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Preface

Inorganic Fullerene-Like Nanoparticles and
Inorganic Nanotubes

Fullerene-like nanoparticles (inorganic fullerenes; IF) and nanotubes of inorganic layered
compounds (inorganic nanotubes; INT) combine low dimensionality and nanosize, enhancing
the performance of corresponding bulk counterparts in their already known applications, as
well as opening new fields of their own. This issue gathers articles from the diverse area of
materials science and is devoted to fullerene-like nanoparticles and nanotubes of layered
sulfides and boron nitride, and collating the most current results obtained at the interface
between fundamental research and engineering.

Arising from a fortuitous lab discovery, the commercial production of inorganic hollow
nanoparticles was focused on molybdenum and tungsten disulfides. Their superior solid
lubrication effects have engendered intense industrial scale-up and commercialization, with sales
of thousands of tons of formulated lubricants per year. Yet, the search and evaluation of more
cost-effective and environmentally friendly manufacturing technologies continues. The paper by
Xu et al. published recently recent “Continuous Production of IF-WS, Nanoparticles by a
Rotary Process” describes an attempt for further rationalization and scale-up of the
manufacturing of WS, nanoparticles after gas—solid reductive sulfurization of WO3 nanoparticles
in a rotary furnace. This systematic study included the investigation of many reaction
parameters, such as precursor type, reaction temperature and time, and the reducing
atmosphere. This new technique could, in the future, become a successful alternative for
increasing the yield of IF production compared to the current fluidized-bed reactor.

The fullerene-like morphology of MoS, and WS, considerably improves the tribological
properties of these compounds, pushing ahead the large-scale use of layered sulfides in
machinery, aerospace and, in the future, also in medical industries as dry and oil-based
lubricants as well as wear-resistant surface coatings. Such applications require deep
understanding of the factors determining the mechanical and structural stability of inorganic
nanoparticles under extreme conditions of high pressure or intense irradiation. The study of
Cook et al. “Microstructural Study of IF-WS, Failure Modes” explores the failure
mechanisms found in WS, Ifs, treated with diverse pressure loading methods. The authors
uncover at least two distinct fracture modes, i.e., the collapse of quasi-spherical morphology
into agglomerated plate-like sheets and the delamination and exfoliation of the IF-WS,
nanoparticles. The latter process is accomplished by inductively-coupled radio-frequency
plasma irradiation of multiwall WS, nanotubes, which is discussed in another paper “Single-to
Triple-Wall WS, Nanotubes Obtained by High-Power Plasma Ablation of WS, Multiwall
Nanotubes” in this issue. The authors were able to control the process of layer-by-layer
“undressing” of multilayered INTs and, in this manner, fabricate WS, nanotubes with ultra-
thin (one to three layers) walls.



The significant stability of hollow sulfide nanoparticles (IF/INT) under shock-wave
propagation or irradiation suggests their potential use as fillers for impact resilient polymer or
ceramic composites. Apparently, such applications of WS, or MoS; fullerene-like particles or
nanotubes may yield polymer composites with a high degree of crystallinity and,
consequently, with improved thermoplastic and mechanical properties, as demonstrated by
Naffakh ef al. in the paper “Thermoplastic Polymer Nanocomposites Based on Inorganic
Fullerene-Like Nanoparticles and Inorganic Nanotubes”. However, in many cases, the
adhesion between a nanoparticle and the polymer matrix is limited to the weak van der Waals
interaction and could be enhanced by means of covalent bonding at the nanoparticle-polymer
interface. Surface functionalization of IFs or INTs, as reported by Raichmann ef al. in “Design
of Experiments: Optimizing the Polycarboxylation/Functionalization of Tungsten Disulfide
Nanotubes”, could provide stronger adhesion of nanoparticles with the polymer matrix. The
emphasis in this direction was given to the non-trivial functionalization of the hydrophobic
WS, nanotubes by hydrophilic carboxyl groups, which could further stimulate the fabrication
of hydrophilic polymer composites or ceramics.

Substantial progress in safe production and pioneering use of IFs and INTs has been made
possible due to the comprehensive experimental research of their formation conditions,
chemical activity, mechanical and electronic characteristics. However, novel and modified
nanoparticles of sulfides and other compounds, such as boron nitride, can provide a much
larger diversity of new materials in catalysis, electronics and electrochemistry, and their
detailed characterization is still required. In the paper “Nanostructured Boron Nitride: from
Molecular Design to Hydrogen Storage Application”, high-temperature spray-pyrolysis
synthesis of hollow-core BN nanoparticles was demonstrated. The synthesized nanoparticles
were carefully characterized and studied as a host for hydrogen storage applications.

Computational materials science can be a valuable tool for a preliminary study of this kind
of nanoparticles and this issue contains examples of theoretical papers describing
investigations of this type. For example, the paper “Gas-Phase and Microsolvated Glycine
Interacting with Boron Nitride Nanotubes: A B3LYP-D2* Periodic Study” examines the
adsorption of the amino-acid glycine on the surface of zig-zag BN nanotubes. Pure and
solvated glycine moieties have been investigated. In several cases, chemisorption was found
to be important, while in others n-m stacking, or through water molecules, was found to be
more relevant. In another study, nanotubes of noble-metal dichalcogenides were designed and
described as stable semiconductors in theoretical work by Zibouche et al.: “Noble-Metal
Chalcogenide Nanotubes™”. It can guide experimental groups in researching fullerene-like
nanoparticles and nanotubes of other compounds. In another theoretical paper: “From Stable
ZnO and GaN Clusters to Novel Double Bubbles and Frameworks”, bottom—up construction
of hollow clusters (“bubbles”) of high-symmetry were systematically studied.

The subjects of the presented papers cover a wide range of challenges in the area of
inorganic fullerene-like nanoparticles and nanotubes. However, it can include only a few
comprehensive experimental and theoretical efforts, stepwise evaluating the rationalization of
the synthesis, and elucidation of the stability, mechanical, electronic and adhesive properties
of these nanostructures. We believe that this thematic issue can be helpful, not only for an
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advanced researcher to grasp the latest developments in this field, but also to permit a
beginner to gain a deeper insight into the field of inorganic fullerene-like nanoparticles and
nanotubes.

Reshef Tenne and Andrey N. Enyashin
Guest Editors






Electromechanical Properties of Small Transition-Metal
Dichalcogenide Nanotubes

Nourdine Zibouche, Mahdi Ghorbani-Asl, Thomas Heine and Agnieszka Kuc

Abstract: Transition-metal dichalcogenide nanotubes (TMC-NTs) are investigated for their
electromechanical properties under applied tensile strain using density functional-based methods.
For small elongations, linear strain-stress relations according to Hooke’s law have been obtained,
while for larger strains, plastic behavior is observed. Similar to their 2D counterparts, TMC-NTs
show nearly a linear change of band gaps with applied strain. This change is, however, nearly
diameter-independent in case of armchair forms. The semiconductor-metal transition occurs for
much larger deformations compared to the layered tube equivalents. This transition is faster for
heavier chalcogen elements, due to their smaller intrinsic band gaps. Unlike in the 2D forms, the
top of valence and the bottom of conduction bands stay unchanged with strain, and the zigzag
NTs are direct band gap materials until the semiconductor-metal transition. Meanwhile, the applied
strain causes modification in band curvature, affecting the effective masses of electrons and holes.
The quantum conductance of TMC-NTs starts to occur close to the Fermi level when tensile strain
is applied.

Reprinted from Inorganics. Cite as: Zibouche, N.; Ghorbani-Asl, M.; Heine, T.; Kuc, A.
Electromechanical Properties of Small Transition-Metal Dichalcogenide Nanotubes. Inorganics
2014, 2, 155-167.

1. Introduction

In the past few years, transition-metal dichalcogenides (TMCs) have become a class of materials
most widely investigated in the fields of physics, materials science or nanotechnology. Especially,
two-dimensional (2D) layered forms of TMCs are of great interest, as they can be easily manufactured
to monolayers using chemical or mechanical exfoliation and chemical deposition techniques [1-3].
They possess desirable intrinsic band gaps ranging from about 1.0 to 2.0 eV, and they were
utilized in nanoelectronic applications to produce field-effect transistors, logical circuits, amplifiers
and photodetectors [4-7]. The electronic properties of 2D TMCs can be tuned by various means,
including quantum confinement [8—11], mechanical deformations [12—14], electric fields [15,16] or
local defects [17-19].

Similar to carbon, tubular and fullerene-like nanostructures can be formed from other inorganic
materials, including sulfo-carbides [20], boron-carbon-nitrides [21] or TMCs [22,23]. Though less
than their carbon counterparts, in particular MoS, and WS, nano-onions and nanotubes have been
investigated both theoretically and experimentally [24-30]. TMC nanotubes (TMCs-NTs) behave
as exceptional lubricants [31,32], and it has been shown that when the MoS; NTs or nano-onions
are added to base grease, the friction coefficient remains low, even at very high loads [33]. The

mechanical properties of TMC-NTs have been investigated experimentally, where tubes were subject




to tensile strain using atomic force microscopy [34-37]. Elastic deformations were predicted from
linear strain-stress relation up to the fracture point (at 13 GPa and 12% strain for WSy TMC-NTs),
and fracture was directly related to the formation of local defects [35]. The mechanical properties
of WS, NTs under axial tension and compression [36] shows that they are ultra-strong and elastic,
which distinguishes them from other known materials. Quantum-mechanical simulations showed
that under squeezing, MoS, NTs start to form platelets, partially attached to the grips, which provide
good lubrication at the position of closest contact. This is interpreted as ‘nano-coating’.

Single-walled TMC-NTs have interesting electronic properties that depend on their diameter and
chirality. Zigzag (n,0) NTs are direct band gap semiconductors, resembling 1 TMC forms, while
armchair (n,n) NTs are indirect band gap materials, similar to the 2 TMC structures [24,29]. Zigzag
tubes are, therefore, suggested for luminescent devices, an application that would not be possible for
carbon NTs. With increasing tube diameter, the band gaps increase and eventually approach the
single-layer limit.

Doping inorganic semiconducting NTs may lead to new optoelectronic nanomaterials.
Ivanovskaya et al. [38] have investigated the effect of Mo to Nb doping on the electronic structure
of MoS,; NTs using the density functional based tight-binding (DFTB) method. It has been found
that composite Mo; _,Nb, S, NTs are more stable than the corresponding mixture of pure tubes. This
effect was even stronger for larger tube diameters. The authors reported that all doped NTs were
metallic, independent of their chirality, diameters or the substitutional patterns. The density of states
close to the Fermi level of Nb-substituted MoS, NTs can be tuned in a wide range by the degree
of doping.

Electromechanical properties have been widely investigated theoretically for TMC
monolayers [14,39,40], but they remain to be explored for the associated tubular structures. Because
of their excellent lubricating properties, the application of tensile stress on 2D TMC systems is rather
difficult in experiments. The experimental setup for direct tensile tests of TMC-NTs is, however,
state-of-the-art [35,37]. We have recently shown that the electronic properties of large-diameter
TMC-NTs can be tuned by an external tensile strain for nanoelectromechanical applications [41] and
that Raman spectroscopy is an ideal tool to monitor the strain of the individual tubes due to a linear
correlation between the Raman shift and the strain. These results hold, however, for large diameter
nanotubes. For small diameter tubes, finite size effects are expected.

In this work, we have investigated the electromechanical properties of small diameter TMC
nanotubes by applying axial tensile strain. Stress-strain relations, the electronic structure and
quantum conductance response to the mechanical deformations were compared between Mo- and
W-based NTs with different chalcogen atoms. The results were compared to the available
experimental and theoretical works. Our calculations show that up to 2%-5% elongations, the
stress-strain relations scale linearly, and we obtained Young’s moduli of about 200 GPa for armchair
and zigzag tubes, with the notable exception of much softer WTe,. The shape of the band structures is
strongly affected, the conduction bands have a loose dispersion for zigzag tubes, while the dispersion
deepens for armchair materials. We find nearly a linear decrease in the band gap for all types of
nanotubes, and eventually, the semiconductor-metal transition occurs. This is, however, observed at



larger elongations than for the corresponding layered forms. Tensile strain enhances conductance
closer to the Fermi level.

2. Computational Details

We have investigated the (n, n) armchair and the (n, 0) zigzag TX, nanotubes (T = Mo, W;
X =38, Se, Te) with n =21 and 24 (see Figure 1). All structures were fully optimized (atomic positions
and lattice constants) employing helical boundary conditions as implemented in the Crystal09
software package [42].

Figure 1. Front and sided views of zigzag and armchair TX, NT structures at equilibrium
and under tensile strain (¢).

(24,0) Zigzag

For the strained structures, only the atomic coordinates have been re-optimized, while the unit cell
parameter along the tube axis was kept fixed, as reported in our previous works [14,41]. The tensile
strain is defined as ¢ = (L — L)/ Lo, where Ly and L are equilibrium and strained lattice values,
respectively (cf. Figure 1). The elastic properties of the tubes under tensile stress were calculated as
force, F, acting on the area, A. The area can be calculated as follows:

A =271Ry ey

where Ry is the tube radius, defined as the distance between the center of the tube and the metal
atom, and ¢ is the thickness of tube wall, taken as the interlayer distance of the bulk material. The
Young’s modulus, Y, is obtained from the second derivative of the total energy with respect to the
applied strain at the equilibrium volume, V{:
1 0’°E
Y = T @)
where Vy = ALg.

Structural and electromechanical properties have been calculated using density functional theory
(DFT) in the representation by Perdew, Burke and Ernzerhof (PBE) [43], a method that was validated
for the TMC systems earlier [11,29,41]. The all-electron 86-311G* basis was chosen for sulfur
atoms, while for the heavier elements, the effective core potential (ECP) approach with large cores
was employed, accounting for scalar relativistic effects [44,45]. The shrinking factor was set to



eight, resulting in 5 k points in the irreducible Brillouin zone according to the Monkhorst—Pack
sampling [46]. Band structures were calculated along the high symmetry points using the I' — X path.

The coherent electronic transport calculations were carried out using the density functional based
tight-binding (DFTB) [47-49] method in conjunction with the non-equilibrium Green’s function
technique [50,51] and the Landauer—Biittiker approach. The present approach was already validated
and described in detail in our previous works on various TMC materials [14,41,52].

3. Results and Discussion

We have calculated the electromechanical properties of TXs nanotubes by applying tensile strain
(¢) to the tubes along their axis. Tensile strain causes changes in the geometry and results in the
elongation of the T-X bonds (see Figure 2). These bond lengths increase nearly linearly with ¢ and
are more sever for zigzag NTs. This trend is similar to the corresponding mechanical deformations
in the 2D TMC structures [14,41]. In nanotubes, one needs to distinguish between T-X bond lengths
in the outer and inner walls, the latter being slightly shorter. While for armchair NTs, outer and
inner bonds change in the same way, this is not the case for zigzag NTs. At larger ¢, the inner bonds
undergo stronger elongations, eventually approaching the same values as for the outer bonds. We
obtain elongation of 0.8—1.0 pm and 0.5-0.6 pm per 1% of strain for the zigzag and armchair NTs,
respectively. Stronger elongations of bonds in the zigzag NTs can be understood, such that along the
tube, where the tensile strain is applied, there are many bonds oriented exactly parallel to the axis,
while this is not the case in armchair tubes. These bonds can be easily stretched, resulting also in a
reduction of the X—T-X angles.

Once the tubes are subject to ¢, also the tube diameters change, namely they have to shrink to
compensate for the elongations along the tube axis. On average, the tube diameters shrink by 0.6 A
and 0.2 A per 1% of strain for zigzag and armchair NTs, respectively.

The stress-strain relations for all the studied tubes are shown in Figure 3. If the curves are fitted
to the harmonic approximation for small deformations according to Hooke’s law, the stress-strain
plots are linear, and the plastic deformations for larger strain values could not be observed. From
this fitting, however, we have obtained the Young’s moduli for all the tubes (see Table 1). Our
results are in agreement with the available experimental and theoretical values. For example, the
experimental Young’s modulus of multi-wall WS, NTs is found to be 152 GPa [36], 171 GPa [34]
and 223 GPa [37]. For single-wall MoSs NT ropes, the lowest measured Young’s modulus was
120 GPa [26], whereas theoretical values estimated from DFTB calculations for MoSs NTs are 200
GPa [53] and 230 GPa [30,54]. Moreover, Li et al. [55] have reported 150 and 127 GPa for (6, 6)
and (10, 0) MoS, NTs, respectively.

If the curves are fitted to a higher order polynomial (here, the fourth order polynomial was
chosen), we observe that already, for the € of 3%—5% (for sulfides and selenides) or 2%—-3% (for
tellurides), the curves deviate from linearity.



Figure 2.
strain of exemplary MoS,; and WSe, NTs. Similar linear changes are obtained for other

transition-metal dichalcogenide-NTs.

T ‘ T T
2 7l %% (24,0) MoS, Inner Wall -
+—+ (24,24) MoS, Outer Wall
< 26 + .
> I
= 2.5 -1 —
| *—% (24,0) WSe,
2.4H -+ +—+ (24,24) WSe,, |
! ! L ! !
0 0.1 020 0.1 0.2
e=AlLL,

The metal-chalcogen bond length (T-X) change with the applied tensile
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Table 1.

The calculated Young’s moduli of all the studied NTs. The numbers are
obtained from the harmonic approximation following Hooke’s law for small values of
tensile strain.

Chirality
System
(21,0) (24,00 (21,21) (24,24)
MoSy 191 259 235 232
MoSes 184 188 165 174
MoTes 110 132 119 150
WS, 160 177 256 203
WSey 184 165 177 211
WTeq 44 36 59 57




Changes in the geometry of TMC NTs under mechanical deformations also affect the electronic
structure of these materials. The band structure responses to the tensile strain are shown in Figures 4
and 5 for zigzag and armchair NTs, respectively. In the equilibrium, zigzag NTs are direct band
gap semiconductors at I', while armchair NTs are indirect band gap materials with the valence band
maximum (VBM) at I' and the conduction band minimum (CBM) at 2/3 between I" and X. This is
in close agreement with the DFTB calculations of Seifert er al. [24]. These features are unaffected
by ¢; however, the CBM of armchair tubes shifts slightly towards the X point.

Figure 4. The calculated band structure response to the applied tensile strain of zigzag
TX5 NTs. (a) MoXs5 and (b) WXs.

a) £=0% €=10% e=17% b) €=0% e=10% €=17%
(24,0) Mos, _E ) WS,

Figure 5. The calculated band structure response to the applied tensile strain of armchair
TXy NTs. (a) MoX; and (b) WXo.
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(24,24) MoS,

Both the valence and the conduction bands are affected by the mechanical deformations. While
in the zigzag NTs, the CBM looses its dispersion with the applied strain, it is opposite in the case
of armchair tubes. In the latter, the dispersion deepens, and the CBM position shifts towards the X
point. The valence bands get more dispersed along the I' — X paths for larger deformations, and this
is chirality-independent.

The band gap evolution with the tensile strain is shown in Figure 6. Nearly linear scaling is found
for € of 10%—12%. The semiconductor-metal transition occurs for elongations much larger than in



the case of layered 2D forms [14,41], but it is faster for the NTs with heavier chalcogen atoms, as
they have a smaller intrinsic band gap. We have noticed that for armchair NTs, there is almost no
band gap dependency on the tube diameter for the whole range of ¢, as it is in the zigzag forms.

Figure 6. The calculated band gap evolution with the applied tensile strain of zigzag and
armchair TX, NTs.
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Figure 7 shows the intrinsic quantum conductance (G) calculated along the TX, NTs with respect
to the applied tensile strain. As the materials are stretched along the tube axis, G starts to appear
closer to the Fermi level, and eventually, the transport channel opens. For all NTs, the conductance
below the Fermi level reduces with strain; however, above the Ep, it stays unchanged (it increases) for
zigzag (armchair) NTs. Our quantum transport calculations aim to describe the intrinsic conductance
of the entire tubes along their principal symmetry axis. Note that the quantum transport calculations
are carried out using the DFTB method, which tends to overestimate the electronic band gap.

‘We have calculated the effective masses of electrons and holes at the CBM and VBM, respectively
(see Table 2). The effective masses of holes are reduced with the tensile strain, which is consistent
with stronger dispersion in the VBM. The masses of electrons at the equilibriums are similar for
zigzag and armchair NTs of the same type. These numbers are larger for heavier chalcogen atoms,
similar to the electron effective masses. We expect the effective masses of electrons to increase
(decrease) for zigzag (armchair) NTs with ¢ as the dispersion of bands decreases (increases). The
effective masses are calculated from the harmonic approximation and fitting to the energy point close
to the VBM and CBM. This, therefore, strongly depends on the number of k-points along the path
in the Brillouin zone. We have chosen very fine k-point sampling of 150 points between I and X.
Thus, we do not observe as clear trends as expected in the effective masses of electrons. For the (6,6)
and (10,0) MoS, NTs, Li ef al. [55] have obtained effective masses of electrons and holes of 0.53,
0.51, 0.83 and 1.55, for armchair and zigzag forms, respectively.



Figure 7. The electron quantum conductance of TX, NTs under applied tensile strain
along the tube axis.
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Table 2. The calculated effective electron and hole masses (in my units) of TX, NTs
with respect to the applied tensile strain (¢). For zigzag NTs, both effective masses are
calculated at the I" point; for armchair NTs, effective masses of holes are calculated at I"
and of electrons between I" and X . Note, for the latter, we do not specify the exact k-point
as the conduction band minimum (CBM) shifts with . The negative values of hole
effective masses come from the band curvature at the valence band maximum (VBM).

Electron masses Hole masses

System  Chirality
0% 5% 10% 0% 5% 10%

MoS, (24,24)  0.621 0.631 0.707 —-6.209 —1.684 —0.974
(24,0) 0.655 0.621 0.660 —10.03 —1.990 —1.033
MoSes (24,24)  0.868 0.938 0.884 —15366 —2.233 —1.140
(24,0) 1.092 0.998 0.739 —0.485 —3.079 —3.461
WS, (24,24) 0434 0457 0524 —11.498 —1.934 —0.498
(24,0) 0475 0434 0467 —12.348 -—3.171 —1.270
WSey (24,24)  0.621 0.715 0.659 —15.147 —2.285 —7.922
(24,0) 0.585 0.714 0916 —1.362 —2.846 —1.396




4. Conclusions

We have investigated the electromechanical properties of inorganic nanotubes of the TX,-type
under applied tensile strain. The tubes undergo changes in geometry, namely the T-X bond lengths
are elongated. More pronounced changes are obtained for the zigzag NTs, in which some of the
bonds are oriented parallel to the tube axis, which means along the acting deformation force. The
stress-strain relation fitted to the harmonic approximation for small deformations gives Young’s
moduli of about 200 GPa, with the exception of WTe,, which produces notably smaller values around
50 GPa.

The electronic properties and the quantum transport are particularly affected by mechanical
deformations. Nearly a linear change in the band gap is observed for elongations up to 12%. The
semiconductor-metal transition is eventually obtained for all type of tubes; however, it is much faster
for heavier chalcogen atoms. Nanotubes require larger tensile strain to become metallic than the
corresponding 2D materials.

The dispersion of the valence and conduction bands changes strongly with the applied strain.
Notably, the VBM deepens the dispersion, which results in the lowering of the hole effective masses.
The CBM is chirality dependent, and the dispersion is lost (enhanced) for zigzag (armchair) NTs.
The transport channels start to open closer to the Fermi level for larger .

