] and could lead to improved nanocomposites-
based technologies.

Various other applications are currently under inves-
tigation which could offer a large number of new tech-
nologies in the future.
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