The electronic properties and the possibility to tune by tensile strain suggest that inorganic
NTs, such as TMC materials, could be considered in nanoelectronic applications, for example as
switching materials.
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Single- to Triple-Wall WS, Nanotubes Obtained by
High-Power Plasma Ablation of WS, Multiwall Nanotubes

Volker Briiser, Ronit Popovitz-Biro, Ana Albu-Yaron, Tommy Lorenz, Gotthard Seifert,
Reshef Tenne and Alla Zak

Abstract: The synthesis of inorganic nanotubes (INT) from layered compounds of a small size
(<10 nm in diameter) and number of layers (<4) is not a trivial task. Calculations based on density
functional tight-binding theory (DFTB) predict that under highly exergonic conditions, the reaction
could be driven into a “window” of (meta-) stability, where 1-3-layer nanotubes will be formed.
Indeed, in this study, single- to triple-wall WSz nanotubes with a diameter of 3—7 nm and a length of
20-100 nm were produced by high-power plasma irradiation of multiwall WS2 nanotubes. As target
materials, plane crystals (2H), quasi spherical nanoparticles (IF) and multiwall, 20-30 layers, WSz
nanotubes were assessed. Surprisingly, only INT-WS; treated by plasma resulted in very small, and
of a few layers, “daughter” nanotubules. The daughter nanotubes occur mostly attached to the outer
surface of the predecessor, i.e., the multiwall “mother” nanotubes. They appear having either a
common growth axis with the multiwall nanotube or tilted by approximately 30° or 60° with respect
to its axis. This suggests that the daughter nanotubes are generated by exfoliation along specific
crystallographic directions. A growth mechanism for the daughter nanotubes is proposed. High
resolution transmission and scanning electron microscopy (HRTEM/HRSEM) analyses revealed the
distinctive nanoscale structures and helped elucidating their growth mechanism.

Reprinted from [Inorganics. Cite as: Briiser, V.; Popovitz-Biro, R.; Albu-Yaron, A.; Lorenz, T.;
Seifert, G.; Tenne, R.; Zak, A. Single- to Triple-Wall WSz Nanotubes Obtained by High-Power
Plasma Ablation of WSz Multiwall Nanotubes. Inorganics 2014, 2, 177-190.

1. Introduction

Multiwall inorganic nanotubes of WSz (INT-WS2) were discovered in 1992 [1], and the route for
their scaled-up synthesis was developed in 2009 [2]. Together with BN [3] and MoS: [4,5], they
probably constitute the most investigated kind of inorganic nanotubes from layered compounds. The
crystalline and electronic structure of INT has been studied in great detail [6-8]. In particular,
calculations have shown that multiwall WSz (MoS2) nanotubes become more stable than the
respective nanosheets at a threshold outer diameter of about 15 to 20 nm and being made up of at
least 5-10 layers [9]. Indeed, many of the high-temperature (above 700 °C) synthetic strategies ended
up in multiwall nanotubes exhibiting a high-crystalline order, which agree quite well with the
predicted sizes [2,10,11].

Nonetheless, these conditions are not sufficiently exergonic to drive the reaction into windows of
(meta-) stability far enough from equilibrium, where 1-3-layer nanotubes could be formed. It was
shown in the past that reactions carried out under highly exergonic conditions, like laser ablation [12],
for example, can yield closed-cage MoS2 nanoparticles having a small size and number of layers.
Calculations based on density functional tight-binding theory (DFTB) [9] (see Figure 1) present the
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energy-per-atom of nanotubes as a function of the number of atoms in the unit length (unit cell), Niot,
and for different number of layers (k = 1-4). They are compared with nanostripes (nanoribbons) of
the same number of atoms. For the sake of simplicity, the calculations were carried out for MoSz,
which is structurally analogous to WSa. It is noticed that the energy-per-atom increases with a
decreasing number of atoms for both the nanostripes and the nanotubes, but for different reasons.
The energy-per-atom for the nanostripes increases, due to edge effects, i.e., the abundance of rim
atoms with dangling bonds. On the other hand, the nanotubes become less stable at a smaller radius
of curvature, due to the increasing elastic energy of folding. In addition, the folding energy increases
more steeply for the nanotubes than the energy of the nanoribbons as the number of atoms shrinks.
Consequently, smaller diameter nanotubes become less stable than the straight nanostripes to the left
of the cross-over point (stability threshold) of the two curves. While the cross-over point itself moves
to the left as the number of layers decreases, the corresponding threshold energy-per-atom rapidly
increases (becomes less negative), particularly for nanotubes with three layers and below. It is
therefore clear that the generation of nanotubes of a small size and number of layers (k < 4) requires
highly exergonic conditions, which is the subject of the present work.

Figure 1. The calculated energy-per-atom for MoS2 nanotubes and nanostripes with
14 walls as a function of the number of atoms in the tube unit cell, Not.
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Interestingly, in the range of ~390 < Nt < 670, which corresponds to nanotubes with outer
diameters of 5.1 nm < D3 < 8.0 nm, the triple layer nanotubes are more stable than nanotubes with
k=2 and k=4 (see Figure 1). The diameter (Dx) represents here the outer diameters of the nanotubes
with k& shells. This theoretical prediction is in agreement with experimental results presented in this
work: the majority of the daughter nanotubes were triple-walled. Note that nanotubes with the same
(outer) diameters, but different number of shells, have consequently a different (total) number of
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atoms. Thus, a single-wall tube with a larger diameter may have less atoms than triple-walled tubes
of a smaller diameter.

A similar situation has been encountered with the stability window of MoS: nanotetrahedra and
nanooctahedra consisting of 2—4 layers. These nanostructures were proposed first in [13,14] and
realized in [15,16]. Indeed, MoS2 nanooctahedra/nanotetrahedra were obtained by rapid quenching
of laser- [15—-18] or solar- [19] ablated MoS:2 soot or by an arc-discharge process [20]. It can,
therefore, be concluded that highly exergonic reaction conditions and rapid quenching of the
nanoclusters can access (meta-) stability windows, which favor new nanotubes that are not reachable
by the conventional thermally-driven synthesis at <1000 °C.

2. Results and Discussion

In the present work, 1-3-layer WSz nanotubes with a diameter of 3—7 nm and a length of
20-100 nm were produced by applying inductively coupled radio-frequency plasma irradiation on
multiwall INT-WSa.

2.1. Scanning and Transmission Electron Microscopy Analysis

Typical scanning and transmission electron microscopy images of a pristine (untreated) multiwall
WS2 (“mother”) nanotube are presented in Figure 2a,b, respectively. The majority of the predecessor
INT was 5-20 microns in length and 30—120 nm in diameter.

The HRTEM images in Figure 3a,b display the range of daughter nanotubes obtained by plasma-treating
of the multiwall WSz nanotubes at 600 W for 40 min: tiny daughter nanotubes adjacent to the outer
surface (Figure 3a) of the mother nanotube and a few isolated daughter nanotubes (Figure 3b). The
amount of such daughter nanotubes increased with the treatment time from 10 to 40 min at 400 W
plasma power. The extension of the plasma treatment time to 80 min did not reveal any additional
improvement; however, the increase of plasma power from 400 to 600 W resulted in a sharp increase
in the amount of the daughter nanotubes.

At 600 W and 40 min of treatment, a rough statistical estimate shows that daughter nanotubes
were attached to about 80% of the plasma treated multiwall nanotubes. In comparison, only 10-20%
of the multiwall WSz nanotubes were covered with daughter nanotubes by a 400-W plasma treatment.
Some nanostructures could be better described as nanoscrolls. However, the majority of the daughter
nanostructures are nanotubes, having at least one perfectly closed layer. Future work will be focused
on devising this technique to increase the yield of a single- to a few-layer nanotubes of WS or other
INT, as well. Indeed, by irradiating MoS: powder with a focused solar beam, single-wall MoS: was
rarely observed in the processed powder [21], which confirms that highly exergonic conditions
produced by focused solar (laser) ablation may lead to the production of single-wall nanotubes of
this kind.
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Figure 2. (a) SEM and (b) TEM micrograph of a pristine multiwall WSz nanotube.

Figure 3. TEM images of daughter WSz nanotubes obtained by plasma ablation of
multiwall inorganic nanotube (INT)-WS: at 600 W for 40 min: (a) A large number of
daughter nanotubes next to a treated multiwall nanotube; (b) A group of daughter
nanotubes isolated from plasma-treated multiwall WSz nanotubes by sonication.
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Moreover, many daughter nanotubes were found attached and being tilted at ca. 30 or 60° with
respect to the mother nanotube axis (see the white arrows in Figure 4a,b). However, some daughter
nanotubes were found to be attached, having a common growth axis with the multiwall nanotube
(see the black arrow in Figure 4b).

Figure 4. (a) TEM images of the daughter nanotubes tethered to the surface and tilted at
approximately 30 or 60° with respect to the mother nanotube growth axis (white arrows);
(b) TEM image of a daughter nanotube with growth axis parallel to the mother nanotube
(black arrows).

These observations suggest that the small nanotubes were exfoliated by unzipping the outer
walls of the mother nanotubes along specific crystallographic directions. In addition to
nanotubes/nanoscrolls, a few layers-thick WSz nanoplatelets of typical sizes in the range of the
nanotubes’ length, i.e., 50-100 nm, were also observed.

In an attempt to separate the daughter nanotubes from the mother nanotubes, the plasma-ablated
WS> nanotube powder was ultrasonically treated in ethanol for 10 min. The high-resolution TEM
(HRTEM) images in Figure 5 (see also Figure 3b) clearly depict the daughter nanotubes being more
easily observed after detachment from the predecessor nanotubes.

Rough statistical analysis revealed that the interlayer distance in most daughter nanotubes varied
between 6.3-6.5 A (see Figure 5a), which is larger than the interlayer spacing of 2H-WS:
(6.23 A/2-Theta = 14.32°) and multiwall nanotubes (6.31 A/2-Theta = 14.13°) [2]. This observation
suggests that the daughter nanotubes were not fully relaxed during the growth process and that the
annealing of the sample could possibly lead to further structural relaxation. The Fourier (FFT)
analysis (see the inset in Figure 5b) of the area framed by the square shows that the nanotube is chiral
with a helical angle of six degrees. Once daughter nanotubes are observed in larger yields, techniques
like ultracentrifugation could be used to separate them according to the number of layers and
the length.



19

Figure 5. (a) HRTEM images of a two-three-layer nanotube with a non-uniform
diameter after detachment from the large WS2 multiwall nanotube; (b) Another
three-layer daughter nanotube after detachment. The Fourier (FFT) analysis (see the
inset) of the area framed by the square shows that the nanotube is chiral with a helical
angle of six degrees.

Energy dispersive X-ray analysis (EDS) within the TEM (not shown) confirmed that the
nanotubes are made solely of tungsten and sulfur. Negligible traces of oxygen were found, which
could be mainly attributed to surface impurities.

In a separate series of experiments, several powders of different microcrystalline layered
materials, including 2H-WSz, 2H-MoS:2 and 2H-NbS2, and also the respective diselenides, received
a similar plasma treatment. No daughter nanotubes were found in these treated samples, whatsoever.
A few layers-thick WSz nanoplatelets with typical sizes in the range of the nanotubes (50—-100 nm)
were nevertheless abundant in plasma-treated 2H-WS2 powder. Furthermore, the NbSe2 powder
turned out to be unstable under the plasma treatment conditions. Plasma treatment (400 W) of
fullerene-like WSz nanoparticles with hollow cage structure (inorganic fullerene-like (IF-WSz)
nanoparticles) resulted in a few layers exfoliation and a few small-sized (“daughter”) fullerene-like
nanoparticles or nanotubes (see Figure 6). The daughter IF-W Sz nanoparticles are reminiscent of the
arc-discharge produced IF-MoS: nanoparticles [20]. In concluding this large series of experiments,
it is possible to state that only plasma irradiation of multiwall WSz nanotubes yielded daughter
nanotubes in a reproducible fashion.
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Figure 6. TEM image of the attached daughter single wall fullerene-like nanoparticles
generated by plasma treatment of multiwall fullerene-like WSz nanoparticles.

\

Single-wall carbon nanotubes can be obtained in large quantities, e.g., via the arc-discharge
technique [22]. Given the interlayer distance of 3.4 A in graphite, the monoatomic graphene plane
can be closed into nanotubes of a diameter smaller than 0.5 nm [23,24]. On the other hand, the WS
(MoS2) layer consists of six-fold bonded tungsten (molybdenum) atoms sandwiched between two
sub-layers of three-fold bonded sulfur atoms. This makes the WSz layers pretty rigid, with interlayer
spacing of 6.23 A; it is no wonder that the elastic energy for WSz (MoS2) nanotube formation is
appreciably larger than that of graphitic carbon. If one takes the elastic energy threshold for folding
to be 0.05 eV/atom, the calculated diameter of a single-wall carbon nanotube is between one and
1.2 nm [25], and that of a single-wall MoS: should be 6.2 nm [9,26]. Therefore, the diameters of the
daughter WSz nanotubes observed in the current series of experiments reconcile very well with the
previous calculations.

2.2. Growth Mechanism

It is hypothesized that the formation of the daughter nanotube occurs through a strong interaction
of the highly energetic plasma, used in this work, with a point or line defect on the outer surface of
the mother nanotube, leading to rapid unzipping and exfoliation of 1-3 layers-thick WS, fragments.
One way for the exfoliated nanosheets to release the large elastic strain and fold into a nanotube is
through an “inverted umbrella” reaction, which is the manifestation of the “Walden inversion”
typical of a nucleophilic attack of a stereoisomer by an electron-rich moiety [27].

In an effort to understand the mechanism of formation of these daughter nanotubes, additional
HRSEM analysis of the plasma-treated nanotubes was undertaken. The HRSEM in Figure 7a reveals
areversely revolved nanoscroll of ~20 nm in diameter attached to the surface of the mother nanotube.
Furthermore, a clearly observed step defect or dark contrast on the mother nanotube beneath the
daughter nanoscroll is reminiscent of the exfoliation process of the WSz patch. Unfortunately, the
resolution of the SEM did not permit viewing the smaller (3—7 nm) daughter nanotubes.
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Figure 7. (a) HRSEM micrograph of a daughter nanoscroll attached to a large nanotube;
(b) (I) HRTEM of a two-layer daughter nanoscroll viewed head-on along its axis and
attached to a large multiwall nanotube; (II) an initial scrolling stage of an exfoliated
single layer and three (III) layers before the formation of the nanotube; (¢) HRSEM
image of a daughter nanotube attached to a mother INT; and (d) HRTEM images
revealing the folding of WSz nanosheets to form a daughter nanotube.
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Nonetheless, this analysis suggests very strongly that the elastic strain of the exfoliated WS: sheet
produces oppositely revolved daughter nanotubes. Moreover, at better resolution, the HRTEM image
in Figure 7b depicts a two-layer daughter nanoscroll viewed head-on along its axis marked by “I”.
Furthermore, an initial scrolling stage of an exfoliated single layer (“II”’) and three layers (“III”)
before the formation of the nanotube was also observed. In addition, Figure 7c,d shows an HRSEM
image of a daughter nanotube attached to a mother nanotube and HRTEM images of a WSz nanosheet
in the process of folding to form a daughter nanotube.

A schematic model for the growth mechanism of the daughter nanotubes is depicted in Figure 8.
This growth mechanism proposes that the fragments of the outermost (1-3) layers of the predecessor
nanotubes were unzipped by the plasma treatment, exfoliated and folded into daughter nanotubes.
The large excitation energies of the plasma together with the mechanical strain lead to a nanoscopic
“Walden-type inversion” [27]. The reactive edges of the inverted layers induce further folding into
daughter nanotubes with a smaller radius of curvature than the predecessor (mother) multiwall WS
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nanotube. Detachment of the 1-3 layers from the mother nanotube may also be followed by rotation
and inclination, in this case, the axes of the mother and daughter nanotubes do not necessarily
coincide or form a specific angle between them. In other cases the rapid quenching of the excess
energy of the nanosheets does not permit them to fully close, which leads to nanoscrolls or to a
nanotube with one closed wall and the others remaining unclosed. Nanoscrolls may also occur due
to steric hindrance, where the plasma-induced exfoliated nanosheets released their energy without
being able to undergo timely inversion.

Figure 8. Schematics of the proposed growth mechanism of the daughter nanotubes by

7
notube Formation

plasma treatment of the multiwall mother nanotubes.

In a few cases, WSy nanoclusters were observed adjacent to the daughter nanotubes (see Figure 9).
These non-stoichiometric nanoclusters could be obtained by the condensation of tungsten and sulfur
atoms or WSz molecules from the vapor phase. In turn, the condensation of clusters onto the tube
edges could lead to further elongation or even the growth of an extra layer on the daughter nanotube
surface. Another plausible event is the condensation of the vapors into separate nanosheets, which,
upon quenching, form isolated nanotubes.

The proposed mechanism is consistent with the data presented in this work. In order to shed light
on the detailed growth mechanism of the (daughter) nanotubes and to control their length, diameter
and the number of layers, future experiments will focus on the variation of the plasma treatment
process, including the substrate temperature, pressure in the chamber, etc.

Since highly excited clusters of WSz (MoS2) can be formed using arc-discharge and a variety of
other techniques, high-power plasma ablation would possibly allow synthesizing a few-wall
nanotubes under controlled conditions in higher yields.
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Figure 9. TEM images of nanoclusters surrounding daughter nanotubes. Presumably,
the clusters were generated by the condensation of tungsten and sulfur atoms or WS2
molecular clusters from the vapor phase created by the plasma treatment of the multiwall
WS2 nanotubes.

3. Experimental Section
3.1. Plasma Treatment

The schematic drawing and photograph of the experimental set-up for the inductively coupled
radio-frequency plasma irradiation (27.12 MHz) [28] of the multiwall WS nanotubes is depicted in
Figure 10.

In these experiments, non-thermal plasma with electrons, atoms and ions, having different
temperatures each, was used to irradiate powders of multiwall WSz nanotubes (INT-WSz), inorganic
fullerene-like (IF) quasi spherical nanoparticles and different transition metal dichalcogenides
microcrystalline 2H-platelets. A plasma power in the range of 400-600 W was applied for 5, 10,
20, 40 and 80 min. The electron temperature in these experiments was in the range of
1.7 x 10*-2.3 x 10*°K (1.5-2 V), and the electron density was in the range of ~10'%/cm? [29].

The argon gas pressure was 10 Pa, and the flow speed of the Ar gas was 30-35 cm®/s, while the
base pressure before the Ar gas was 10™* Pa. The temperature of the neutral Ar atoms and Ar" ions
is approximately two orders of magnitude smaller than that of the electrons. The plasma energy
impact on the substrate surfaces was 2.3 W/cm? at 400 W and 3.1 W/cm? at 600 W [30]. The plasma
parameters, pressure and energy impact were constant over the treatment time. The temperature of
the substrate increased with time and depended on the heat conductivity and the quality of the thermal
contact between the powder and the susceptor. The nanoparticles temperature was different from that
of the gas. It was influenced by a number of factors, including the electron and ion bombardment,
electron-ion recombination, reaction enthalpy from the chemical surface reaction, energy loss by heat
radiation and conduction. The temperature of the nanotubes could be estimated to be in the range of
a few hundred degrees centigrade [31].
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Figure 10. (a) Schematic representation and (b) Photograph of the experimental set-up
for the plasma treatment of the multiwall WSz nanotubes.
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3.2. Electron Microscopy

The resulting samples were examined by transmission electron microscopy (TEM) (Philips
CM120 operating at 120 kV, equipped with an energy dispersive X-ray spectroscopy (EDS) detector
(EDAX Phoenix Microanalyzer) for chemical analysis). High-resolution TEM (HRTEM) (FEI
Technai F30-UT, with a field-emission gun operating at 300 kV) and scanning transmission electron
microscopy (STEM) (FEI Technai F20 operating at 200 kV equipped with a high-angle annular dark
field (HAADF) detector and EDS detector (EDAX-Phoenix Microanalyzer)) were also used.
Complementary information was obtained by high-resolution scanning electron microscopy
(HRSEM) (Zeiss Ultra model V55 and LEO model Supra 55VP equipped with an EDS detector
(Oxford model INCA) and backscattering electron (BSE) detector).

4. Conclusions

In conclusion, WS2 nanotubes of 1-3 layers (“daughter nanotubes”), 20—100 nm-long and with
diameters varying between 3—7 nm, were obtained by plasma treatment of multiwall nanotubes in
inert atmosphere. The proposed growth mechanism of the daughter nanotubes involves the strong
interaction of the plasma with point or line defects, causing unzipping and exfoliation of the
outermost layers of the multiwall nanotube, the release of the elastic strain, followed by scrolling and
closure into small nanoscrolls or nanotubes. Sublimation of W and S atoms, WSz molecules and
cluster formation could serve as an additional building material for daughter tube formation and
extension. These few-layered WSz nanotubes represent a locally stable, highly excited state of this
solid. Being of such small dimensions, they should reveal a quantum confinement effect, as well as
new optical, electrical and mechanical properties. Furthermore, these nanotubes can be suspended in
different solvents and could possibly be of particular interest, e.g., for drug delivery.
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IF-WS;,/Nanostructured Carbon Hybrids Generation and
Their Characterization

Claudia C. Luhrs, Michael Moberg, Ashley Maxson, Luke Brewer and Sarath Menon

Abstract: With the aim to develop a new generation of materials that combine either the known
energy absorbing properties of carbon nanofibers (CNF), or the carbon-carbon bond strength of
graphene sheets (G), with the shock resistance properties reported for Inorganic Fullerene type WS2
structures (IF-WS2), hybrid CNF/IF-WS: and G/IF-WS: were generated, characterized and tested.
Experimentation revealed that in sifu growth of carbon nanostructures with inorganic fullerene
tungsten disulfide particulates had to be performed from particular precursors and fabrication
conditions to avoid undesirable byproducts that hinder fiber growth or deter graphene generation.
The novel protocols that allowed us to integrate the IF-WS: with the carbon nanostructures,
producing dispersions at the nanoscale, are reported. Resulting hybrid CNF/IF-WSz and G/IF-WS:
products were analyzed by X-ray Diffraction (XRD), Scanning Electron Microscope (SEM) and
TEM (Transmission Electron Microscopy). The thermal stability of samples in air was evaluated by
Thermogravimetric Analysis (TGA). CNF/IF-WS2 and G/IF-WS:z hybrids were introduced into
epoxy matrices, and the mechanical properties of the resulting composites were analyzed using
nanoindentation. Epoxy composite samples showed drastic improvements in the Young’s modulus
and hardness values by the use of only 1% hybrid weight loadings. The carbon nanofiber inclusions
seem to have a much greater impact on the mechanical properties of the composite than the graphene
based counterparts.

Reprinted from Inorganics. Cite as: Luhrs, C.C.; Moberg, M.; Maxson, A.; Brewer, L.; Menon, S.
IF-WS2/Nanostructured Carbon Hybrids Generation and Their Characterization /norganics 2014, 2,
211-232.

1. Introduction

Tungsten disulfide inorganic fullerene-like particulates (IF-WSz), a dichalcogenide with distinct
physical and chemical properties [1,2] that presents a hollow cage structure with potential uses as
lubricant, component in batteries, supercapacitors or catalyst, among others [3-9], was introduced a
few years ago as a material with shock resistance properties [10—13]. The shock absorbing ability of
IF-WS: particulates allows them to endure pressures up to 25 GPa, with concomitant temperatures of
up to 1000 °C, without structural degradation or phase change [12], a characteristic that opens an
exciting window of possibilities for protective systems applications. Recent reports have further
explored the features of such WSz nanostructures and some studies of their inclusion in polymeric
matrices, along with the composites mechanical properties, have been published [14-24]. Despite
those outstanding characteristics, the WS density might be considered a drawback if it is to be used
as component in protective gear that should be lightweight, able to withstand high temperatures and
be flame resistant. A possible compromise between all those requirements might be made by joining
the sought-after shock absorbing attribute of IF-WS2 with lighter materials.
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Due to their strength and light weight, tridimensional carbon assemblies and porous carbon
structures such as nanotubes, foams or intertwined nanofibers [25-37], along with two-dimensional
structures, such as Graphene [38-40], have been the focus of attention for energy absorbing
applications. However, despite the advances in the field, the performance of personal protective
equipment or sporting gear composed of carbon nanostructures can still be improved by the use of
materials that could divert, distribute or dissipate the energy of impacts and the shock waves
associated with them, in a more efficient manner.

Given the shock resistance characteristics of IF-WS2 and the energy absorption of carbon
nanostructures mentioned above, the combination of those two types of materials seems as a natural
next step in the design of protective systems. Recent work that has successfully explored the
possibility of merging the carbon component with IF-WS: using polymeric matrices [16,18,41-45].
However, the energy dissipation characteristics of those products could be attributed, to an extent, to
the role of the viscoelastic polymeric matrices. Conversely, new reports in the generation of carbon
fiber tridimensional structures have proven that CNF can be grown to form a macroscopic foam with
viscoelastic properties without the need of a polymeric component [46]. Adding the known shock
absorbing characteristics of [F-WS2 to such type of carbon structures will be highly desirable and is
the focus of this investigation.

The development of a protocol to combine the IF-WS: characteristics with those of the carbon
structures in the absence of a polymer, to generate a random distribution of those two phases at the
nanoscale (ca. a hybrid made of solely inorganic components, thus, avoiding some of the polymer
drawbacks such as aging but gaining in terms of lightweight and thermal stability), remains as one
of the major challenges.

Experimentation by our group has shown that adding IF-WS: to an already existing 3D carbon
structure, even when using solvents to achieve the mixture, renders an inhomogeneous solid.
The present work aims to produce a well-dispersed hybrid system composed of a carbon solid
(Carbon Nanofiber or Graphene) and low loading levels of [F-WS2. We found that to produce a well
dispersed 3D structure of carbon nanofibers and IF-WS: it is necessary to employ the two stage in
situ protocol described in the next section. In contrast, to produce a hybrid of Graphene (2D layered
structure) with IF-WSa, the use of the in situ protocol did not show significant improvement in the
phase distribution when compared to physically mixing the components.

As an extension of the primary goals, we studied the mechanical properties of epoxy composites
based on hybrid CNF/IF-WS2 and G/IF-WS2 made by in situ routes, and contrast the latter to those
created from physical mixtures of the components.

2. Results and Discussion

With the goal of generating hybrid Carbon nanostructure/IF-WSz2 we conducted the steps
summarized in the experimental section and produced samples whose qualities are described below.
We have divided the results and discussion segment into three parts; the first one presenting the
microstructural characteristics and stability of samples based on CNF/IF-WS2, the second one
including the study of Graphene/IF-WS; and the third showing the mechanical properties of both
CNEF/IF-WS:z and Graphene/IF-WS:z epoxy composites. The samples made in the absence of polymer
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were denominated hybrids and the ones with nanostructures embedded in epoxy are referred as
composites as a way to distinguish them.

2.1. Carbon Nanofiber/IF-WS> Hybrids

The combination of existing 3D CNF structures with IF-WS: in the absence of a polymeric matrix,
as mentioned in the introduction section, results in inhomogeneous solids. For example, the addition
of IF-WS: to already existing CNF generates samples where diffusion paths dominate the final
structure: the surface of the carbon fibers tends to contain larger amounts of the IF-WS: phase than
sections of the sample not exposed to the surface. The use of solvents and sonication to disperse the
IF or its precursors, is not enough to produce a homogeneous product. A second example; The
addition of metal catalyst particles (to promote the carbon fiber growth) to existing IF-WS: followed
by thermal treatments to proceed with the carbon nanofibers growth in the presence of a carbon
source, produces a thin layer of metal sulfides in the surface of the metal particles. This phenomenon
is observed also in the absence of carbon sources: at moderate temperatures (below 350 °C according
to our findings) the metal reacts with the tungsten sulfide producing thin films of secondary phases
in the metal particle surface, which in practice poison the catalyst, capping it and hindering the
growth of the carbon fibers. Hence, this method also fails to produce the expected product. Variations
in the experimental parameters, such as gas flows, placement of precursors, size and nature of metal
catalyst, amid others, generates, in the best case scenario, amorphous carbonaceous byproducts of
different sizes and morphologies, far from the desired fiber or porous structures [47].

Diverse precursor options could be used to generate IF-WS: structures; (NH4)2WS4 thermal
decomposition and WO3 reaction with sulfur-containing compounds are among the most common
routes employed [1,48-56]. The generation of IF-WSz carried out in our laboratories using such
precursors resulted in samples with different levels of long range order and particle size, as can be
inferred from its XRD pattern and SEM analysis. Figure 1 presents the WS patterns obtained when
decomposing (NH4)2WS4 and from the reaction of commercial WOs nanoparticles with HaS
atmospheres. It is worth noting that the temperatures needed for such reactions to occur differ,
the former was performed at moderate temperatures (ca. 500 °C) while the latter required higher
temperatures to be carried out to completion (ca. 800 °C). The diffraction peaks for IF-WS: generated
from WOs3 are narrower and the reflections (001) with I = 2n more evident and well defined than the
ones obtained from (NH4)2WS4. SEM observation of both products confirmed the presence of the
hollow cage structures, the so-called 3R phase. Moreover, the former tetrathiotungstate precursor
reacts with metal particles when it decomposes, which makes WOs the best choice to be combined
with metal catalyst for fiber growth.

The two stage in situ synthesis of homogeneous CNF/IF-WS: required diverse atmospheres and
temperature steps to be accomplished successfully. The first stage had the objective to grow CNF
from a metal catalyst intermixed with WOs and the second stage consisted on sulfurizing the mixture
of CNF/WOs to transform the tungsten oxide into [F-WSz.

The dispersion of the metal particle (nickel in this case) with the WOs nanoparticles was
performed using a solvent and sonication, followed by evaporating the mixture until dry since it
rendered a more homogenous precursor than simply grinding the solids. A first temperature step was
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carried out at 350 °C in reducing atmospheres as a precautionary measure to assure that the metal
catalyst surface was free of oxides. A second step at the same temperature including ethylene (as
carbon source) and small amounts of oxygen diluted in inert gas (as reaction initiator and radical
originator) was performed to cover the metal particle with an initial thin layer of carbon (which
prevents the metal gross agglomeration and sintering at higher temperatures). The growth step was
made at 550 °C, following protocols previously developed [57]. A final temperature stage at 900 °C
in H2S containing environment was included to transform the WOs, now dispersed in between
carbon nanofibers, into IF-WSz. The sample was then allowed to cool to room temperature using an
inert atmosphere.

Figure 1. XRD patterns of IF-WS:2 particles generated from different precursors.
IF-WS2 generated from (a) commercial WOs particles; (b) from ammonium
tetrathiotungstate. All peaks were identified as IF-WS2 [12].
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The electron micrographs of the nickel nanoparticles employed, the carbon nanotube intertwined
nanofibers generated and the hybrid CNF/IF-WS: are presented in Figure 2. The ratios of catalyst to
WOs used were designed to have nominal loading values of 0.5, 1.5, and 5% of IF-WS; with respect
to the total weight of the CNF. The distribution of the IF particles was studied using SEM in
Secondary Electron (SE) and Backscattered Electron (BSE) modes along with Energy Dispersive
Spectroscopy (EDS) mapping and can be described as discrete pockets of cage like particulates of
approximately 1-2 microns dispersed into the CNF threads (Figure 2c). This finding is consistent
across different sample locations.

The catalyst used for the carbon nanofibers was not removed and represents close to 3% of the
total weight of the sample. Its effects on the properties of the epoxy composites are discussed in
Section 2.3.

The last stage of the in situ protocol, the sulfurization, transforms not only the WO3 into WSz but
the nickel catalyst into nickel sulfide. Indeed, the hybrid CNF/IF-WS: samples are composed by the
solids mentioned in Table 1 (experimental section), where nominal values and elemental analysis by
ICP methods are contrasted. The inductive plasma emission spectroscopic data shows that the final
composition attained is within 0.2% of the targeted values.
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As a means to understand the characteristics of the samples and the different phases formed at the
diverse synthesis steps, some of the runs where halted before completion and the products at that
point, were analyzed by diverse techniques. As part of those trials, experiments of fiber growth in
the absence of WO3 with and without sulfurization treatment were performed. The X-ray diffraction
analysis of the latter, containing only CNF samples, is presented in Figure 3. The main reflection,
close to 26°, corresponds to the (002) peak of graphite, characteristic of many carbon products that
include a crystalline component with various degrees of basal plane alignment [58]. In the present
case the peak is associated to the CNF presence. The diffraction pattern of samples after the carbon
fiber growth step but before sulfurization (red line in Figure 3), show only the peaks of graphite and
a couple of reflections, close to 45 and 52°, that correspond to the nickel particles used as catalyst.
The phases encountered after sulfurization (blue line) corroborate the presence of two extra
crystalline structures, nickel sulfide: Ni3Sz [59,60] and Nii7S1s [61].

Figure 2. Microstructural Analysis of CNF and WS: precursors and CNF/IF-WS: hybrid.
Scanning Electron Microscopy secondary electron images of (a) starting nickel

nanoparticles; (b) carbon nanofibers grown from Ni catalyst; (¢) nanoparticle dispersion
and cluster of WSz nanoparticles within carbon nanofibers (CNF/IF-WS:z hybrid).

Figure 3. X-ray diffraction pattern of carbon nanofibers. (a) Typical peaks of graphite
and nickel metal are identified in samples as prepared; (b) XRD pattern after
sulfurization step shows graphite and nickel sulfide reflections.
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The XRD patterns of CNF/IF-WS:z hybrids at the three different levels of loadings prepared are
shown in Figure 4. The same phases recognized in Figure 3 after sulfurization; graphitic peaks,
NisSz2and Ni17S1s, along with a comparatively weak peak corresponding to IF-WS2, can be identified.

Figure 4. X-ray diffraction patterns for hybrid CNF/IF-WS: samples. The main
difference between XRD patterns in samples at diverse loadings is the relative intensity
for the nickel sulfide vs. graphitic peaks.
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SEM in BSE mode studies along elemental mapping by EDX confirmed the presence of IF-WSz
as highly dispersed phase. Figure 5 shows the metal distribution as bright spots (top left), including
both nickel and tungsten phases. The IF-WS: distribution can be inferred as the positions where W
elemental mapping is found (top right). The W mapping shows the presence of mainly small (nm)
particulates homogeneously distributed in the sample. In contrast, the Ni particles used as catalyst,
now converted into sulfides, appear both as nanometer particulates and micron size agglomerates;
with dimensions that could be correlated with the different fiber diameters (bottom right). The fact
that the nickel elemental distribution shows micron size clusters is a sign that some agglomeration
of some of the initial particles might have occurred during the fiber growth, since the original catalyst
had a size distribution in the nm range, as shown in Figure 2a. The sulfur map (bottom left)
encompasses both, the IF-WS> and Ni sulfide components.

The samples’ thermal analysis under oxygen containing atmospheres show that all specimens;
CNF (catalyst included), CNF sulfurized and hybrid CNF/IF-WS: are stable at least up to a
temperature of 500 °C (Figure 6). At higher temperatures the carbonaceous component burns off to
produce COz2, the tungsten sulfide reverts to its oxidized form and the metal catalyst oxidizes.
Experiments conducted in inert atmosphere showed that hybrid CNF/IF-W Sz samples do not present
weight changes in the window of conditions used (RT to 950 °C) and can be considered thermally
stable. Indeed, the hybrid samples stability observed surpasses the ones observed for polymer
products without WSz, which in either atmosphere start decomposing at much lower temperatures,
and are in agreement with stability observed in air for IF-WS: based composites [19,20,62]. The
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reported thermal stability of WS fullerene-like particles alone under oxidizing atmospheres indicates
that, depending on particle size, oxidation might begin close to 290 °C (100 nm) or delay up to close
to 440 °C (3 m), while exposed to inert gases the phase is stable up to 1200 °C [63,64]. In our case,
the use of CNF without polymeric component seems to increase the thermal stability of the hybrid,
given that the average IF-WS: particle size produced was in the nanometer scale (expected to oxidize
close to 300 °C) and changes in weight were not evident until above ~500 °C. The thermal stability
observed for IF-WS:2 might be related to the particulates being embedded in the CNF intertwined
fibers, which might delay their reaction. Further studies to fully explain these phenomena are currently
under way.

Figure 5. Phase distribution studied by SEM/EDX analysis. Top left: Backscattered
electron image showing the carbon fibers in grey and the metal containing phases as
bright spots in the sample CNF/IF-WS: with the lowest IF-WS: loading. Elemental
mapping by EDX analysis confirmed the presence of [F-WS2 mainly as highly dispersed
phase (top right) with small (nm) particle size. The elemental Ni map shows the presence
of nm and micron size particulates (bottom right). The sulfur map (bottom left) includes
both, the IF-WS:z and Ni sulfide components.




35

Figure 6. Thermogravimetric Analysis. Temperature programmed oxidation (burn off
process) for (a) carbon nanofibers-including nickel catalyst; (b) sulfurized carbon
nanofibers -including nickel sulfide and (¢) CNF/IF-WS: hybrid with 3% tungsten sulfide
loading. All of the samples are stable in oxygen containing environment up to 500 °C.
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2.2. IF-WS2/Graphene Hybrids

The complications introduced by the use of metal catalyst for nanofibers growth were not
encountered during the synthesis of Graphene/IF-WS: hybrids, since no extra metal components
were needed to generate them. Only small amounts of urea were used as an expansion agent. The
production of graphene was accomplished by the reduction-expansion of graphite oxide (GO), which
was generated from graphite flakes by the process described in the experimental section. The GO
mediated process generates disordered graphene; where graphene sheets tend to entangle with each
other but remain separated enough to maintain a relative high surface area (ca. 600 m*/g as per BET
analysis). It is worth noting that the oxygen content in the synthesis environment when using GO as
a carbon precursor is sufficient to oxidize some of the IF-WS; if the latter is used since the beginning
of the protocol, forcing the use of WOs as the tungsten source. Thus, WOs nanoparticles were subject
to HaS treatments to sulfurize them after its mixtures with graphene were obtained.

The two variations on the synthesis conditions consisted of: (i) dispersing the WO3 nanoparticles
with GO and then performing the exfoliation at high temperature (to generate Graphene/WOs3)
followed by sulfurization (to obtain Graphene/IF-WS2) or (ii) perform the GO exfoliation first and
then directly mixing the resulting graphene with WO3 and then sulfurizing the product (rendered
Graphene/IF-WSz2). The microstructures created are presented in Figure 7.

The first synthetic approach, GO plus WOs exfoliation followed by sulfurization, resulted in
hybrid Graphene/IF-WS2 where the IF structures were located on the surface of disordered graphene
sheets (marked by arrows, Figure 7a). Due to the thermal exfoliation and urea reduction process,
when volatile groups leave the graphite oxide structure at temperatures close to 200 °C, they carry
along the WO3, which ends in top of the layers, where they remain through the sulfurization step that
converts them into [F-WS: cage structures. The exfoliation process separates the graphene sheets but
also promotes the separation of IF particles, which were found in all cases as individual particles.
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The position of the IF particulates following the second synthetic approach, is quite distinct. In
this protocol, GO is first thermally exfoliated and reduced and the subsequent graphene is mixed
with WO3 (with the aid of solvents and sonication, followed by solvent evaporation until dry) and
the mixture is then sulfurized. The IF particulates are found between the graphene layers, intimately
embedded into the sheets structure (Figure 7b). Small (few nm diameter) IF particulate agglomerates,
marked in the image with a blue arrow, were observed along individual particles, indicated by red
arrows. The IF-WS2 observed by Transmission Electron Microscopy presents the characteristic
hollow cage, partially faceted structure and an interlayer spacing of 0.62 nm.

For comparison, samples in which Graphene and IF-WS2 were formed as individual phases and
then added as a physical mixture using solvents and sonication (not grown in situ), present similar
structures to the ones in Figure 7b, demonstrating that the protocols developed to introduce IF-WS2
into carbon structures are required only when tridimensional architectures of the carbonaceous
component are needed but not if a layered, two dimensional structure is used.

Figure 7. Microstructural Analysis of Graphene/IF-WS: hybrids and IF-WS2. Scanning
Electron Microscopy images of (a) Graphene/IF-WS: hybrid generated from GO and
WOs; (b) Graphene/IF-WS: hybrid made directly from Graphene and WO3; and (c¢)
Transmission electron micrograph showing the characteristic hollow core and interlayer

spacing for IF-WS: particles.

2.3. Epoxy Composites

The use of epoxy as polymeric matrix was intended (independent of its properties as a composite
for use in protection systems) to determine the mechanical properties observed when using carbon
nanomaterials with 3D vs. 2D structures (CNF vs. Graphene) that included low loadings of I[F-WSa.
Other instances of WSz nanostructures embedded in epoxy can be found in [14,23], where WS2
nanotubes were used as filler instead of the IF particulates used in this study. To the best of our
knowledge, the only existing references including IF-WS: particles in epoxy systems do not involve
a carbonaceous component [21-24].

Experimental testing in our laboratory and previous epoxy resin composite research data [47,65]
were used to select 1% as targeted loading of filler material into epoxy matrix. Bare epoxy resin,
produced in identical conditions to the ones containing diverse fillers, was used as reference.
Table 1 presents the values for the different filler components used to prepare the composites, all
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cases include only 1% of total filler and 99% of epoxy, by weight. On the table, the first column
contains the nominal values of [F-WSz component targeted during synthesis, the rest of the columns
are the values encountered when analyzing the filler samples by ICP Emission Spectroscopy.

Two types of nanoindentation measurements showed clear increases in the Young’s modulus of
the epoxy-CNF composites. As described in the experimental section, dynamic mechanical analysis
was performed on epoxy-CNF composites to ascertain the degree of viscoelastic deformation of these
materials at room temperature. At loading frequencies of both 1 Hz and 45 Hz, the elastic modulus
response was dominated by the storage (elastic) modulus with a very minor contribution, less than
5%, from the loss (viscous) modulus. As such, quasi-static indentation was deemed appropriate for
these materials. We used quasi-static nanoindention to measure the Young’s modulus and hardness
for each of the composites using the conditions listed in Table 2. The inclusion of carbon nanofibers
into the epoxy matrix increases the epoxy modulus by 29%. CNF sulfurized, with no IF-WS: but
subject to sulfurization process with HaS, improves it nearly by 52% (Figure 8a). A possible
explanation to the higher modulus values for the later might be related to the presence of sulfur and
its effects on the epoxy-CNF interface adhesion. The three hybrid samples tested, CNF containing
IF-WS:2 particulates with 0.5, 1.5, and 3%, show much higher modulus than the rest, with values that
almost double the one for bare epoxy (for hybrid CNF/IF-WS2 0.5%). While we observed a clear
variation in sample performance for hybrids containing CNF and diverse IF-WS: contents, the data
does not show a clear correlation with the actual amount of IF added.

For all samples that included fillers we observed a more dramatic change in hardness than for the
elastic modulus; the initial addition of carbon nanofibers had a large effect and increased the hardness
by more than 114% (Figure 8b). The addition of sulfurized fibers further raised the hardness by
another 38%. The sulfurization of the fibers appears to improve the ability of the fibers to bond with
the epoxy matrix, further improving the interfacial strength. The increase in hardness could also be
partially due to the inclusion of nickel sulfide particles. As shown in Figures 3 and 4, after the
sulfurization step is carried out all nickel used as catalyst for the CNF growth transforms into Ni3S2
or Ni17S1s. While these particles contribute to an increase in performance in this case, it is possible
that other effects could appear under different situations.

Nickel sulfide contamination is an ongoing concern for the tempered glass industry. High
temperature structures of nickel sulfide can develop in the glass manufacturing process and become
included in tempered glass. This inclusion will result in a stress concentration and if the particle is of a
certain size, the pane of glass will shatter under loading far below what is expected of the material [66].
Depending on the future inclusions of these materials into other matrixes, the possible impact of
sulfide particles as stress concentrators should be considered and further studied. In the case of
polymeric matrices, like the ones studied herein, no failure modes related to the existence of nickel
sulfide are expected, since the working and processing temperatures do not reach those where the
nickel sulfide high temperature phase appears (715 °C). In the case of hybrids in the absence of
polymers, the porous carbon fiber structure is presumed to accommodate the volume expansion of
the phase change and does not constitute a concern.

All the hybrid CNF/IF-WS: samples showed a significant increment in hardness values, being
CNF/IF-WS:2 0.5% the most remarkable, with a 247% improvement over the pure epoxy hardness.
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Figure 8. Mechanical properties of epoxy composites. All composites contained 99%
epoxy and 1% loading of filler nanostructures: CNF, sulfurized CNF or hybrid
CNF/IF-WSa. For the later, the hybrids contained mostly carbon fibers, with only 0.5,
1.5, and 3% of IF-WS:. (a) Modulus data and (b) Hardness values.
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In order to fully understand the CNF/IF-WSz epoxy composite mechanical properties observed,

Sulfurized CNF

CNF/WS2 0.5%
CNF/WS2 1.5%
CNF/WS2 3%

b)

further study of their interfaces by IR or other spectroscopic techniques is recommended. Such data
will help characterize the changes introduced by the inorganic components in the oxirane ring bands,
the overall epoxy resin structure and its degree of polymerization.

The inclusion of two-dimensional graphene into the epoxy matrix in equal loadings than the ones
described above, 1wt% filler in epoxy, by itself or as Graphene/IF-W Sz, resulted in increased values
of modulus and hardness (Figure 9). However, the improvement when compared to the 3D nanofiber
structures is modest; the hybrid Graphene/IF-WS:2 with 0.5% of IF-WS2 showed a 9% modulus
increment over bare epoxy and a 47% increase in hardness. Histograms for the composites that
contain CNF have been highlighted in blue and the ones containing graphene in red. From the Figure
is clear that the samples based in 3D CNF architectures containing IF-WS: present the highest values.
During the composite fabrication, the graphene based samples seemed to be more difficult to disperse
into the epoxy matrices than the CNF ones and inconsistencies in the sample distribution into the
epoxy puck might have a detrimental effect on the mechanical properties values. Moreover, the fact
that the graphene sheets were distributed randomly in the sample and not oriented in the (002)
direction, where the strong covalent bonds are located, might be another point to be considered to
explain the observed mechanical behavior.
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As mentioned in Section 2.2, the use of Graphene/IF-WS: prepared in situ vs. the components
physical mixtures do not seem to present an advantage in terms of phases distribution or their
microstructural characteristics. In terms of mechanical properties, the in situ route and the physical
mixtures of Graphene/IF-WS: are comparable; the values for modulus are almost the same and the
hardness is higher for the former. This result might be related to the fact that IF particulates might
easily disperse in between the graphene sheets without the need of a multistep process. It is worth
noting that in the sample created in situ, the graphene structure has been exposed to H2S atmospheres,
while in the physical mixture the graphene was pristine and never in contact with sulfurizing
environments. Given that the improvement in modulus and hardness over neat epoxy observed in
those samples was minimal, the present study did not further investigate the interfacial effects created
by diverse functionalities in the graphene surface.

Figure 9. Mechanical properties of epoxy composites. with 1% loading of CNF,
sulfurized CNF, Graphene, IF-WS2, CNT/IF-WS:2 hybrids or Graphene/IF-WS: hybrids.
(a) Normalized Modulus data; (b) Normalized Hardness values.
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Overall, the epoxy composite samples containing 3D CNF structures along IF-WS: created
in situ, showed drastic improvements in the Young’s modulus and hardness values by the use of
only 1% hybrid weight loadings. The carbon nanofiber inclusions seem to have a much greater
impact in the mechanical properties of the composite than the graphene based counterparts for similar
IF loadings.
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The values for modulus and hardness improvements over the bare polymer mentioned above for
CNEF/IF-WS:2 composites surpass the ones encountered for other hybrid polymeric nanocomposites
incorporating IF-WS: nanoparticles and a carbon phase [43—45]. However, in order to strictly
compare mechanical properties for diverse fillers and polymeric matrices, data gathering should be
performed under the same conditions and similar experimental setup to be valid. In particular, the
use of nanoindentation instead of DMA tends to produce different values (usually larger for the
former technique), as recently corroborated by Flores ef al. [67]. Thus, comparison between the two
techniques outcomes is not adequate given that no correlation between them exist to date.

3. Experimental Section
3.1. Carbon Nanofiber Hybrids/IF-WS2

The amounts of IF-WS: included into CNF were determined by the knowledge gained in previous
studies of composites by different groups [14,15,19], and consistent with the intent of generate
lightweight materials, making the less dense carbon nanostructure component the most abundant
phase. The multistep process employed to generate in situ structures is depicted in Figure 10.

Figure 10. CNF/IF-WS: preparation steps. Ni nanoparticles and WO3 precursors were
combined in solution using sonication in ethanol, dried and placed in a crucible inside a
quartz tube of a tubular furnace. The mixture was then exposed to diverse environments
and thermal treatments to generate Carbon Nanofiber/tungsten disulfide hybrids
(CNF/IF-WS2).

Commercial Ni Crushed WOs
nanoparticles <100 nm nm size

Mixed in solvent,
sonicated and
heated until dry

Step E to ga Temperature Treatment time
Removal of air N2 RT 20 min
Reduction Ar/H: 350°C 30 min

Low T growth Nz, Ethylene, 02 350°C 15 min
Moderate T growth N, Ethylene, 02 550 °C 45 min
Sulfurization H:S 900 °C 120 min

Cool down N2 Off Until cool
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The gas flow rates employed for each step were: 300 sccm N2 for air removal, 37 sccm of Ar/Ha
(93%/7%) for reduction, a mixture of 44 sccm N2/15 sccm Ethylene/2 scem O2 for fiber growth
(both low temperature and high), a mixture of 150 sccm N2/15 sccm HzS for sulfurization and
300 sccm N2 during the cool down process.

3.2. IF-WS2/Graphene Hybrids

The generation of graphene was performed in all cases starting from graphite flakes, which were
oxidized to form graphite oxide (GO) following a modification of the process developed by
Marcano et al. [68]. The GO was then used either as (i) dispersion with WO3 nanoparticles and then
exfoliated at high temperature with urea as expansion-reducing agent (to generate Graphene/WO:)
followed by a sulfurization step using H2S atmosphere (to obtain Graphene/IF-WS2) or (ii) exfoliated
at high temperature with urea to form graphene, which was then mixed with WOs and the mixture
sulfurized (this step rendered Graphene/IF-WSz2). The processes described are depicted in Figure 11.

Figure 11. Synthesis protocol followed to generate Graphene/IF-WS: hybrids from GO.
Initial precursors (graphite flakes, acids and oxidant) will render graphite oxide.
Protocols followed after GO generation (i) mixture of GO with WOs followed by
exfoliation and sulfurization and (ii) Production of graphene through GO thermal
exfoliation, mixture with WOs3 and sulfurization of mixture.

HSO,  HPO,
Graphite (180mL) (20mL) KMnO,

Flakes {. \ :/—/_ (9g)

Stir for
5.5 hr
+

Ice (150mL) —l— H,0, (1.5mL)

Centrifuge
4000rpm 4min
Wash: (100mL) )
i 1) DI water i)
) 2) 30% HCI .
‘ 3) Ethanol subject 1o thermal
+ W(_); exfoliation in tubular
l— nanoparticles l Dry furnace at 800 °C in N2
Graphitic
Mixture of components Oxide (GO)
subject to thermal exfoliation + WO, — 2hr
in tubular furnace at 800 °C nanoparticles sulfurization
in N: followed by 2 hr step in H,S
sulfurization step in H.S l -
l Graphene/WS:
Graphene/WS; Hybnid

Hybrid
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3.3. Epoxy Composites

We employed commercially available SpeciFix-20 (Struers, Ballerup, Denmark) as the epoxy
resin, which consists of a resin and a hardening agent (26:5 ratio). Unlike some epoxies that require
heating or pressure, this epoxy is designed to cure under atmospheric conditions. Further, it has a
working period of 60 min, allowing time for the sample to be handled and nanocomposite added and
mixed prior to the onset of curing. A loading of 1% nanoparticles to 99% epoxy by weight was
selected for testing. The composition of the filler materials, the hybrids and individual phases
described in previous sections, is included in Table 1 below. The filler components were added to
the uncured resin using sonication and the composite was left for a period of at least 24 hours to cure
into a hard puck. After the nanoparticles were successfully embedded into the epoxy matrix, the
surface of the pucks was mechanically polished to remove scratches and imperfections and then
transferred to the nanoindentor.

Table 1. Filler compositions used for epoxy composites (first column).

Sample ID (IF-WS, nominal | ICP value ICP value ICP value
composition — filler only) CNF Ni IF-WS;
CNF 96.8% 3.2%

CNF/IF-WS; (3%) 94% 3% 3%
CNF/IF-WS; (1.5%) 94.6% 3.2% 1.6%
CNF/IF-WS; (0.5%) 96.4% 2.9% 0.7%
IF-WS; (100%) 100%
Sample ID (IFWS, nominal

composition-filler only) Graphene HEEWS:
Graphene 100%

G/IF-WS; 0.5% 99.5% 0.5%
Physical Mix G/IF-WS; 1% 99% 1%

Com pn-sitc i
Epoxy

1% Nanostructure

3.4. Characterization Methods

In order to examine the microstructure of the hybrid specimens the samples were analyzed using
a Zeiss Neon 40 High Resolution Scanning Electron Microscope (SEM). Images were acquired at
diverse magnifications while the microscope was operated at 10 or 20 kV. Energy Dispersive
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Spectroscopy (EDS) experiments were conducted in conjunction with the SEM using the EDAX
equipment with an Apollo 10 silicon drift detector (SDD). Data was collected and analyzed using
Genesis Spectrum software.

A Netzsch STA 449 FE Jupiter, operated in a Temperature Programmed Oxidation (TPO) mode,
was used to study the thermal stability of the samples. The samples were exposed to an Ar/Oz,
80%/20% atmosphere, with a total flow of 120 mL minute !, from RT to 1000 °C at a heating rate
of 10 °C minute™..

The XRD utilized was a Philips 1830 PAnalytical X-ray Diffractometer. The X-ray tube contained
a copper source and the X-rays utilized had a primary wavelength, or K-Alpha, of 1.54 A. The
samples were placed into a silicon low background sample holder and the diffraction patterns
recorded between 5-70° (2 theta) with 0.020 degrees step size and one second per step.

A JEOL 2010F FASTEM field emission gun scanning transmission electron microscope
(STEM/TEM) equipped with Gatan GIF image filtering system was employed. Samples were
prepared by dispersing the powders in a few ml of ethanol and a drop of the dispersion was placed
in a copper holey-carbon TEM grid where the ethanol was allowed to evaporate.

A Perkin Elmer ICP 5300 DV-AES Inductive Coupled Plasma Emission Spectrometer, was used
to determine the elemental composition of the carbon nanofiber base filler materials before their
addition to the epoxy matrix (hybrids CNF/IF-WSy).

Brunauer Emmet Teller (BET) surface area analysis was performed employing a Quantachrome
Nova 4200. A 300 °C degas step was conducted prior to the analysis; samples were then allowed to
cool down to room temperature and then transferred to the analysis station. The measurements were
done using nitrogen atmosphere.

Nanoindentation was used to measure the composite mechanical properties (elastic modulus and
hardness) of epoxy composites filled with mixtures of CNFs and IF-WS: particles. The samples were
prepared by mixing the specified amounts of nanophase material with Struers Speci-Fix 20 two-part
epoxy in a 28 mm diameter mold and then allowing the mixture to cure for 24 h. After curing,
the surface of the epoxy composite was polished using standard metallographic techniques, including
diamond suspension polishing using suspended aluminum oxide particles of 1 um and 0.05 pm
diameters. The indentations were performed using an Agilent G200 nanoindenter. We performed two
types of experiments with this instrument.

The first experiment was a quasi-static indentation to a set depth, 2 um for all samples.
Other indentation parameters can be found in Table 2. This experiment used a diamond, Berkovich
indenter tip with a nominal tip radius of 150 nm, calibrated using a fused silica standard. A grid of
20 indentation points spaced by 50 pm was measured for each epoxy nanocomposite. The Young’s
modulus and hardness were calculated using the approach of Oliver and Pharr [69,70].

The second experiment was dynamic mechanical analysis using a 50 um diameter flat punch.
This experiment allowed the measurement of both the storage and loss moduli of the epoxy
composites. These measurements were performed for five frequency values between 1 Hz and 45 Hz
on the neat epoxy, CNF and IF-WS: samples. Other parameters for the measurement can be found
in Table 3. A grid of 20 measurements with a 100 um separation between indentations was used for
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each specimen. The storage modulus, loss modulus, and tan & properties for each specimen were
calculated using the measurement parameters in Table 3 and the methods of Hay and Herbert [71].

Table 2. Parameters used for quasi-static indentation measurements.

Depth limit 2000 nm
Strain rate during loading 0.08/s
Maximum allowable drift rate 0.05 nm/s
Peak hold time 10s
Assumed Poisson’s ratio 0.40
% to unload 90

% Unload in stiffness calculation 50

Table 3. Parameters used for dynamic mechanical analysis.

Flat punch diameter 50 pm
Assumed Poisson’s ratio 0.40
Pre-compression depth 2 um

Oscillation amplitude 50 nm

4. Conclusions

Novel hybrid CNF/IF-WS: with diverse IF loadings were generated using an in situ protocol that
allowed the integration of the two phases into a tridimensional architecture, producing homogeneous
dispersions at the nanoscale in the absence of a polymeric matrix. CNF 3D structures loaded with
IF-WS:2 could only be fabricated using a two stage process that involved: (a) the carbon nanofiber
growth from a mixture of metal catalyst with tungsten oxide nanoparticles, using ethylene as carbon
source and moderate temperatures to render CNF/WOs, followed by (b) the sulfurization of the
sample to convert the tungsten precursor into IF-WSa.

In contrast, Graphene/IF-WS: hybrids were easily obtained either by mixing graphene and
tungsten oxide followed by a sulfurization step or by direct dispersion of the layered graphene
structure with existing IF particles using solvents.

The thermal stability of the CNF/IF-WS: hybrid samples is much higher than those observed for
IF-WS: by itself or mixed with polymeric components.

Epoxy composites with 1% weight loadings of hybrid CNF/IF-W Sz showed drastic improvements
in the Young’s modulus and hardness values, with approximately 100 and 250% increase
respectively, over the bare epoxy values. The CNF/IF-WS: inclusions seem to have a much greater
impact in the mechanical properties of the composite than the Graphene/IF-WSz based counterparts.
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From Stable ZnO and GaN Clusters to Novel Double Bubbles
and Frameworks

Matthew R. Farrow, John Buckeridge, C. Richard A. Catlow, Andrew J. Logsdail,
David O. Scanlon, Alexey A. Sokol and Scott M. Woodley

Abstract: A bottom up approach is employed in the design of novel materials: first, gas-phase
“double bubble” clusters are constructed from high symmetry, 7h, 24 and 96 atom, single
bubbles of ZnO and GaN. These are used to construct bulk frameworks. Upon geometry
optimization—minimisation of energies and forces computed using density functional theory—the
symmetry of the double bubble clusters is reduced to either Ci or Cz2, and the average bond lengths
for the outer bubbles are 1.9 A, whereas the average bonds for the inner bubble are larger for ZnO
than for GaN; 2.0 A and 1.9 A, respectively. A careful analysis of the bond distributions reveals that
the inter-bubble bonds are bi-modal, and that there is a greater distortion for ZnO. Similar bond
distributions are found for the corresponding frameworks. The distortion of the ZnO double bubble
is found to be related to the increased flexibility of the outer bubble when composed of ZnO rather
than GaN, which is reflected in their bulk moduli. The energetics suggest that (ZnO)12@(GaN)as is
more stable both in gas phase and bulk frameworks than (ZnO)12@(ZnO)4s and (GaN)2@(GaN)as.
Formation enthalpies are similar to those found for carbon fullerenes.

Reprinted from Inorganics. Cite as: Farrow, M.R.; Buckeridge, J.; Catlow, C.R.A.; Logsdail, A.J;
Scanlon, D.O.; Sokol, A.A.; Woodley, S.M. From Stable ZnO and GaN Clusters to Novel Double
Bubbles and Frameworks. Inorganics 2014, 2, 248-263.

1. Introduction

A new class of materials is sought that will support the separation of electrons and holes typically
generated during photo-excitation by solar radiation. In this context, heterostructures of ZnO/GaN
attract particular interest, as such materials have great potential in a wide range of applications from
semiconductor optoelectronics to photo-catalysis [1-5].

Previous computational simulations [6—8] have predicted that both ZnO and GaN, at the nanoscale,
form clusters with a bubble architecture that are dramatically different from models cut from their
wurtzite bulk structures. Using ZnO and SiC as two simple examples, we have shown [9,10] how
individual bubbles can combine to form extended framework materials; alternative constructions and
the viability (or stability) of similar frameworks using bubbles as building blocks have also been
reported [6,9-11]. For framework structures, an increase in density is typically correlated with an
enhanced stability, which can be achieved by connecting appropriate building units. In our approach
to framework construction, we choose a new type of unit, the so-called “double bubble”, that are
themselves denser than single-shell bubbles and which are a preferred motif for larger sized
clusters [12].

For binary oxide and semiconductor II-VI and III-V materials with a 1-1 stoichiometry, fullerene
type structures have been the focus of materials modelling at the nanoscale in the last decade. This
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interest has partly been spurred by reports of synthesis of (MX)x clusters of these materials, where
M denotes metals, or cations, and X represents anions, with the mass spectra of such systems showing
unexpected preference for certain sizes n. The preferred values of n are widely known as “magic
numbers” [8]. The stability of such clusters has been explained on thermodynamic grounds: the
binding energy per formula unit as a function of size having a minimum (i.e., the energy released on
cluster formation has a maximum). Alternative explanations have been proposed using: (i) a kinetic
argument based on whether the cluster growth or shrinkage is an energetically favourable process;
and (ii) a statistical argument: a particular cluster size may be realized in a greater number of atomic
configurations compared to others, and therefore is favoured entropically. For any particular
experiment, one or a combination of these factors may in fact be relevant.

Considering the atomic structure of stable clusters as a function of increasing size, we recognise
an evolution of basic structural units with increasing dimensionality: from 1D—sticks; to 2D—rings
and patchworks of rings; and then to 3D units that are initially composed of one layer—a tube or
bubble—and then multiple layers, and finally bulk like phases (those that could be stable or
metastable on the macroscopic scale). The bubble structures are also denoted in the literature as
cages, spheroids, or fullerenes. The above classification is also based on the atomic connectivity or
bonding, which increases with increased dimensionality. Using additional definitions given in
reference [13], perfect closed bubbles are an important subclass of single walled fullerene-like
clusters, in which each atom has three nearest neighbours, and the surface of such fullerenes is
composed of a patchwork of hexagonal faces that is wrapped in three dimensions by the introduction
of six “defects”, or tetragonal faces. The existence and stability of the fullerene-like inorganic
structures have been known from both theory and experiment for BN, ZnO, and MoS: [14-16].
Perfect bubbles can also include larger patches with an even number of sides complemented by an
appropriate number of tetragonal faces. In contrast to carbon fullerenes, pentagonal faces are not
realised for the heterogeneous semiconductor class of compound, as they would require formation of
M-M and/or X—X bonds that are electrostatically unfavourable. Due to the ionic nature of bonding in
these materials, the charge disproportionation is not compatible with electron localisation, required
for metal-metal bond formation, or hole localisation, which stabilises di-oxygen or di-nitrogen species.

On further size increase (cluster growth), the appearance of layered structures becomes a possibility,
in which a smaller sized cluster unit is contained within a larger bubble structure. Indeed, such
structures have been discovered in molecular dynamical studies of ZnS, where the smallest is found
for n = 60: an n = 48 bubble forms a concentric shell around an n = 12 sodalite cage [12]. Although
both single bubbles have the same high symmetry 7, point group, the double bubble can relax into
a lower symmetry form depending on the composition. The 7 symmetry unit, however, can be
stabilised when this unit is used in frameworks that were constructed previously from the individual
single layered components.

In this paper, we investigate the different possible atomic structural relaxations of the double
bubble and the effect of mixing components of different compositions, for both the individual clusters
and the constructed frameworks.
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2. Construction of Double Bubbles
High Symmetry Double Bubble Clusters as Secondary Building Units

We consider the 1-1 compounds that are predicted to have stable (lowest energy for a particular
size) and metastable bubble, or fullerene like, structures. Perfect versions of these structures are
composed of only three-coordinated atoms, sets of which create rings with an even number of sides
that can be visualised as one of the faces of the bubble; an odd number of sides is unlikely as this
would require at least one neighbouring pair of vertices of only cations or anions. Except for
the smallest sized clusters, in which the curvature of the layer is important, cluster configurations
containing one- or two-coordinated atoms are less stable than the perfect bubbles. Another
characteristic of the stable bubbles is that, typically, the number of tetragonal rings is minimised
(and, to a lesser extent, the distance between these should be maximised), while the number of
hexagonal rings is maximised. A layer consisting of only hexagonal rings has no curvature, and
therefore a perfect bubble of hexagons would require an infinite number of atoms (i.e., a 2D infinite
hexagonal sheet). To obtain a perfect bubble with a finite number of atoms, the sheet requires the
introduction of six tetragonal rings (Euler’s rule) as each tetragonal ring increases the curvature of
the sheet. Increasing the number of tetragonal rings results in open (as opposed to closed) perfect
bubbles, which contain much larger rings, e.g., octagonal, assuming the chemistry of the compound
does not favour the bonding and coordination required for the formation of cuboids, i.e., cuts from
rock salt.

The higher symmetry configurations of the perfect bubbles are typically found to be more stable.
As high symmetry cluster structures are only possible for certain sizes, they are not only the stable
state for their particular size, but usually have a greater stability than clusters of neighbouring sizes.
In our previous studies [6,9,10] we have, therefore, focused our attention on families of high
symmetry structures, and, in particular, those with symmetry 7, 7z and 7. These (MX)x structures
are found if n =4 (T4), 12 (Tn), 16 (Ta), 28 (1), 36 (Ta), 48 (Th), 64 (Ta), ... Larger Th and Tu clusters
include n = 108 and 192 and n =100, 144 and 196, respectively; examples are shown in Figure 1.
These clusters can be visualised as truncated octahedra, where there is one tetragonal ring of the
bubble at each of the six truncated corners, and the hexagonal patchworks form the octahedron’s
faces. In this morphology, the distance between all tetragonal rings is maximised for a given size #,
and the separation increases monotonically with 7.

Figure 1. Models of high symmetry (MX),. bubbles with: (a) n = 12 with symmetry 77;
(b) n =48 with symmetry 77; (¢) n = 28, 36 and 48 with octahedra superimposed.
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Smaller bubble clusters can be readily generated using an appropriate global optimiser (e.g., one
based on Monte Carlo basin hopping [17] or genetic algorithm [18] routines), and once one has
determined the relationship between them, the larger bubble clusters can be constructed by simply
increasing the number of rows of hexagonal rings in each face or edge of the octahedron. For
example, each octahedron’s edge of a 7, bubble links a side of two tetragonal rings via a “ladder” of
m hexagonal rings (one hexagon wide)—see the highlighted ladder in Figure 2a—with the remaining
hexagonal rings completing the faces of the octahedron. Note that the line of the octahedron edge
bisects the rings of this ladder and that the tetragonal ring is out of phase with the tetragonal face
created by truncating the octahedron. Constructions withm =0, 1, 2, 3, 4 and 5 corresponds to perfect
bubbles at n = 4, 16, 36, 64, 100, 144 and 196, respectively. In contrast, each octahedron edge in a
T» bubble links the corner of two tetragonal rings via m + 1 M—X sticks that are separated by m
hexagonal rings, forming an alternating linear pattern. Each stick is actually a shared side of two
hexagonal rings, with each ring part of a hexagonal patchwork that covers a face of the octahedron.
These sticks form a line segment of the octahedron edge (see highlighting in Figure 2b), and this line
bisects opposite angles of the hexagonal rings, rather than opposite sides, and the tetragonal rings are
in-phase with the tetragonal face created by truncating the octahedron. The smallest 7 bubble,
m =0, or n = 12, has just one stick between two neighbouring tetragonal rings. The next smallest
size Th bubble, m = 1, or n = 48, is constructed using two sticks and one hexagonal ring; then, for
m =2, or n = 108, there are three sticks and two hexagonal rings. Comparing the growth of the
octahedron edges, it is evident why there are more bubbles with 7y rather than 7 symmetry.

Figure 2. Models of high symmetry (MX). bubbles with: (a) n = 64, symmetry 7« and
the ladder of hexagonal rings, highlighted in yellow, that corresponds to one of the
twelve edges of an octahedron; (b) n = 48, symmetry 7» with a fragment that corresponds
to one of twelve edges highlighted in yellow; (¢) n = 48, symmetry 7, with one of
twelve patchworks that correspond to the octahedron side highlighted in purple.

As discussed in the Introduction, framework structures with an increased density are typically
more stable [19,20]. We therefore choose to investigate double bubbles that are composed of high
symmetry perfect bubbles as these are more dense. Two bubbles are combined by inserting the
smaller bubble inside the larger; aligned with the same centre of mass and identical direction of
orthogonal axes, with each axis passing through the centre of mass and the centre of opposite
truncated corners, or tetragonal faces. The rotation of these tetragonal faces about the octahedral axes
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is dependent upon the symmetry of the cluster. When clusters have 7 and Tz symmetry this rotation
is 45° out-of-phase, and, if one of the bubbles has T symmetry, between 0° and 45°. For stability, the
best match is obtained when the inner and outer bubbles are taken from the set of 7; bubbles and the
highest density obtained by combining the smallest two of these: » = 12 (a sodalite cage) and
n=48[10].

In the MX bulk phase considered here, the atoms are four-coordinated tetrahedra, so the stability
of the double bubbles will improve if M—X linkages between layers are found. These linkages can
be expected to be located between aligned pairs of hexagonal patchworks that form the faces of the
octahedra rather than between the truncated corners. For the n = 60 double bubble, the inner n = 12
bubble has one hexagonal ring on each face, whereas the outer n = 48 bubble is composed of a
patchwork of five and a half hexagonal rings; a central hexagonal ring that is linked via one
hexagonal ring to each of three nearest tetragonal rings and three hexagonal rings that are shared
with neighbouring faces of the octahedron (see Figure 2c). Importantly, the central hexagonal ring
can bond with the hexagonal ring of the inner bubble; see Figure 3. Analogous to our structures,
experimentally observed cages of boron nitride (BN), [15,16] and molybdenum sulphide (MoS:2) [21,22]
have been reported to be constructed from four and six (hexagonal) membered ring building units.
CdSe cage structures have been experimentally observed to be stable and formed from truncated-
octahedra [23]. DFT calculations on cage structures of CdSe that are similar to our structures have
also been reported [24].

Figure 3. Models of the n = 60 T double bubble, with inter-layer links between the inner
n = 12 sodalite cage and the eight hexagonal rings that are in the centres of the
octahedron faces of the outer n = 48 bubble, highlighted using ball-and-sticks rather than
line representation for: (a) no bridging links; (b) four bridging links; and (c) all eight
bridging links.

The first framework is constructed from 7, bubble (sodalite cage) secondary building units
(SBUs) of (ZnO)12 and (GaN)12, see Figure la. As the typical Zn—O and Ga—N bond lengths are
similar (1.98 A and 1.95 A in their ground state wurtzite form), their respective SBUs are also similar
in size. Consider each SBU as an octahedron. By corner sharing the octahedra, and assuming an
equal number of SBUs for each compound, we construct an fcc, rock-salt like lattice, as shown in
Figure 4c. The second framework is constructed from the n = 60 7 double bubbles; see Figures 1c
and 4b. Again, imagining each SBU as an octahedron, but rather than corner sharing they are now
stacked so that they share edges, each double bubble is surrounded by twelve others (see Figure 4d),
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and each edge of the outer bubble is one bond length from an edge of a neighbouring bubble forming
an n = 6 double ring (a drum) and two n = 2 rings. Each tetragonal ring of an outer n = 48 bubble
combines with five others to form an n = 12 T} bubble, i.e., the void is a sodalite cage. The inner
sodalite cage of each double bubble is formed from (i) the same compound and (ii) two compounds,
which we alternate.

We start the double bubble construction from two relaxed single bubbles. If the distance between
each inner hexagonal ring and its corresponding central hexagonal ring of the outer bubble is
approximately a typical M—X bond length, then we shall refer to this as an ideal match, and the
relaxed double bubble is expected to maintain 7% symmetry. Whether there is an ideal match depends
on the composition: if the two layers are of the same composition and there is not an ideal match
then the inner bubble is too small. The outer eight planes of hexagonal patchworks, or octahedron
faces, have more flexibility than the corners. During a geometry relaxation of the double bubble, the
central hexagonal ring of each outer patchwork can move inward, maintaining the 7» symmetry or,
due to the repulsion between neighbouring patchworks, only the central hexagons from alternate
patchworks, i.e., four of the eight, move inwards reducing the symmetry to 7; see Figure 3.

For all ZnO/GaN compositions investigated here, n = 60 double bubble structures of high
symmetry (7» and 7) were constructed and then geometry optimised. Low symmetry structural
distortions were allowed in the optimisation process in order to find the lowest energy double
bubble configuration.

Figure 4. Ball and stick models of two framework structures. (a) Constructed from 7»
bubbles of (GaN)i2 and (ZnO)i2; (b) Constructed from 7 double bubbles of (ZnO)4s and
(GaN)i2; (¢) the same structure as (a) but with each (GaN)i2 coloured red and each
(ZnO)12 coloured blue (lighter/darker shades used in the front/back row); (d) the same
structure as (b) but with each (GaN)12 hidden and each (ZnO)as uniquely coloured.
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3. Results and Discussion
3.1. Double Bubble Clusters

With each layer (single bubble) composed of either ZnO or GaN, there are four possible #n = 60
double bubble structures that can be constructed using the procedure discussed in Section 2.
The cluster structures are relaxed so as to minimise the energy, which is initially defined using a
semi-empirical potentials and then, during a final refinement stage, using density functional theory
(DFT); see Sections 4.1 and 4.2 for details. The four double bubble clusters consist of: (a) only zinc
oxide, denoted (ZnO)12@(Zn0)ass; (b) only gallium nitride, denoted (GaN)i2@(GaN)as; (¢) a gallium
nitride sodalite cage inside a zinc oxide bubble, denoted (GaN)12@(ZnO)ass; and the inverse (d) a zinc
oxide sodalite cage inside a gallium nitride bubble, denoted (ZnO)12@(GaN)4s. During geometry
optimization, although the high 7» and 7 symmetry that is maintained when semi-empirical
calculations are employed, there is a reduction of symmetry for all four systems to Cn, where n =1
or 2. As reported in Table 1, double bubble clusters with internal (ZnO):2 sodalite cages adopt Cz
symmetry, whereas those that had gallium nitride sodalite cages adopt C1 symmetry—i.e., there is
no symmetry in those structures. The average relaxed bond lengths, separated into inner-bubble
bonds, outer-bubble bonds, and inter-layer bubble bonds (M—X bonds connecting the inner to the
outer bubbles) are also reported in Table 1. The average bond lengths of zinc oxide and gallium nitride
are similar; although the average bond length for zinc oxide inner bubbles are slightly greater than
the average bond lengths of gallium nitride inner bubbles.

Now, consider the distribution of bond lengths, G(x), using a Gaussian broadening function for
each bond length, which is normalised to the number of linkages between the inner and outer bubble
(N = 48 for our n = 60 double bubbles):

N
G(x) = CZ exp(b; — x)?/20? (1)
i=1

Cis a normalising constant, b; is the length of bond 7, and o is the dispersion (width) of the Gaussian
function. This function is plotted in Figure 5 for two values of o: 0.02 A (red line) and
0.10 A (blue line). The greater value of ¢ allows the resolution of two distinct peaks for the systems
of interest. These two peaks are reported in Table 1, labelled as 4 and B inter-bubble bond distances.

Table 1. Structural parameters of double bubble clusters, where Douter is the mean distance
between M—X atoms in the outer bubble, Dinner is the mean distance between M—X atoms
in the inner bubble, and Diner is the distance between the inner and outer bubbles.
(Number in parentheses indicates standard error.)

Din er A
System Symmetry  Douter (A)  Dinner (A) i () 3
(GaN)»@(ZnO)us Cl 1.92 1.93 2.05(0.1) 3.08 (0.1)
(Zn0)1@(GaN)us 2 1.89 1.96 2.13 (0.1) 2.94(0.1)
(Zn0)1,@(ZnO)sg &) 1.93 1.95 2.10 (0.0) 2.94(0.2)

(GaN) 1@(GaN)as Cl 1.93 1.92 2.10 (0.1) 2.94 (0.1)
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Figure 5. Bond distribution plots for the double bubble cluster systems. Red line:
Dispersion of Gaussian = 0.02, Blue line: Dispersion of Gaussian = 0.1.
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We observe that the pure double-bubble clusters have similar bond distributions, and notice only
a difference of a small peak at 2 A for the pure GaN system, which appears as a shoulder on the
2.3 A peak in the pure ZnO system. We mark this shoulder (at approximately 2.25 A) as the split of
the distribution into bonded and non-bonded linkages. The number of bonded linkages, in fact, is
constant for all the systems except for (ZnO)i2@(GaN)4s and has a value of twenty-four, which is
related to the ideal T symmetry octahedral shape. In this type of linking, two extremes can be
possible: four of the eight hexagonal rings form drums with the outer bubble, or only half of the
possible bonds are formed in such drums—see Figure 3b. The (ZnO)12@(GaN)4s double bubble, in
contrast, has only twenty-two bonded linkages, which is not due to an inner bubble displacement
from the centre of the outer bubble but is caused by a distortion in the outer bubble. To relate these
observations to macroscopic properties of the systems, we considered the deformation as seen from
the displacement of the centre of mass (COM) of the inner bubbles with respect to the outer bubbles,
and their normalized second moments of atom distribution, as given in Table 2.

Table 2. Centre of mass (COM) differences and normalised second moments of atom
distributions for the double bubble clusters (x, y, z coordinates).

S COM difference Normalised second moments of atom distribution
ystem (COMouter—COMinner) Inner Outer
(GaN)12@(ZnO)as 0.00, 0.11, 0.05 1.05,1.01, 0.94 1.05,1.01, 0.94
(ZnO)12@(GaN)a4s 0.00, 0.00, 0.01 1.02, 1.00, 0.98 1.01, 1.00, 0.99
(ZnO)12@(ZnO)as 0.00, 0.00, 0.04 1.09, 1.00, 0.91 1.05, 1.00, 0.95
(GaN)2@(GaN)4g 0.00, 0.01, —0.06 1.04,1.01, 0.96 1.04,1.01, 0.95

The largest COM displacement is seen in the (GaN)12@(ZnO)4s system and smallest in the inverse
(ZnO)12@(GaN)as system. The deformation is also lowest in the latter system, but has the largest
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values in pure ZnO. We explain this behaviour by considering the relative sizes of the inner and outer
bubbles: the larger ZnO inner bubble fills in the space offered by the smaller GaN outer bubble better
than the GaN counterpart. An additional point to take into account is the greater flexibility of the
ZnO bubbles as compared with GaN: the size mismatch between the inner and outer bubble is
accommodated easier by ZnO, the bubbles of which show the greater deformations. This flexibility
is also seen in the bulk framework systems as discussed in Section 3.2 below. We show in Table 3
the energy of association, Eassoc, calculated as the difference in total energy of the double bubble
cluster from their moieties, i.e., the n1 = 12 and n2 = 48 bubbles, and formation enthalpy, Hf,:

_ Epp — [n4(Eg) + np(Ep)]
Hy = ny +n, ’ M

where Epsz is the total energy of the double bubble cluster, E, and E» are the total energies of the pure
bulk wurtzite structures, where @ and b can be ZnO or GaN. We find that the formation of the double
bubble systems is most favourable for the (GaN)12@(ZnO)ss system and least favourable for the
inverse system, and that the pure double bubbles have equal formation energies.

Table 3. Energy of association, Eassoc 0f single-shell cages and enthalpy of formation,
Ht per atom for double bubble clusters as defined in Equation (2).

System E Assoc (KJ/mol) H; (kJ/mol)
(GaN)1,@(ZnO)s3 -11.27 78.32
(ZnO)1,@(GaN)as -8.17 104.55
(ZnO)12@(ZnO)4s -9.38 68.50
(GaN)2@(GaN)4s —9.16 116.18

We find that the formation of the homogeneous (ZnO)12@(Zn0O)4s system is the most favourable
closely followed by the heterogeneous (GaN)12@(ZnO)as system compared to the homogeneous bulk
wurtzite phases. Systems that have an outer-bubble of GaN are less likely to form when compared
with bulk (at zero temperature). If we consider the mixing energies per atom:

_ Epg — [0.8(E,) + 0.2(Ep)]
Emix - 120 (2)

where E. and E» are the energies of the pure double bubbles that make up the mixed system, we find
that the energy of mixing for (GaN)i2@(ZnO)ss and (ZnO)i2@(GaN)4s are 0.07 kJ/mol and
—0.96 kJ/mol respectively.

3.2. Double Bubble Frameworks

We took the double bubble frameworks that were constructed using the procedure discussed in
Section 2, and also corresponding systems of pure ZnO and GaN, and optimised their geometry (see
Section 4.2 for details). The structural analysis performed in Section 3.1 was repeated for these
frameworks. The calculated average bond lengths are presented in Table 4, again separated into
inner-bubble bonds, outer-bubble bonds and, inter-layer bubble bonds (bonds connecting the inner
to the outer bubbles). The graphs of the corresponding bond-length distribution analysis can be seen
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in Figure 6. Table 4 also has two additional pieces of information—the lattice parameter and the bulk
modulus, which are available for these extended crystalline frameworks. Similar to the double bubble
clusters, we find that the bonds in the ZnO inner bubble are slightly larger than the equivalent GaN
bonds. In the framework systems this has a noticeable effect on the bond distribution: when the inner
bubble is composed of ZnO, the bond length distribution is no longer bi-modal but has a single peak
at2.3 A (Figure 6), which, similar to the double bubble clusters, is due to the larger ZnO bubble
occupying the space inside the outer bubble. In this case, however, as the outer bubble is in a
framework, it is unable to deform to the same degree as the gas-phase cluster, and only a single peak
forms in the bond length distribution.

We also see that the lattice parameters for the double bubble frameworks are, as expected, related
to the composition of the outer bubble, and that when the outer bubble is composed of ZnO the lattice
parameters are larger. Comparing the bulk moduli of the systems, we find that the pure GaN system
is the least compressible, whereas the pure ZnO system is the most. This agrees with the double
bubble cluster findings, where the ZnO systems exhibit the greatest deformations. Table 5 shows the
corresponding structural parameters for the wurtzite systems used in the framework analysis, and the
bulk modulus of the GaN system is much larger than that of the ZnO.

Table 4. Structural parameters of double bubble frameworks. (Number in parentheses
indicates standard error).

Lattice Bulk modulus Diner (A)
System parameter (A) (GPa) Dower (A) Dimer (A) A B
(GaN)1,@(ZnO)us 19.26 78.84 1.96 1.94 2.08(0.1)  2.96(0.2)
(Zn0)1@(GaN)us 18.84 77.88 1.90 2.01 2.27(0.1) .
(Zn0)12@(ZnO)ss 19.26 69.78 1.94 2.00 2.26 (0.0) -
(GaN)1,@(GaN)sg 18.94 101.92 1.93 1.94 2.18(0.2)  3.04(0.1)

Figure 6. Bond distribution plots for the double bubble frameworks. Red line: Dispersion
of Gaussian = 0.02, Blue line: Dispersion of Gaussian = 0.1.
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Table 5. Structural parameters of wurtzite phases.

System Lattice parameter, a (A) Lattice parameter, ¢ (A) Bulk modulus (GPa) u
ZnO 3.251 5.204 146.136 0.382
GaN 3.187 2.760 188.367 0.378

We observe that the framework system of (GaN)i2@(ZnO)4s has a similar inter-bond length
distribution to that found in the double bubble systems which is again due to the fact that the smaller
GaN cage has more freedom to move inside the larger ZnO bubble. The (GaN)12@(ZnO)ss system
has a more clearly defined bi-modal distribution for the framework systems than observed for the
double bubble cluster systems, and is likely due to reduced degrees of structural freedom with the
extended bulk framework. Table 6 gives the formation enthalpies for the framework systems, and
although these energies are positive i.e., unfavourable with respect to the pure bulk wurtzite phases,
they are small enough to be accessible at experimental temperatures, and are comparable to the
formation of fullerene (Ceo) with respect to bulk carbon (ca. 40 kJ/mol) [25,26]. The pure GaN double
bubble framework was found to be the least likely to form, whereas the (GaN)12@(ZnO)4s framework
was found to be most favourable—again agreeing with the formation energy double bubble
cluster findings.

Table 6. Enthalpy of formation per atom of double bubble frameworks as defined in

Equation (2).
System Hy/atom (kJ/mol)
(GaN)lz@(ZnO)4g 13.17
(ZnO)12@(GaN)ag 21.46
(Zl’lO)]z@(ZnO)4g 18.54
(GaN)»@(GaN)ag 27.71

When we compare the energies of mixing (using Equation (3)) we find that the energies per atom
for (GaN)12@(ZnO)4s and (ZnO)12@(GaN)a4s are 1.98 kJ/mol and —2.61 kJ/mol, respectively.

4. Computational Detail
4.1. Interatomic Potentials Calculations

We have used the semi-classical GULP code [27] to construct and optimise ZnO structures
prior to refining them with DFT. We employed polarisable shell inter-atomic potentials
parameterised for bulk ZnO [7,28] in the double bubble cluster and framework calculations. The
resulting atomic structures were used not only for ZnO, but also GaN and mixed ZnO/GaN structures;
note that the bond lengths in GaN are very similar those in ZnO (see Tables 1-3 in Section 3), and
we only required approximate initial atomic coordinates for input into the DFT calculations, as
outlined below.
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4.2. Density Functional Theory Calculations

In all of the ab initio calculations, we have used the solids-corrected Perdew-Burke-Ernzerhof
(PBEsol) GGA exchange-correlation functional [29,30], and all structural optimisations were
deemed converged when the atomic forces were less than 0.01 eV/A.

A natural choice for the calculations on the double bubble clusters, due to its computational
efficiency, is the DFT code FHI-aims [31] as it uses numeric atom-centred basis sets. These
calculations were performed with the species defaults for the “tight” basis sets for accuracy (energies
converged to 1 meV/atom) and with scalar ZORA relativistic treatment [32]. We have used the
plane-wave DFT code VASP [33-36] to determined the equilibrium structures of the double bubble
based framework (extended crystal systems—see Section 2), and, for comparison, wurtzite bulk ZnO
and GaN. Within VASP, we employed the projector augmented wave (PAW) method [37] to describe
the interactions between the cores (Zn:[Ar], Ga:[Ar], O:[He] and N:[He]) and the valence electrons.

To determine the equilibrium bulk structures avoiding the problem of Pulay stress, we have
optimised the atomic coordinates at a series of different volumes, and fitted the resulting energy
versus volume data to the Murnaghan equation of state.

We have found that for the framework systems, an energy cut-off of 500 eV, and Monkhorst-Pack
k-point meshes of 8 x 8 x 6 and 1 x 1 x 1 for, respectively, the pure bulk wurtzite systems, and
the (A)12@(B)as systems, where A and B stand for either ZnO or GaN, provide convergence in
total energy up to 107 eV for the framework systems, which is comparable with our double bubble
cluster calculations.

5. Conclusions

We have constructed double-bubble clusters and frameworks of ZnO and GaN from a bottom
up approach from cage structures analogous to fullerenes formed from hexagonal building
units [15,16,22]. The four systems we have considered, (GaN)i2@(ZnO)4s, (ZnO)12@(GaN)as,
(ZnO)12@(Zn0)as and (GaN)i2@(GaN)4s, were first geometry optimized using a semi-empirical
potential within the GULP code and then refined using FHI-aims (for the double bubble clusters) or
VASP (for the frameworks) at the DFT level of theory using the PBEsol exchange-correlation
functional. We found that although the average bond lengths of both ZnO and GaN are similar, the
average bond lengths for ZnO inner bubbles were larger than the GaN inner bubbles of both the
double bubble cluster systems and the frameworks. This relative size difference, we believe, means
that the larger ZnO inner bubble fills in the space offered by the smaller GaN outer bubble better
than the GaN counterpart. In addition, we found that the greater flexibility of the ZnO bubbles from
calculations of bulk moduli, as compared with that of GaN bubbles, means that the size mismatch
between the inner bubble and outer bubble is more readily accommodated by ZnO. Furthermore, the
structural analysis of the pure ZnO double bubbles also showed the greater deformations. The
average M-X inter-bubble bonds were found to exhibit a bi-modal distribution for both clusters and
frameworks, except for the pure ZnO and (ZnO)12@(GaN)as framework systems. These single-peak
distributions were due to the larger ZnO inner bubble that has less freedom to move than in the
inverse systems. The association energies of the double bubble clusters show that the systems
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investigated here are favourable when compared to individual bubbles, although when compared to
bulk wurtzite phases, the clusters are less favourable.

The standard formation enthalpies for the framework systems are lower than those of carbon
fullerenes. Therefore, we suggest that these double bubble systems should be thermodynamically
accessible and could provide valuable material properties in the future.
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Thermoplastic Polymer Nanocomposites Based on Inorganic
Fullerene-like Nanoparticles and Inorganic Nanotubes

Mohammed Naffakh and Ana M. Diez-Pascual

Abstract: Using inorganic fullerene-like (IF) nanoparticles and inorganic nanotubes (INT) in
organic-inorganic hybrid composite, materials provide the potential for improving thermal, mechanical,
and tribological properties of conventional composites. The processing of such high-performance
hybrid thermoplastic polymer nanocomposites is achieved via melt-blending without the aid of any
modifier or compatibilizing agent. The incorporation of small quantities (0.1-4 wt.%) of IF/INTs
(tungsten disulfide, IF-WS2 or molybdenum disulfide, MoS2) generates notable performance
enhancements through reinforcement effects and excellent lubricating ability in comparison with
promising carbon nanotubes or other inorganic nanoscale fillers. It was shown that these IF/INT
nanocomposites can provide an effective balance between performance, cost effectiveness, and
processability, which is of significant importance for extending the practical applications of diverse
hierarchical thermoplastic-based composites.

Reprinted from [Inorganics. Cite as: Naffakh, M.; Diez-Pascual, A.M. Thermoplastic Polymer
Nanocomposites Based on Inorganic Fullerene-like Nanoparticles and Inorganic Nanotubes.
Inorganics 2014, 2, 291-312.

1. Introduction

Over the past few years, research interest in the field of thermoplastic composites has changed
from “high-performance” advanced materials towards the development of “cost-performance”
engineering composites. Especially, carbon fiber (CF) or glass fiber (GF) reinforced,
thermoplastic-based composites have shown to offer design, processing, performance, and cost
advantages compared to metals for manufacturing structural parts. Among the advantages provided
by fiber-reinforced thermoplastics over metals and ceramics, that have been recognized for years,
are improved fracture toughness, impact resistance, strength to weight ratio, as well as high resistance
to corrosion and enhanced thermal and fatigue properties that have often been put in good use for
practical applications in the aeronautic, automotive, and energy sectors [1-3]. Nevertheless, these
applications require new properties and functionalities, especially superior mechanical performance,
flame and chemical resistance, magnetic field and UV resistance, high electrical conductivity,
environmental stability, low water absorption, and so forth. To address these issues, the integration
of inorganic nanoparticles into a polymer matrix allows both properties from inorganic nanoparticles
and polymer to be combined, thus, resulting in advanced polymer nanocomposites (PNCs) [4]. In
particular, additional nanoscale fillers, such as carbon nanotubes (CNTs) [5] or inorganic
nanoparticles [6], have been mixed with CFs to reinforce polymer matrices. Their high specific
surface area enables the formation of a large interphase in the composite and strong filler-matrix
interactions. In the same way, the addition of nanoclays to fiber-reinforced thermoplastic composites
has been reported to improve damping properties, fatigue life, toughness, and wear resistance [7,8].
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The synergetic effect of CFs with the inorganic nanoparticles is believed to be the major cause for
the mechanical improvement achieved.

Recently, inorganic fullerenes (IFs) and nanotubes (INTs), based on layered metal dichalcogenides,
such as WSz and MoSz, have emerged as one of the most promising developments in the area of
nanomaterials. These types of nanoparticles are currently the subject of intense research, summarized
in these reviews that include synthetic methodologies, diverse properties of these new nanomaterials
and their potential applications [9,10]. The first synthesis of such nanoparticles was reported by
Tenne et al., in 1992 and 1993 [11,12]. Since then, the synthetic technology has advanced
considerably and almost pure materials (>99%) are currently synthesized in large amounts by
ApNano Materials, Inc. (NanoMaterials, Ltd., Yavne, Israel) and employed in a wide variety of
fields, such as aerospace, automotive, naval, defense, medical, energy, electronics, and various other
industries. The physical properties of WSz and MoS: nanostructures (IF/INTs) have been studied in
detail, both experimentally and by theoretical modeling. These properties are interesting, not only
academically, but also because these kinds of nanostructures show substantial potential for becoming
part of the ultrahigh-strength nanocomposite technology [13].

The objective of this article is to emphasize the most recent findings about the influence of IF
nanoparticles and INTs on the structure, morphology and properties of thermoplastic polymer
nanocomposites, in comparison with PNCs incorporating other nanofillers. Particular interest
has been devoted to analyze the thermal, mechanical, and tribolological property enhancements
attained in multiscale fiber-reinforced thermoplastic composites containing inorganic fullerene-like
WS: nanoparticles.

2. Preparation and Dispersion of IF/INT into Thermoplastic Polymers

The mixing of polymers and nanoparticles is opening new avenues of research and development
of advanced engineering flexible composites that exhibit advantageous magnetic, electrical, optical,
or mechanical properties. The main challenge in fabrication of these polymer nanocomposites for
structural and functional applications is uniform dispersion of nanoparticles in the polymer matrix.
However, good dispersion of nanoparticles in polymer composite materials is extremely difficult to
achieve since nanoparticles have a strong tendency to aggregate due to their nano-size and high
surface energy. In the case of organic—inorganic nanocomposites, the strength or level of interaction
between the organic and inorganic phases is another important factor in improving the overall
properties of the composites. Physical or simple mechanical mixing usually lead to a weak interaction
between the phases via hydrogen bonding or van der Waals forces. In order to minimize interface
energies between particles and polymer matrices, several surface modification/functionalization and
stabilization techniques have been developed that are mainly used in chemical methods, such as sol-gel,
in situ polymerization, etc. Owing to numerous papers published on polymer organic—inorganic
composite materials, it is impossible to completely review this field. The reader is referred to the
literature cited for a more detailed description of synthetic methods used for the processing of PNCs
reinforced with different types of inorganic nanofillers [13—15].
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Inorganic layered materials, such as transition metal dichalcogenides MS2 (M = Mo, W), are one
of the most modern and the most promising development areas in the field of nanomaterials.
Inorganic fullerene-like (IF) nanoparticles can provide significant advantages over other spherical
nanoparticles for the preparation of advanced PNCs [13]. In particular, the incorporation of
environmentally-friendly IF-WSz nanoparticles has been shown to improve thermal, mechanical, and
tribological properties of a series of thermoplastic polymers, including isotactic polypropylene (iPP) [16],
polyphenylene sulfide (PPS) [17], poly(ether ether ketone) (PEEK) [18], and nylon-6 [19]. The efficient
dispersion of [F-WSz was achieved through simple melt-blending without using modifiers or surfactants.
Moreover, the combination of inorganic fullerenes with other organic micro-particles (nucleating agents),
micro-fibers (CFs) or nanofillers (CNTs) allows tailoring of more sophisticated hybrid materials with
complex architectures, interactions, morphology, and functionality [20—24]. In the same way, the use
of INT-WS:2 (MoS2) offers the opportunity to produce novel advanced polymer nanocomposite
materials with excellent nanoparticle dispersion. More specifically, since the beginning of 2011, we
have successfully developed a new family of nanocomposites, which integrated MoS: nanotubes into
an isotactic polypropylene (iPP) matrix, one of the most widely investigated polymers in the preparation
and application of nanocomposites, employing a simple and cost effective melt-processing route [25].
This strategy yields finer dispersion, with INT-MoS:z almost fully debundled into individual tubes or
small clusters, which are randomly oriented in the iPP matrix. Additionally, well-dispersed WSz
inorganic nanotubes were efficiently incorporated into epoxy matrix, poly(methyl methacrylate)
(PMMA), poly(propylene fumarate) (PPF), and poly(3-hydroxybutyrate) (PHB), using various
processing techniques [26-29]. Figure 1 shows, as an example, typical SEM images of the fracture
surfaces of composites containing inorganic fullerene-like nanoparticles or inorganic nanotubes
obtained under optimal processing conditions. It has been demonstrated by statistical analysis of the
surface density of IF-WSz nanoparticles in the iPP nanocomposites, that the degree of dispersion
strongly depends on the duration of melt blending [16]. For 1.0 wt.% IF-WS: (Figure 1a), it can be
seen that these nanoparticles are almost spherical, with an average diameter of around 80 nm, similar
to that observed for the raw nanofiller, and are individually dispersed for mixing times between 5
and 20 min. However, for IF-WS: contents > 4.0 wt.%, 5 min is not enough time to attain single
particle distribution, and for the highest concentration incorporated of 8.0 wt.% (not shown here),
the influence of the mixing time on the degree of dispersion is even stronger. With increasing loading,
the interparticle distance decreases, hence, flocculation of these nanoparticles can occur after
the mixing is stopped. Thus, the crystallization rate, as well as the modulus of iPP, initially rise
with increasing filler content and finally level-off at filler loadings of around 1.0 wt.% [16].
In the case of multiscale fiber-reinforced thermoplastic composites, the laminates were prepared by
the film-stacking process. Four layers of GF or CF were alternatively stacked within five
iPP/IF-WS2 (PPS/IF-WS:) films in a closed mold. Consolidation of the material was made at 210 °C
in a hot-press (320 °C in the case of PPS matrix) [22,23]. The results obtained are very promising
and suggest that the use of IF/INT can provide an effective balance between cost effectiveness and
processability, making the resulting polymer nanocomposites highly suitable for a wide range of
applications at a large scale.
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Figure 1. SEM micrographs of novel polymer/IF(INT) nanocomposites. (a) iPP/IF-W S
(1.0 wt.%); (b) PPS/IF-WS2 (1.0 wt.%); (¢) iPP/INT-MoS:2 (1.0 wt.%); (d) iPP/IF-WS2
(2.0 wt.%)/GF and (e) PPS/IF-WS:z (2.0 wt.%)/CF.

3. Thermal Properties

It is well known that the crystalline morphology and structure obtained during the thermoplastic
processing plays an important role on the physico-mechanical behavior of the resulting polymeric
material, conditioning its potential uses. In this way, the control of the crystallization process can be
seen as a successful approach for improving physico-mechanical properties of polymers. Therefore,
it is of great interest to investigate the nucleation, crystallization, and structural development of the
matrix in IF/INT reinforced polymer nanocomposites [13]. This would help to optimize the
manufacturing conditions in order to obtain high-performance nanocomposites and to fully exploit
their potential in practical applications.
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Figure 2. TGA thermograms under a nitrogen atmosphere for neat iPP, PPS and some
hierarchical laminates. The inset shows the initial degradation temperature (7i) vs.
nanoparticle loading.
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The thermal stability of several polymer matrices reinforced with IF-WS: nanoparticles was
compared with that observed for other spherical inorganic nanofillers, organized by the nature of the
matrix [13]. It was found that the incorporation of nanometer-sized k particles into a polymer
enhances the thermal stability of the matrix inhibiting the formation and escape of volatile byproducts
generated during the decomposition process. In the case of the hierarchical thermoplastic-based
composites, the thermal stability of [F-WS: reinforced iPP [22] and PPS [23] laminates has been
investigated using TGA, and typical thermograms under a nitrogen atmosphere for the neat matrices,
and composites reinforced with 1.0 and 2.0 wt.% IF-WS; are shown in Figure 2. It is found that all
the composites exhibit a single decomposition stage in a nitrogen environment, similar to that found
for the neat polymers, indicating that the random scission of the polymeric chains is the predominant
degradation process. The incorporation of increasing nanoparticle contents induces a progressive
thermal stabilization of both matrices (see inset of Figure 2), the effect being more significant in the
case of iPP, probably related to the lower thermal stability of this commodity plastic compared to
high-performance PPS. Thus, an increase in the initial degradation temperature (7i) of 12 °C and 47 °C
is attained at 2.0 wt.% loading in comparison to the reference PPS and iPP laminate, respectively. A
similar trend is found for the temperature of 10% weight loss (710) and maximum rate of weight loss
(Tmax). This thermal stability enhancement has been ascribed to the barrier effect of the nanoparticles
that effectively obstruct the diffusion of volatile products from the bulk of the polymer to the gas
phase, therefore slowing down the decomposition process. Upon increasing IF-WS: loading, the
barrier effect becomes stronger, which is reflected in higher degradation temperatures. An analogous
effect of thermal stability increase has been reported for PP/GF composites reinforced with other
inorganic nanoparticles such as clays [30]. Nevertheless, for the same nanofiller loading, the
improvements in thermal stability are larger in the case of IF-WS, indicative of a more effective
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heat barrier effect of the IF nanoparticles likely arising from their more homogenous dispersion and
spherical shape, thus, larger specific surface area.

In the same way, the incorporation of INTs can also lead to an improvement in the thermal
stability of polymer/INTs [25,27]. As an example, the characteristic weight loss temperatures for
PP nanocomposites, filled with different nanoreinforcements in nitrogen, are summarized in
Table 1 [31-42]. The data reveal that the concentration of non-modified INT-MoS: has a dramatic
effect on the thermal stability of the iPP nanocomposites. 710 of iPP/INT-MoS2 (1.0 wt.%) was
almost 60 °C higher than that of neat iPP, suggesting that INT-MoS: have outstanding properties for
improving the thermal stability at low nanofiller content [31]. As a comparison, approximately the
same increment was observed for iPP nanocomposites filled with 10 wt.% of silane-modified
halloysite nanotubes (HNTs). In the case of iPP/HNTs, the thermal stability and flame-retardant
effects are believed to result from the hollow tubular structure of HNTs, the barriers for heat and
mass transport and the presence of iron in the HNTs [32-34]. Layered silicates, such as
montmorillonite (MMT), also have important effects on the thermal stability of the PP matrix
(Table 1). The dramatic improvement in thermal stability of around 90 °C was related to the
confinement of the single nanoparticles in approximately 1 nm® volume using sophisticated methods
of modification/exfoliation [39-41].

The flammability behavior of PPS/IF-WS2/CF has been investigated by pyrolysis combustion
flow calorimetry, in order to determine the heat release rate (HRR) at different nanoparticle
contents [24]. The addition of IF-WS: leads to a progressive drop in the average peak HRR, the
reduction being about 17% for the laminate with 1.0 wt.% loading. Further, the onset temperature at
which begins the release of heat and the temperature at peak HRR increase gradually with the
nanoparticle loading, with maximum increments of 19 and 23 °C, respectively, at 2.0 wt.% IF-WSa.
These improvements are probably related to the low degree of porosity and enhanced thermal
stability of the hybrids. Moreover, there seems to be a synergistic effect of both micro- and
nano-fillers on increasing the polymer resistance to fire. The coexistence of CFs and IF-WS; in the
laminates results in a more effective confined geometry that increases the barrier resistance to the
evolution of flammable volatiles. Similar synergistic behavior has been described for different
polymer/clay/carbon nanotube hybrids [43,44].

The degree of crystallinity is a key parameter in thermoplastic polymers because it has strong
influence on both the chemical and mechanical properties. The crystalline phase improves the
stiffness and tensile strength whilst the amorphous phase helps to absorb the impact energy. The
influence of IF-WS:2 on the crystallization behavior of PPS/CF [23] and iPP/GF [22] has been
analyzed by DSC, and typical cooling thermograms for composites with 1.0 and 2.0 wt.% loading
are shown in Figure 3. Moreover, the crystallization temperature (7,) as a function of IF-WS;
concentration is plotted in the inset of this Figure. Noticeable differences are detected depending on
the thermoplastic polymer. In the case of PPS based composites, the addition of low nanoparticle
contents (i.e., 0.1 or 0.5 wt.%) results in a decrease in 7) and the degree of crystallinity (X¢), indicating
the absence of a nucleating effect of the IF-WS: on the polymer crystallization, and that the transport
of macromolecular segments to the growing surface of PPS in the composite is hindered. However,
the incorporation of higher nanoparticle contents leads to an increase in both 7, and X, by up to
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9 °C and 14%, respectively demonstrating that higher nanoparticle contents act as nucleating agents
for PPS. On the other hand, these nanoparticles effectively nucleate the iPP matrix in the
concentration range of 0-4.0 wt.%, with increases up to 22 °C and 6% in T and X, respectively, at
the highest loading tested. These improvements are greater than those reported for binary
iPP/IF-WS2 nanocomposites [16], pointing towards a synergistic effect of both fillers on promoting
the crystallization of iPP. This behavior is in agreement with the reported for PP/ZnO/GF [45] and
PP/SiO2/GF hybrids [46], where the combination of nano- and micro-fillers additionally increased
the 7 of the matrix, albeit the increments found in those hybrids (~7 and 6 °C at 2.0 wt.% ZnO and
1.0 wt.% SiO2 content, respectively) are smaller than the increases found for the same amount of
IF-WSa. Further, X¢ of PP dropped upon incorporation of ZnO or SiO2 and GF, while the combined
nucleating effect of IF-WS2/GF provoked a slight increase in crystallinity.

Table 1. Thermal stability, crystallization, and mechanical data for isotactic polypropylene
(iPP) nanocomposites using nanoreinforcing fillers with different morphologies (e.g.,
tubular, spherical and laminar-like particles) taken from literature. AT10 = increment of
degradation temperature for 10% weight loss, AT, = increment of crystallization peak
temperature, OF = Percentage variations of Young’s modulus, d o, = Percentage variations
of tensile strength and e, = Percentage variations of strain at yield.

Filler Filler ATy AT, SOF Soy Sep
content ({9 °C) (GPa) (MPa (%)
(wt.%)
INT-MoS; [31] 0.1 54 3.9 15% 13% —-9%
0.5 59 10 28% 34% —18%
1 59 10.1 40% 41% —52%
HNTs [32-34] 1 - 39 - - -
2 - - 32% 22% —15%
5 - 8.9 - - -
10 60 10 - - -
20 - 12.8 - - -
30 46 13.8 - - -
CNTs [35-37] 0.1 - 7.6 - - -
0.25 - 8.4 - - -
0.5 - 10.7 - - -
1 - 10 23% 15% —30%
2 50 - - - -
rod-Si3 N4 [38] 1 - 2 722% 292% -
2 - 3 - - -
Nanoclay (MMT) 3 90 5 152% 95% 0%
[39-41]
IF-WS,[16,42] 0.1 11 9.8 - - -
14 13 39% 41% —59%

1

2 15 19 - - -
4 27 20.5 - - -
8 44 22.1 - - -
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Figure 3. DSC crystallization thermograms for neat iPP, PPS and some IF-WS2
reinforced multiscale laminates. The inset shows the crystallization peak temperature 7p
vs. IF-WS2 content.
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In this way, the control of the crystallization behavior has been shown to be a successful approach
for improving physico-mechanical properties of polymer/INT nanocomposites. Table 1 summarizes
the findings of several studies on the nucleating efficiency (NE) of nanoreinforcing fillers, and data
can be compared by analyzing the difference between the crystallization peak temperature (7,) of
each nanocomposite and that of the neat matrix (ATp). Clearly, the AT, value for INT-MoS: far
exceeds the values observed for montmorillonite nanoclay [39]and rod-SizN4 [38], and is comparable to
that observed for MWCNTSs [35]. However, the nucleation efficiency of INT-MoS: is significantly
lower in comparison to the value of 40% observed for inorganic fullerene-like WSz nanoparticles at
1.0 wt.% [16]. The results obtained clearly show that the addition of INT-WS: plays a remarkable
role in accelerating the crystallization rate of iPP. In these systems, the crystallinity of iPP was found
to rise up to 14% with increasing the INT-MoS: content, from a value of 50% for iPP, to values of
54, 57 and 56% for the nanocomposites with 0.1 wt.%, 0.5 wt.% and 1 wt.%, respectively [25].
Furthermore, a new study on the crystallization behavior of biopolymer/INTs suggests that INT-WS2
exhibits much more prominent nucleation activity on the crystallization of PHB than other specific
nucleating agents or nano-sized fillers [29]. An increment of 35 °C in the crystallization temperature
of PHB was observed for as little as 0.1 wt.% INT-WSz. This corresponds to the highest value
observed hitherto for PHB formulations using specific nucleating agents (e.g., talc, boron nitride
lignin) or nano-sized fillers (e.g., CNTs, graphene oxide) [29].
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Figure 4. Room temperature thermal conductivity of iPP and PPS-based laminates as a
function of IF-WS: concentration.
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The addition of thermally conductive organic or inorganic nanofillers typically enhances the
thermal conductivity (L) of polymers, which is interesting for applications that require effective
dissipation of accumulated heat like connectors or thermal interface materials. It depends on several
factors, namely the filler size, aspect ratio, concentration and state of dispersion, the nature,
molecular weight and degree of crystallinity of the polymer, as well as the porosity of the material.
The room temperature thermal conductivity of iPP- [22] and PPS- [24] based laminates has been
measured in the transverse directions, and the results are shown in Figure 4. The incorporation of
IF-WS2, which exhibit about twice the thermal conductivity of the neat matrices [47], results in significant
A improvements in the case of iPP/GF laminates, up to 21% at 2.0 wt.% loading, whilst for PPS/CF
composites the increments are smaller, about 9% for the same loading. This discrepancy is ascribed to
the low thermal conductivity of the GF fabric (~0.05 W m™' K™') compared to that of
CF (>200 W m ' K™!). It seems that the CFs play a dominating role in the thermal conductivity
properties and mask the effect of the IF-WSa, as can be deduced from the comparison with the results
of binary PPS/IF-WS2 nanocomposites [48], where A rose by up to ~45% upon addition of 2.0 wt.%
IF-WS2. However, for iPP-based samples, the improvements in the hierarchical laminates are
comparable to those reported for the corresponding binary composites [49], indicating that effect of
the nanoparticles predominates. An analogous behavior has been reported for other hierarchical
laminates based on thermoplastic polymers, such as PEEK/CNT/GF laminates [50], where A increased
by ~48% at 1.0 wt.% CNT, similarly to the enhancements found in the binary composites [51]. It is
worthy to note that for the same nanofiller concentration, the increases in A upon addition of CNTs
are only about double those achieved with the incorporation of the IF-WS2, while much higher
differences would be expected considering the extraordinary high thermal conductivity of CNTs. The
strong agglomerating tendency of CNTs, the small thermal conductance of the nanotube-polymer
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interface and the high interfacial thermal resistance between nanotubes within a bundle probably
limits the property enhancement, whereas for composites incorporating IF-WS: the large
nanofiller-matrix interfacial contact area and the very homogeneous dispersion lead to experimental
A values even higher than the theoretical predictions.

4. Mechanical Properties

The dynamic mechanical properties of the multiscale composites were explored by DMA,
technique that provides information about the viscoelastic behavior of the matrix, indicating changes
in the stiffness and the relaxation processes that occur as a function of temperature. The influence of
the IF-WS:z on the dynamic mechanical behavior of polymer/IF-WSz nanocomposites has also been
investigated [16—18]. In particular, it was observed that the improvements in the storage modulus
values of PPS/IF-WS: nanocomposites are noticeably higher than those achieved in other
thermoplastic nanocomposites based on IFs (e.g., iPP, nylon-6, PEEK), suggesting the presence of
specific polymer-filler interactions in the case of PPS. The molecular nature of these interactions are
still not understood, but they may be associated with the presence of outer S atoms on the IF
nanoparticles, and more work is required in order to explain this phenomenon. Figure 5 presents the
storage modulus (£') and loss tangent (tan d) at the frequency of 1 Hz for PPS- and iPP-based
composites incorporating 1.0 and 2.0 wt.% IF-WSz, and the glass transition temperature (7g) vs.
nanoparticle content is shown in the inset of the Figure. Different behavior is also observed
depending on the polymer matrix. Regarding PPS/CF laminates, the addition of very low IF-WS2
loadings (i.e., 0.1 wt.%) leads to a slight drop in £' (~7% at 25 °C), probably related to the decrease
in the crystallinity found for this sample, as revealed by DSC analysis, since the crystalline regions
enhance the modulus of semicrystalline polymers. The laminate incorporating 0.5 wt.% IF-W$2
exhibits similar E' to that of PPS/CF, since the reinforcement effect of the IF-WS2 should compensate
for the slight decrease in crystallinity. In contrast, the incorporation of nanoparticle contents > 0.5 wt.%
leads to significant £' increments, by up to 22% for 2.0 wt.% nanoparticle content at 25 °C. On the
other hand, the gradual addition of IF-WS; to iPP/GF results in progressive E' increases, by about
27% at 2.0 wt.% loading. This behavior is associated with the increase in crystallinity caused by
heterogeneous nucleation, combined with an effective reinforcement effect arising from a very
homogeneous nanoparticle dispersion. For both types of composites, the reinforcement effect is more
pronounced at temperatures below T, in agreement with the behavior reported for PP/nanoclay/GF
composites [30], where significant £' enhancements were found at low temperatures whereas
the differences in modulus among the samples became insignificant at temperatures above the
glass transition.



75

Figure 5. Evolution of the (a) storage modulus E' and (b) tan 6 as a function of
temperature for the neat polymers and some multiscale laminates. The inset shows the
glass transition temperature T vs. [F-WS: content.
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The evolution of tan & (ratio of the loss to storage modulus, a measure of the damping within the
system) as a function of temperature (Figure 5b) exhibits an intense peak, named a relaxation that
corresponds to the T,. Further, the iPP/GF laminates show a peak at about 88 °C related to the
relaxation of the crystalline phase (o). In an unfilled system, the polymer chain segments are free
from restraints. The incorporation of fillers decreases the free volume and restricts the mobility of
the matrix chains, which is reflected in higher 7, values (see inset of Figure 5). Once again, different
trend is found depending on the nature of the matrix. Thus, in the case of PPS/CF, the incorporation
of low IF-WS: contents (< 0.5 wt.%) led to a downshift in 7g, while the addition of higher
concentrations resulted in an upshift. As mentioned above, the addition of low nanoparticle loadings
slows down the crystallization rate of PPS, leading to the formation of a more amorphous phase that
provokes a slight drop in 7z. However, the incorporation of higher contents has a nucleation effect,
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thereby raising the crystallinity of the polymer, which combined with a larger IF-WSz-matrix
interfacial contact area results in an effective immobilization of the polymer chains, consequently an
increase in Tg of up to 18 °C at 2.0 wt.% IF-WS2. In contrast, the 7, progressively increases upon addition
of these nanoparticles to iPP/GF, the increment being about 6 °C for the same nanoparticle loading. In
the same way, the presence of [F-WS: causes an increase in the crystalline relaxation temperature o. of
iPP, since the strong nucleation effect of these nanoparticles accelerates the crystallization of iPP in
the nanocomposites.

The magnitude of the tan d peak is indicative of the filler-matrix interactions. For both types of
composites, the height of the tan & peak decreases with increasing IF-WS: content, indicative of a
strong nanofiller-matrix interfacial adhesion. Moreover, this reduction probably arises from a
synergistic effect between the micro- and nano-fillers on restricting chain mobility, in agreement
with the behavior reported for other GF-reinforced hierarchical composites [52]. The incorporation
of both reinforcements has a strengthening effect, leading to a lower degree of molecular motion,
hence, lower damping characteristics. It also noteworthy that the width of the tan & peak becomes
broader with increasing nanoparticle loading, phenomenon that can be interpreted as improved
nanofiller-matrix interactions, and is another indication of the larger nanoparticle-matrix interfacial
area. The IF-WSz and microscale fibers disturb the relaxation of the neighbour polymer chains, which
would behave differently from those situated in the bulk matrix, resulting in a wider maximum. This
behavior was also observed in [F-WS: reinforced iPP [16] and PEEK [18] nanocomposites, attributed
to a more inhomogeneous amorphous phase in the composites in relation to the pure matrix.

The static mechanical properties of iPP and PPS based hybrid laminates have been investigated
by tensile tests [22,23], and the Young’s modulus (E), tensile strength (oy), elongation at break (ev),
and toughness (7) as a function of nanofiller loading are plotted in Figure 6. The trends observed are
similar to those described previously for the storage modulus. £ and oy rise progressive with
increasing nanoparticle loading in the case of iPP/GF composites, while they decrease slightly at low
loadings and then grow in PPS/CF laminates, behavior that is directly related to the crystallinity of the
samples, as discussed previously. Interestingly, both parameters only rise marginally upon addition of
the IF-WS2, the maximum increments being ~14% and 11% at 2.0 wt.% nanoparticle content,
respectively, in the case of PPS/CF, and even smaller for iPP/GF composites (Figure 6). However,
considerably larger increases were observed for the binary iPP/IF-WS, nanocomposites [49], where £
and oy improved by around 42 and 31%, respectively, for the indicated loading. For multiscale
composites, it is expected that the nanofillers predominantly influence the properties that are
matrix-dominated; consequently, only small increases are observed in the Young’s modulus and
tensile strength of the hybrids, since the tensile properties are more fiber-dominated. These results
are consistent with the behavior reported for other thermoplastic-based hybrids [53], where £ and oy
of the fiber reinforced polymer only improved marginally upon incorporation of the nanoscale fillers
due to the dominating role of the fibers.

With regard to the strain at break (ev), the trend found is very similar for both composite series. A
moderate increase is found at low nanoparticle loadings, followed by a sharp reduction at higher
concentrations. This indicates that higher amounts of IF-WS; hinder the ductile flow of the matrix.
This tendency is in contrast to that typically reported for CNT-reinforced multiscale laminates [53],
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where &b systematically decreases upon addition of the carbon nanofillers, attributed to the presence
of aggregates that produces stress concentrations at the filler-matrix interface, leading to premature
failure. Similarly, Rahman et al. [30] found around 50% reduction in tensile strain upon incorporation
of 6.0 wt.% nanoclay to PP/GF (30 wt.%), also ascribed to the poor nanoclay dispersion that strongly
limits the plastic deformation of the matrix. The surprising behavior observed for the composites
filled with IF-WS: is probably related to the lubricant character and more uniform dispersion of these
inorganic nanoparticles combined with their spherical shape that reduce the stress concentration sites,
thereby improving the matrix ductility. However, for [F-WSz concentrations higher than 1.0 wt.%, a
stiff hybrid network of micro- and nano-fillers could be formed that acts very effectively as a barrier
for the mobility of the polymer chains, thus limiting the ductile deformation. A qualitatively similar
behavior is found for the toughness, measured as the area under the tensile curve, that increases
considerably at low IF-WS: loadings (i.e., by 35% at 0.1 wt.% content compared to iPP/GF) while
drops moderately at concentrations higher than 1.0 wt.% (around 20% decrease at 2.0 wt.% loading
compared to PPS/CF). The small aggregates contribute to increase the brittleness under high strain
rates, since they nucleate secondary cracks and favour the formation of dimples.

Figure 6. (a) Young’s modulus (E), (b) tensile strength (cy), (¢) elongation at break (eb)
and (d) toughness (7) as a function of IF-WS: loading. Solid and open symbols
correspond to PPS/IF-WS2/CF and iPP/IF-WS2/GF systems, respectively.
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The influence of the IF-WS:z on the flexural properties of iPP/GF and PPS/CF has also been
investigated [22,24]. In this case, maximum increments in the flexural modulus Er and flexural
strength om of iPP/GF up to 26 and 22%, respectively, have been attained at 2.0 wt.% loading.
Similarly, enhancements of 25 and 15% have been found in PPS/CF composites for the same nanofiller
loading. The comparison of the results with those obtained for the corresponding binary
nanocomposites [22,24] reveals a synergistic effect of both fillers on enhancing the flexural properties
of the matrix.

Table 2. Comparison of the increment in static mechanical properties (in %) for different
polypropylene (PP) and polyphenylene sulfide-(PPS) based hierarchical laminates.
MWCNT: multi-walled carbon nanotubes; MMT: montmorillonite; Woll: Wollastonite;
E: Young’s modulus; oy: tensile strength at yield; G: impact strength; Er: flexural
modulus; oav: flexural strength.

Matrix  Fiber CNT AE (%) Aoy AT AE; Acim Ref.
(wt.%) (wt.%) (MPa) (%) (%) (%)
PP GF MWCNTs 40 39 24 36 43 [18]
(5)
PP CF MWCNTs 57 37 34 51 35 [18]
(5)
PP GF MMT 6 6 - 9 10 [3]
(30) (6)
PP GF Woll -6 -6 —31 -2 -3 [19]
(30) (10)
PP GF SiO; 22 3 -5 2 12 [9]
(40) M
PP GF IF-WS; 10 8 - 26 22 [1]
(30) (@)
PPS GF CaCOs 27 9 14 - - [20]
(40) (3 wt.%)
PPS GF CaCOs - - 20 0 3 [21]
(40) 3)
PPS CF IF-WS, 14 11 —20 25 15 [2,4]
(@)

Table 2 compares the improvements in static mechanical properties reported for various PP and
PPS-based hierarchical composites [30,46,54—57]. Clearly, the highest improvements are attained
upon addition of multi-walled carbon nanotubes (MWCNTSs) to fiber-reinforced PP composites [54],
which is reasonable taking into account the very high modulus of these carbon nanofillers.
Nevertheless, among the various inorganic fillers, IF-WS2 lead to larger stiffness and strength
improvements than montmorillonite [30], wollastonite [55], or nanosilica [46], and comparable to
those of CaCOs3 [56,57].

In the same way, the incorporation of INTs can also lead to improvement in the mechanical
properties of polymer/INTs [25,27]. As an example, the characteristic mechanical data (e.g., Young’s
modulus, E, tensile strength, oy and strain at yield, ey) for the PP nanocomposites incorporating
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nanoreinforcing fillers with different morphologies are summarized in Table 1 [31-42]. It can be
observed that the addition of INT-MoS: progressively enhances the Young’s modulus of the matrix,
with increments of 15, 28, and 40% for loading fractions of 0.1, 0.5, and 1.0 wt.%, respectively. The
improved E obtained in this work is ascribed to the very uniform dispersion of the INT-MoS: and
their high aspect ratio, which results in larger nanofiller-polymer interfacial area. Qualitatively
similar trends were found for the tensile strength, where the increments were around 13, 34, and 41%
for the abovementioned nanofiller contents. On the other hand, the incorporation of the inorganic
nanotubes leads to a slight decrease in gy. This is a typical behavior of nanofiller-reinforced polymer
composites, since the nanofillers restrict the ductile flow of the matrix, and is in agreement with the
results reported by Lopez-Gaxiola et al. [58] for carbon filler-reinforced PP composites. Table 1 also
shows the percentage variations in the mechanical properties of iPP nanocomposites containing
similar amounts (~1.0 wt.%) of various nanofillers. Remarkable improvements in the mechanical
properties are observed for iPP/INT-MoSa2, where the non-modified nanofillers were dispersed
uniformly in the iPP matrix for all the compositions prepared [31]. The magnitude of increase in the
modulus and strength is similar to that obtained for IF-WS: nanoparticles [42] and far exceeds that
reported for both modified HNTs [34] and CNTs [37]. However, silicon nitrides clearly provide the
best reinforcement for PP matrix, which has been related to the alignment and exfoliation of rod-shaped
Si3N4 particles [38]. These phenomena were also mainly responsible for the 95% enhancement in the
tensile strength and 152% increase in the tensile modulus of PP using p-aminobenzoic acid
modified-clay with PP-g-MA as a compatibilizer [40]. On the other hand, Reddy et al. have reported
that the high rigidity of INT-WS: and the effective load transfer from the matrix to the INT-WS2
were responsible for the improved mechanical properties of PMMA/INT-WS:z nanocomposites [27].
In particular, it was observed that the elastic modulus of PMMA fiber meshes was increased by
10 and 22 times upon incorporation along the fiber axis of 1.0 and 2.0 wt.% INT-WS2, respectively.
Analogously, the tensile strength of the composite fibers increased by 35 and 32% for the indicated
nanoparticle loadings. However, the toughness of the sample with 2.0 wt.% INT-WS2 was lower than
that of the neat PMMA fiber, since nanofiller aggregation started to take place. Overall, experimental
results point out the advantages of using these environmentally friendly and cheap inorganic fullerenes
and nanotubes instead of conventional nanoparticles for improving the mechanical performance of
thermoplastic composites.

5. Tribological Properties

Inorganic nanoparticles are frequently incorporated into thermoplastic polymers with the aim to
improve the tribological properties. The nanoparticles exhibit some advantages compared to conventional
microfillers, such as higher specific surface area, lower abrasiveness due to a reduced angularity,
enhanced strength, modulus and toughness. In addition, IF-WS: possess a lubricant character, and
have been shown to be effective for improving the tribological properties of thermoplastic polymers
such as PPS or PEEK [59,60]. Figure 7 displays the change in the coefficient of friction (i) and wear
rate of PPS/CF upon addition of IF-WS2[23]. The incorporation of 0.1 wt.% IF-WS: leads to a slight
increase in p (~5%) compared to the reference laminate, probably related to the decrease in stiffness
and strength found for this sample that prevails over the lubricant effect of the IF-WSz. Further
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increasing the nanoparticle loading, p drops strongly, reaching the lowest value at 2.0 wt.% IF-WS2
(about 32% drop compared to the reference laminate). Rapoport et al. [61] proposed a rolling
mechanism for these nanoparticles, in which they act as a ball-bearing component, implying that they
roll instead of sliding between the surfaces, hence, decreasing the shear stress, contact temperature
and coefficient of friction. Likewise, the abovementioned behavior can be attributed to a synergistic
effect between the CFs and the inorganic nanoparticles, as reported previously for CF-reinforced
PEEK incorporating ZnS or TiO2 nanoparticles [62].

Figure 7. Coefficient of friction and wear rate of PPS/IF-WS2/CF laminates as a function
of IF-WS: content.
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With regard to the wear rate, a progressive reduction in this parameter is found upon increasing
IF-WS2 concentration, which decreases by nine-fold for the composite with 2.0 wt.% loading
compared to the reference laminate. This increase in wear resistance has been attributed to the
formation of a thin, continuous, and smooth transfer film on the counterface during sliding combined
with the reinforcing effect, and it is enhanced by the presence of the two fillers. The adhesion of the
transfer film would be stronger since a homogeneous mixture of the debris is formed, and the
resistance to cracking and fatigue failure would also increase in the presence of the nanoparticles. An
analogous trend was reported for the wear behavior of PEEK/ZrO2/CF composites [62], where a
synergistic effect of CFs with ZrO2 nanoparticles on enhancing the matrix wear resistance was
proposed. Overall, the combination of conventional CF-reinforced thermoplastics with lubricant
nanoparticles like IF-WS; is a promising approach to develop multiscale hybrids with superior
tribological performance.
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Table 3. Wear rate (K) data of PP nanocomposites nanocomposites using nanoreinforcing
fillers with different morphologies.

Filler Filler Wear rate Percentage variation
content (K)x10* of K (%)
(wt.%) (mm?®/ Nm)
INT-MoS; [31] 0 6.27 -
0.1 5.97 5
0.5 435 31
1 2.98 53
Nanoclay [65] 1 - 385
IF-WS, [42] 1 - 63

Table 3 collects the wear rate of melt-procesable iPP/INT-MoSz nanocomposites [31]. With the
incorporation of INT-MoS: the wear resistance of the polymer is considerably enhanced and the
nanocomposite with 1.0 wt.% loading shows a reduction of about 53%. These inorganic nanotubes
dispersed in the polymer matrix can act as a barrier and prevent large-scale fragmentation of the iPP. It
has been reported that nanofillers of similar dimensions as the segments of the surrounding polymer
chains enable a milder material removal and aid the formation of uniform tenacious transfer film [63,64].
Table 3 also compares the percentage of variations in the wear rate of PP nanocomposites containing
1.0 wt.% of nanoclay [65], IF-WS: [42], and INT-MoS2 [31]. In particular, PP/INT-MoS:2 showed
higher wear property improvement than that of PP/nanoclay without the need for an exfoliation
process. The highest percentage of improvement in wear rate is found for IF-WS: solid lubricant
nanoparticles, which have recently been identified as ideal candidates for improving the tribological
performance of polymers like epoxy [61], nylon-6 [19], and PEEK [18].

6. Conclusions and Future Developments

The addition of IF/INTs has been demonstrated to be a very efficient strategy to improve the
thermal, mechanical and tribological properties of thermoplastic polymers like iPP, PPS, or PEEK
and their fiber-reinforced composites. These materials can be fabricated by simple melt-processing
and compression molding without the need for modifiers or surfactants, leading to a very homogenous
dispersion of the nanofillers within the matrix. More importantly, they exhibit similar or enhanced
performance when compared with composites that incorporate CNTs, nanoclays or other inorganic
spherical nanoparticles, but are substantially more cost-effective, efficient and environmentally-friendly.
Results demonstrate the existence of synergistic effects of both micro-and nanoscale fillers on
enhancing the stiffness, strength, thermal conductivity, thermal stability, flammability, and wear
resistance of hierarchical thermoplastic-based composites. This new family of materials has a wide
range of potential applications ranging from medicine to the aerospace, automotive, and electronics
industries. Some of these applications are still at an early stage of research and development.
However, for optimal control of the properties of these new materials, it is highly important to tailor
the fabrication process from the viewpoint of the final product. In particular, the improvement and
application of these nanocomposites in comparison with other organic-inorganic hybrid
nanomaterials (silica, metal oxides, clays, efc.) depend on how effectively we optimize and scale-up
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their fabrication method. For specific applications, these nanoparticles should be surface
functionalized in order to confer more selectivity, specificity and reactivity with the polymer chains.
An additional demanding area is the potential of these nanoparticles in the field of biocompatible
and/or biodegradable polymeric composites for packaging and medical applications and their
eventual toxicological effects, if any, need to be investigated. Research and progress in these areas
will not only benefit the current applications but would also lead to new markets as well as to future
development of diverse hierarchical thermoplastic-based composites.
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Continuous Production of IF-WS; Nanoparticles by
a Rotary Process

Fang Xu, Nannan Wang, Hong Chang, Yongde Xia and Yanqiu Zhu

Abstract: This manuscript demonstrates the design, modification and initial investigation of a rotary
furnace for the manufacturing of inorganic fullerene WS: nanoparticles. Different preparation
methods starting with various precursors have been investigated, of which the gas-solid reaction
starting with WO3 nanoparticles was the most efficient technique. Furthermore, the influence of
temperature, reaction time, and reaction gases efc. on the synthesis of inorganic fullerene WS
nanomaterials was investigated, and these parameters were optimised based on combined
characterisations using XRD, SEM and TEM. In addition, the furnace was further modified to include
a baffled tube, a continuous gas-blow feeding system, and a collection system, in order to improve
the batch yield and realise continuous production. This technique has improved the production from
less than 1 g/batch in a traditional tube furnace to a few tens of g/batch, and could be easily scaled
up to industry level production.

Reprinted from /norganics. Cite as: Xu, F.; Wang, N.; Chang, H.; Xia, Y.; Zhu, Y. Continuous
Production of IF-WS: Nanoparticles by a Rotary Process. Inorganics 2014, 2, 313-333.

1. Introduction

Inorganic nanotubes and inorganic fullerene-like (IF) structures of WSz were first discovered by
Tenne et al. in 1992 [1], which has opened a challenging field for the synthesis and applications of
numerous such layered structures, such as WS2[1], MoS2[2,3], BN [4], NiClz2 [5], and efc. Various
synthesis methods have been reported, such as the microwave treatment of W(CO)s (Tungsten
carbonyl) reacting with H2S (hydrogen sulphide) [6], ultrasonic irradiation of W(CO)s solution
mixed with diphenylmethane and sulphur followed by heating at 800 °C [6], commercial WS
activation [7], iodine transport method [8], direct pyrolysis of WS4?>~ and CTAB (Cetyltrimethyl
Ammonium Bromide) [9], and chemical vapour deposition [10]. Recently, IF-WSz nanoparticles and
nanotubes have also been obtained from WCl, and WO.Cl, reacting with HaS [11].

These IF-WS:2 and IF-MoS: nanomaterials, in addition to their significant mechanical, biocompatible
and electronic properties, are excellent solid lubricants [12-20]. Accordingly, the incorporation of
these nanomaterials into a proper matrix in composites will lead to new products with hugely
improved physical and mechanical properties. Another extraordinary property of WSz nanostructures
is their superb shock absorbing performance [21-23], which suggests an important field of
application in lightweight and high performance protective composites [24]. Such applications will
obviously demand large amounts of IF-WS: supply, however their synthesis was only obtained in
gram level at the early stage, which was far too less for any practical work. More recently, Tenne’s
group has produced such IFs in large quantities by using new high tower reactors [25], hence realising
a great industrial level success in nanomaterials. Nevertheless, an alternative, simple, versatile and
yet effective process for the synthesis of such novel nanomaterials remains highly desirable.
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Therefore, to develop an innovative, simple and scalable technique that is suitable for the
continuous manufacture of IF-WS2 nanomaterials becomes the primary aim of this work. From
previous studies [25-27], where a deeper understanding of the formation mechanism of IF-WSz
nanoparticles has been gained, it is found that the key technical barriers for scaling up of the IF-W Sz
lie in the powder agglomeration and superficial reaction, which occurs inevitably in a static gas—solid
reaction. In order to achieve a large quantity manufacturing, effective measures should be taken to
overcome these challenges.

This manuscript describes the design and modification of a rotary furnace, and the initial
investigations in scaling up manufacturing of IF-WS: nanoparticles using the rotary furnace. Several
processes starting with different precursors have been investigated, of which the gas—solid reaction
using WO3 nanoparticles as the precursor was the most efficient technique. The influence of
temperature, reaction time, precursor types and reaction gases efc. on the synthesis of IF-WS:
nanomaterials will be optimised. A significantly improved batch yield and a continuous process have
been achieved.

2. Results and Discussion
2.1. Design and Modification of the Rotary Furnace

A novel rotary reactor has been designed for the manufacturing of IF-WS: nanomaterials. The
rotary reactor was designed based on a conventional tube furnace. The furnace is 1 m long and has a
working temperature up to 1200 °C, which ensures a long enough hot zone for complete reactions at
the required temperatures.

Figure 1. Sketch of the rotary furnace. In a traditional static furnace, the WOx particles
stay still in the quartz tube at high temperature (800-900 °C), which leads to the dominance
of 2H-WS: in the final products; whilst in the present furnace, the quartz working tubes
are rotating, forcing the WO3 and formed WS> nanoparticles to rotate and move during
the process, resulting in better separated [F-WS:z products at minimal agglomeration.
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As shown in Figure 1, the rotary furnace consists of several essential parts: a basic tube furnace,
a motorised driving and rolling system, an inclining system, a dynamic rotary seal system, a
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continuous feeding system and a collection system. The quartz working tube can be further modified
to improve the batch yield. The working tube has inner diameter of 36 mm and outer diameter of 40
mm. Further modification was realised by adding two small oppositely positioned quartz rod blades
of @5 mm to the inner wall (Figure S1), to provide extra forces driving the movement of powders
inside the reactor. This would further eliminate particle agglomerations.

In order to extend the batch process to a continuous production, a continuous feeding system is
required. In the current laboratory scale trial, after considering the existing screw feeding and piston
feeding mechanisms [28-30], we adopted a simple pump piston feeder, which is more cost-effective.
Actually, the current piston feeder under gravitation and gas blow works well in the current set up,
since the slight vibration of the reactor helped avoid system blocking and keep a constant feeding. In
industrial level, a proper, accurate screw feeder could be used to replace the current feeder. As shown
in Figures 1 and S2, the feeder consists of a 20 mL push pump connected to a “T” junction, acting
as the combined inlet blow gas and nanoparticle passage channel. The conceptual rotary furnace
enables us to experiment with various parameters for optimal IF-WS: manufacture. A simple
collection system has also been designed, as shown in the dashed box in Figure 1, which makes the
process continuous. The detailed schematic drawing of the collection system is shown in Figure S3.
The key features of the practically assembled furnace are listed in Table 1.

Table 1. Key parameters of the designed furnace.

Temperature Gas supply Feeding level Speed range Inclination angle
0-1200°C  Ar,H>S,H, Upto 100 g*  0-350 rpm —5t0 5°

*: depending on numbers of loaded pump container.

2.2. IF-WS: Synthesis by Different Methods

Different raw materials, including WO3 and S mixture under H2, ammonium paratungstate (APT)
reacting with HaS gas, and WOs3 reacting with HaS, will be tested in this section.

2.2.1. WOs3 and S Reaction under H»

The WOs precursor exhibits an average particle size of around 60 nm, having a monoclinic WOs
structure (JCPDS No. 43-1035), as shown in Figures S4 and S5.

For the initial trial (experiment S1, as listed in Table 2), a composite powder of WO3 and S at a
molar ratio of a 1:10 was used as the precursor, and reacted under Ar/Hz atmosphere at 800 °C,
following the procedure described in Experimental Section 3.3.1. SEM images in Figure 2 show that
very small nanoparticles and agglomerates were observed, with some nanoplatelets. However, the
EDX spectrum shows that although WSa has formed, WOx still dominates the products. This is also
confirmed by XRD study as shown in Figure 3. In Figure 3, the peaks labelled with a triangle matched
well with WS2 (JCPDS No. 84-1398) [26], and all the other peaks labelled with a star could be
assigned to WisO49 and W200ss. The highest WSz peak is at 2-theta 14.3°, corresponding to (002).
The relatively low intensity of (002) plane for WS, reveals that only a few WS2 layers have formed
from the outside and leaving behind a WO. core which has been reduced from WO3 to W1sOa9 and
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W200ss. The presence of WisOa9 and W200ss is in agreement with previous studies [26,31-33],
in which partially reduced W200ss and thoroughly reduced WisOs9 were formed during the
oxide-to-sulphide conversion from WOs3 to IF- WSa. There is no detectable S left in the products.

Figure 2. SEM images (a—c) and EDX spectrum (d) for products from experiment S1.
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Figure 3. XRD pattern for WS2 from experiment S1 (reaction of WOs3, S and Hz).
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Although a molar ratio of 10:1 for S and W had been initially used, it seems that there was not
enough S to react with the reduced WOx core, because the S could not stay long enough in the hot
zone. As soon as the powders reached the high temperature zone, the S would be sublimed and blown
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out of the high temperature zone, even under an optimised Ar/Hz flow rate of 80 mL/min [34].
Therefore, the oxide-to-sulphide conversion could not be completed.

There are some similar works that used the same molar ratio of S:WQO3 = 10:1 [34], but only
achieved a yield of less than 0.1 g per batch. It is obvious that this method is unsuitable for scaling
up, as the product quality depends upon the quantity of WOs nanoparticles used and it is difficult to
increase this for traditional static furnaces. To avoid the S loss, another batch process has also been
reported recently [35], using solid NaBHa or LiAlHa4 as the Ha releasing agent in a sealed ampoules.
Again, these processes are not suitable for continuous production.

In this context, a continuous feeding and evaporation of S was tested, to compensate for the S loss
during the reaction, as shown in Figure 1. The WO3 and S mixed powder at a molar ratio of 1:10 was
fed directly into the hot zone gradually using the pump, at elevated temperature, rather than pre-
placed inside the quartz tube (experiment S2). The XRD analyses of the powders collected from both
the inlet and hot zones have showed that only a few WS: layers formed and the majority remained
as WOy, and S peaks were also present (peaks labelled with circle); although samples from the hot
zone exhibited a more complete oxide-to-sulphide conversion (Figure S6).

Morphologically, the blue powders collected from the inlet zone consist of both very small
particles and big aggregates, with some bright S residues, as shown in Figure 4a,b. At the relatively
low temperature inlet zone, S could not completely react with the reduced WOy, thus only a few layer
WS: formed. For the hot zone samples (Figure 4c,d), some big agglomerates are visible, and they are
indeed composed of nanoparticles after ultrasonic treatment.

Figure 4. SEM images of products collected from the inlet zone (a and b), and hot-zone
(c and d) of experiment S2.
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Therefore, although this technique has the potential for scaling up based on the continuous feeding
system, the quality of the products is not high enough. Furthermore, when the temperature dropped
below its boiling point, the S vapour could block the outlet gas pipes, which could be a practical
issue. The large amounts of S consumption, although can be recycled, makes this process not
cost effective.

2.2.2. APT as Precursor and H»S as Reaction Gas

Since WOs nanoparticles were fabricated by the decomposition of APT, as described in the SI
(Supplementary Information 2.2.2, Figures S7 and S8), and were a very valuable precursor for
IF-WS2 nanomaterials in previous two-step studies [1,25,26,36], i.e., first decomposition of APT to
form WO3; then via sulphidisation to create IF-WSa, it is thus interesting to combine the two
steps together in our present set-up. This would be an advantage in terms of energy saving and
process efficiency.

The as-received APT particles are crystals of several tens of um in size, with nano-sized particles
attached to the surface of these big crystals. Under high magnification, cracks and sub um sized
particles could be observed at the corners of some damaged crystals, indicating that the APT crystals
might be agglomerates of small pieces. Thus, prior to experiment (experiment AHSI1), the APT
particles were ultrasonic treated, to break the agglomerates into small pieces. The IF-WS: particles
collected from hot zone are shown in Figure 5. On average, the agglomerates are smaller (Figure 5a),
although some bigger aggregates which kept the original APT crystal shape were also observed, as shown
Figure 5a,b. Higher magnification study shown in Figure 5c and d reveals the nanostructural feature
within the agglomerates, and they are composed of both IF-WSz nanoparticles and nanoplatelets, roughly
at the same proportion. XRD study (Figure 6) reveals that the hot zone products have very high intensity
of WS peaks, with only minor peaks of WOx. In contrary, the outlet zone products contain a high portion
of WOy, owing to the shorter reaction time than those from the hot zone.

To form WO, by decomposing APT, the temperature required will be above the melting point of
tungsten oxide, e.g., 1200 °C to form WO3 nanoparticles and 1350 °C for micro particles [37,38].
This allows for the tungsten oxide vapour to be brought to and deposited in the low temperature area.
In the present process, the formed nanoparticles would then play the template role during subsequent
sulphidisation, to form the IF-WS,. Because of the different temperature requirements for the two
steps, the direct IF-WS: synthesis using APT to react with H2S seems to be an unsuitable choice for
the present furnace.
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Figure 5. SEM images of samples from experiment AHS1, exhibiting the original shape
and size of the APT (a and b), and the nanostructural feature within the agglomerates
(c and d).
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Figure 6. XRD patterns of samples collected from different areas (a, outlet and b, hot
zone) in experiment AHSI.
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2.2.3. WO3 and Ha2S Synthesis of WS, Nanomaterials

Figure 7 shows the SEM results of experiment W1. A feature of nanoparticle domination is
visible, with big agglomerates (Figure 7a). The semi-spherical IF-WS2 nanoparticles exhibit different
sizes (Figure 7b): the tiny ones have diameters of <50 nm which are the same as the WOs precursor;
whilst the big ones are about 100-200 nm, possibly merging from two or more nanoparticles. The
presence of nanosheets or nanoplatelets amongst nanoparticles can be seen from Figure 7¢ (arrowed).
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XRD investigation confirms that the majority of the products are IF-WSz nanoparticles, with
left-shifted (002) peak and broadened (103) and (105) peaks [3], Figure 7d. Tiny peaks at
23-25 degrees (labelled with a star) can be assigned to WOx core residue. XRD comparison between
the produced IF-WS2 and the commercial 2H-WS: has been presented in the Supplementary
Information, as Figure S9, where the differences between XRD pattern of the resulting IF-WS: and
2H-WS: are discussed in detail.

Figure 7. SEM images (a—c) and XRD pattern (d) of IF-WS: synthesised using the
rotary process.
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Further TEM examination shows that the sample contains both nanoparticles and
nanosheets/nanoplatelets (Figure 8a). Indeed, the IFs exhibit the multi-layered, hollow core
characteristics, being the dominant phase. Some particles followed the original shape of their oxide
precursor, appearing in a spherical, seamless, and close-caged structure (arrows A); whilst some
displayed a peanut-like structure (arrows B) or a long elliptical shape (arrow C). These unusual
particles were possibly co-formed from adjacent WOs nanoparticles that fused together during the
heating. The continuous contour of WS: layers suggests that these particles must have fused together
first, then the oxide-to-sulphide conversion occurred. This observation can also explain the different
particle sizes observed under SEM, as shown in Figure 8b,c. The products, regardless of their
different shapes, possess a hollow core and a generally equal d(002) spacing of 0.62 nm for IF-WSa.
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Figure 8. TEM images of the WSz synthesised using the rotary process (a—d; b is a
zoomed-in image of framed area in a).

These characterisations of the products have confirmed that IF-WS: is the dominant phase in the
product with high quality. This shows the great potential for the production of IF-WS; at large
quantities and high quality, using the present rotary process. Further investigations will focus on
quality assessment and quantity improvement.

2.3. Optimization of IF-WS> Synthesis from WOj3 Precursor and H2S Gas
2.3.1. Reaction Time

After applying fixed rotary speed and temperatures, the influence of different reaction times were
assessed, as listed in Table 3. Figure 9 shows the resulting products exhibiting similar features as
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described earlier. For the 10 min product (experiment A, Figure 9a), the oxide was just about to be
reduced. Only the outer layer finished the oxide-to-sulphide conversion, whilst the inner core remained
intact, which is in line with Tenne et al.’s TEM observation [26]. For the 50 min sample (Experiment
B, Figure 9b), by analysing the intensity changes of the diffraction peaks, it is clear that the oxide
particles have mostly converted to IF-WSz and there is much less suboxide left in the core. Similarly,
after an 80 min reaction, the WO peaks at around 23-25 degrees continued to be reduced, and more
and more IF-WS; layers formed, suggesting an almost complete conversion. Further increase of the
reaction time leads to no significant differences in the XRD profiles, and there is almost no peak
detected for any tungsten oxide. Thus, a 110 min reaction time is believed to be sufficient for a
thorough sulphidisation.

Figure 9. XRD profiles of samples from experiments A—F, demonstrating the effect of
different reaction time at 800 °C from 10—170 min.
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2.3.2. Reaction Temperatures

Of the experiments listed in Table 3, batches C and G used similar parameters, except for the
temperature which was 900 °C for batch G but 800 °C for batch C. From 900 °C, the intensity of the
resulting IF-WS: (Figure 10) is much higher than that from 800 °C (Figure 10), confirming more
WSz layers formed at higher temperatures, under the same reaction time of 80 min.

2H-WS: flakes were presented in both samples (Figure 11), however there was much more 2H-
WS:2 formed in batch G, possibly due to the higher temperature which made agglomeration more
severe. The IF-WS; particles are also considerably larger in batch G, some of which exhibited a
diameter of 300-500 nm, in contrast to 100-200 nm in experiment C. This observation accounted
for the extremely high relative intensity of the (002) peak for sample G.
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Figure 10. XRD profiles of samples from batch C (800 °C, red curve) and G (900 °C,
black curve) and their SEM images.
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Figure 11. SEM pictures of samples from batch C (a—¢) and batch G (d—f).

Actually, when compared with other experiments from A—QG, the quality of products from batch
G (the highest temperature used, 900 °C) are the worst of all, regardless of different reaction times.
Thus, temperature is considered to be one of the most significant parameters directly linked with

agglomeration in the present process.

2.3.3. Influence of H

Ha2 was introduced to some experiments (e.g., experiment H1), to promote the WOy and HzS reaction.
In these samples, the majority of the product is IF-WSz of less than 100 nm in size (Figure 12a,b), with
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very few 2H-WS: (Figure 12¢). Rod shaped WSz were also observed occasionally, as shown in
Figure 12d. Indeed, the formation of IF-WS2 nanotubes was previously reported in the presence of
H: in the reaction gases [27,39,40]. The XRD profile looks identical to those without Hz. Overall,
the results show a positive effect when Hz was added to the reaction gas.

Similarly, many previous studies have indicated that, during the conversion from WO3 to WSa,
the WO3 was first reduced to tungsten suboxide such as W200ss, W1sOa9 efc. From a localized view,
the S replaced the O as soon as the reduction of tungsten oxide initiated. From an overall point of
view, the reduction and sulfurization processes must have taken place in parallel [26,31-33]. Thus,
the addition of Hz into the reaction gases would accelerate the reduction of tungsten oxides and speed
up the subsequent sulphidization, thereby leading to prompt formation of the WS layers on the oxide
surface. Since the early formation of an inert WS layer would prohibit the diffusion and
agglomeration of neighbouring nanoparticles, H> introduction helped prevent particles from
agglomeration, hence effectively reducing the chance for the formation of 2H-WS:.

Figure 12. SEM images of samples involving H> in reaction, showing particles less than
100 nm (a—c), and the presence of nanotubes (d).

2.4. Further Refinement and Modification
2.4.1. IF-WS:z Synthesis Using a New Baffled Quartz Tube

To improve the batch yield, a new baffled quartz tube was designed and adopted for the
experiment (Figure S1). Based on previous optimal parameters, changes were made to reflect the
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significantly increased precursor from 618 g. For example, the gas rate of H2 and HzS, the reaction
time and inclination angle etc. were finely adjusted in experiments B1-B3.

For the new baffled tube, a bigger inclination angle was required at the beginning of the
experiment in order to drive the particles towards the hot zone, otherwise they would only move
around rather than move forward. As soon as all the particles marched into the hot zone, the angle
could be decreased to zero for better reaction. In a typical experiment, 18 g WO3 nanoparticles were
used with an initial inclination angle of 5 degrees, and H2: H2S: Ar ratio of 10:30:160 for the whole
process. After the experiment, 15 g out of the 18 g were collected from the hot zone. By reducing the
H2 gas content in the flow in the later stage of the reaction (experiment B3), the amount of WSz
nanotubes has been dramatically decreased, and they were much shorter (compared to experiments B1
and B2), Figure 13a. The dominant IF-WS: nanoparticles appeared to be uniform, fine and spherical,
with diameters <100 nm (Figure 13b). Their XRD pattern is very promising, with strong WSz peaks
and very tiny WOx signals, which is again indicative of a good sulphidisation.

Figure 13. SEM images for samples collected from the hot zone of experiment B3,
revealing the existence of a small amount of nanotubes (a), and the fine and uniform
IF-WS2 (b).
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TEM characterisation for sample B3 (Figure 14) further confirm the dominant nature of the IF-
WS2, with sizes ranging from below 50 nm to up to 100 nm. Figure 14b also demonstrates that some
particles coalesced from two or three nanoparticles, exhibiting a peanut shape (arrowed). Those
single particles are always <50 nm. Figure 14b—d show high resolution images of well-crystallised
IF-WS: particles, which again reveal their typical hollow core and seamless shell layer features. Some
particles still possess a residue WOx core (particle A in Figure 14d). Nevertheless, the new baffled
working quartz tube was most promising, enabled a yield improvement from 5 g—15 g per batch whilst
successfully maintaining the products quality. However, as the mixing efficiency drops with the filling
degree [41], a too high amount of WO3 precursor input would lead to less effective mixing and thus
compromise the quality of the final product. Thus, the batch yield and product quality are limited by the
quantity of the precursors loaded at the beginning of each batch. Further improvement is still necessary.
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Figure 14. TEM images for samples collected from the hot zone of experiment B3,
demonstrating the overall distribution of particle (a) and the multi-layered characteristics
of different particles (b—d).

2.4.2. A Continuous Feeding System

In this feeding system (Figure 1), the WO3 precursor was first stored in a pump and then
introduced to the system by gravity and gas-blow. A single long feeding tube was used to act as the
extended pathway for WO particles directly blown into the system (as shown in Figures 1 and S2),
while the reaction gases were fed in by a separated tube. The new design was tested (FB1), and the
result showed a complete conversion of WOx into IF-WS: for particles from the hot zone (Figure
S10). The products were quite uniform, with sizes no more than 100 nm (Figure S11).

The process was further modified to simulate a real, continuous one, by immediately replacing the
empty pump with a full one (FB2). All other experimental parameters made no alteration to FB1, except
for the longer feeding time. In this case, around 50 g samples were collected from the hot zone. TEM
images of the hot zone sample from FB2 were shown in Figure 15. Majority nanoparticles of around 50
nm in size are displayed in Figure 15a,c, some from 20 nm to almost 100 nm are exhibited in Figure 15b.
A typical IF-WS; particle with a hollow core and around 15 seamless layers is shown in Figure 15d.

To summarise, the continuous feeding system has been proven a success and has improved the
yield of IF-WS:z to several tens of grams per batch, without having an obvious compromise on
quality. Technically, the feeding of precursor could be simply continued by reloading; however, a
longer reaction time would be required. In an industry environment, where a proper sample collection
system is easily available, an automated reaction would not be a limitation. This reactor is easily
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adaptable as a whole continuous rotary process for the scaling up production of IF-WS:
nanoparticles, using a proper metallic working tube.

Figure 15. TEM images for particles collected from the hot zone from experiment FB2,
showing overall uniformity of particles (a and ¢) and detailed closed-cage feature under
high resolution (b and d).

1

3. Experimental Section
3.1. Materials

Commercial tungsten trioxide powder used as precursor for IF-WS:2 nanomaterials was
monoclinic WO3 powder (light yellow, with size < 100 nm, purity 99%, Sigma-Aldrich, UK).
Ammonium paratungstate (APT, (NH4)10H2(W207)6-xH20, 99.99%) particles used to produce WOx
nanoparticles were bought from Sigma-Aldrich, UK. Sulphur (S, sublimed, 100 mesh, 99.5%) was
purchased from Cole-Parmer, UK. For comparison with the produced IF-WS: nanoparticles,
2H-WS: platelets (powder, 2 um, 99%) were also bought from Sigma-Aldrich, UK.

3.2. Experimental Set-Up

Based on the furnace shown in Figure 1, the parameters for the experiments were optimized
through a series of experiments, such as different reaction temperatures, reaction time, reaction gas
atmosphere, modification of working tube, and a new feeding system. The optimization experiments
were carried out without the feeding system, unless specifically stated. The products were collected
from different areas separately, where the central 80 cm part of the quartz tube in the heated zone
was defined as hot zone, the 60 cm part close to the gas inlet end was named as the inlet zone, and
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similarly the outlet zone, as also shown in Figure 1. Note that the reaction time could be varied mostly
through the inclination of the quartz reactor, and the motor could drive the working quartz tube both
clockwise and anti-clockwise. In such a way, the particles could be moved either backwards or
forwards as required, to achieve sufficiently long reaction time.

The morphology and chemical composition of the as-produced IF-WS: nanoparticles were
analysed by XRD, SEM and TEM. The TEM samples were prepared via an ultrasonic treatment of
the nanoparticles (randomly collected from hot zone) for 5 min in acetone, and the resultant uniform
suspension was pipetted onto a holey carbon coated copper grid (300 mesh, Agar).

3.3. IF-WS: Synthesis by Different Methods
3.3.1. Synthesis of IF-WS2 Nanoparticles from Mixed WOs and S Powder with Hz

Two typical types of experiment were carried out to synthesize the IF-WS;, starting from mixed
WOs and S powder with Hz (experiments S1 and S2). In experiment S1, around 6 g WO3 and S
composite powder at a molar ratio of 1:10 was placed into the inlet area. Ar gas was used to purge
the quartz tube at 50 mL/min for 30 min, after the system was properly assembled and sealed. The
working tube started rotating from 600 °C, at which point H2 (80 mL/min) and Ar (30 mL/min) gases
were also introduced. The reaction at 800 °C lasted for 1 h. Similarly, experiment S2 was carried out
by adopting a continuous S feeding system.

3.3.2. Synthesis of IF-WS2 Nanoparticles from APT Precursor with H2S Gas

Six g APT were ultrasonically treated and dried before being placed into the centre of the quartz
tube for the experiment (AHS1). Ar (50 mL/min) was flushed for 30 min before the furnace was
switched on. H2S flowing was started from 550 °C till the end of the process, at a rate of 12 mL/min.
The whole reaction lasted for 2 h at 800 °C, at a fixed Ar flow rate of 100 mL/min.

Except for experiments on various reaction times (summarised separately), all other experimental
parameters are summarised in Table 2.

Table 2. Example parameters used for the synthesis of I[F-WSa.

Precursor put in Gas feed Rate Reaction time Reaction
(g) (H2:H,S:Ar) (mL/min) (min) temperature (°C)

S1 6 80:0:30 60 800

S2 12 80:0:30 120 800

AHSI1 6 0:12:100 120 800

W1 6 0:12:100 90 800

H1 6 8:12:100 90 800

Bl 18 10:30:160 120 800

B2 18 20:30:100 120 800
20:30:100

B3 18 10-30-100 120 800
50:50:100

FB1 50 0 25:100 180 800

FB2 100 50:50:100 300 800

0:25:100
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3.3.3. Synthesis of IF-WS2 Nanoparticles WO3 and HaS Gas

The synthesis of WS nanomaterials from reaction of WO3 and HzS gas was similar to that from
WOs and S (Section 3.3.1), except for the H2 gas being replaced by HaS. The first trial was named
experiment W1 (Table 2).

Table 3. Example parameters used for the synthesis of IF-WS: with varying reaction times.

Gas feed rate (H;S:Ar) Reaction time Reaction temperature

WO; Precursor (g) (mL/min) (min) °C)
A 6 12:100 10 800
B 6 12:100 50 800
C 6 12:100 80 800
D 6 12:100 110 800
E 6 12:100 140 800
F 6 12:100 170 800
G 6 12:100 80 900

Table 3 summarises the parameters used for a series of experiment at a fixed rotation speed of
140 rpm, with reaction time varying from 10—170 min.

4. Conclusions

Based on the built rotary system, the large scale manufacture of IF-WS: nanoparticles has been
realised. Several synthesis methods have been studied, and the process starting with WO3 precursor
and H2S reaction gas is most successful. Systematic studies have been carried out to optimise the
parameters for IF-WS2 nanoparticle production, including precursor types, reaction temperatures,
reaction time and reaction gases. Further refinements by modifying the working quartz tube and the
feeding system have made the continuous manufacturing possible. This new technique, as a simple
alternative to the fluidised bed method, has improved the yield of IF production from less than
1 g/batch using a traditional tube furnace to a few tens of g/batch. This process is easily scalable to
industry production level, by incorporating existing equipment.

Supporting Information
1. Results and Discussion
1.1. Design and Modification of a Rotary Furnace

The quartz tube modification is shown in Figure S1. Two small quartz rod blades of @5 mm were
oppositely attached to quartz tube.
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Figure S1. Image (left) and sketch (right) of a new tube with baffles inside, created by
adding two quartz rods inside the normal quartz tube.

In order to move the batch process to a continuous production, a continuous feeding system was
designed using a 20 mL syringe piston feeder which was connected to a push type ‘T’ junction, as
shown in Figure S2.

Figure S2. Sketch (a) and picture (b) of a new gas blow feeding system, to realise
continuous feeding.

Figure S3. Sketch of the collection system, where (1) quartz tube and (2) housing are
rotating while all other parts are kept still during action.

1. Quariz tube

2. Rotary housing
3. Static Shaft

4. Gas outlet

5. Discharge airlock
6. Product container
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The collection system makes the process a real continuous one, as shown in Figure S3. During
the process, the quartz tube (1) and housing were driven to rotate by the motor, while the shaft (3)
was kept static, as well as the gas outlet (4) and collection outlet (5 and 6) attached to it. Note that
the product discharge outlet allows for easy isolation to collect samples for quality control during the
manufacturing.

2.2. IF-WS: Synthesis by Different Methods
2.2.1. Mixed WOs3 and S with Ha

The SEM images of the as-received WO3 precursor have been displayed in Figure S4; and the
average particles size was about 60 nm, estimated using Derby-Scherrer Equation. The XRD pattern
shown in Figure S5 matches very well with the monoclinic WO3 (JCPDS No. 43-1035).

Figure S4. SEM images of the as-received WO3 nanoparticles (~60 nm in size).

Figure S5. XRD pattern of the as-received WO3 precursor.
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2.2.1. WO3 and S reaction under Ha

The XRD patterns of Sample S2 from both the inlet and the hot zones are shown in Figure S6.
Only a few WSz layers may have formed, as the majority was WOy, along with S peaks (labelled
with circle), although the hot zone samples exhibited a more complete oxide-to-sulphide conversion.

Figure S6. XRD patterns of Sample S2. (a) from the inlet zone and (b) from the central
hot zone.
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2.2.2. APT as Precursor and H2S as Reaction Gas—Production of WOx Nanoparticles from APT

WO: nanoparticles, as an important precursor for [F-WS: nanoparticles, have been produced by
the decomposition of APT at a high temperature furnace. At high temperature, the following reaction
took place: (NH4)10[H2W12042] 4H20 — 12 WO3 + 10NH3 + 11H20.

In fact, the APT started to decompose into WO3 at 500 °C. The WOs3 then started to melt and
vaporise in the central zone where temperature reached 1200 °C and 1250 °C respectively, and the
WO; vapour would be brought downstream by the Ar flow and deposit at the inner wall of the
quartz tube.

After optimization of the parameters, very fine nanoparticles with high batch yield were produced
at 1350 °C, with long quartz tube (1.5 m) and high gas flow rate (6 L/min). The results were shown
in Figure S7a—c. Both spherical and polyhedral particles are presented in all images, with uniform
size less than 100 nm, mostly around 50 nm. XRD pattern in Figure S7d matches very well with
monoclinic WO3 (JCPDS No. 43-1035), with the strongest peaks appear at 23-25 degree.
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Figure S7. SEM images (a—c), and XRD pattern (d) of tungsten oxide nanoparticle
(1350°C, 6 L/min, 30 min, 1.5 m).
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Figure S8. TEM images of WO3 from decomposition of APT (1350, 1.5 m, 6 L/min,
30 min).

Figure S8 shows the TEM images of WOs3 nanoparticles from the decomposition of APT. The
majority of nanoparticles are of a polyhedral shape, around 50 nm.

2.2.3. WO3 and HzS Synthesis of WSz Nanomaterials

A comparison of the XRD profiles of the commercial 2H-WS: and the present IF-WS: samples is
shown in Figure S9. Both patterns showed peaks at very similar positions. The peaks of IF-WS> were
assigned according to 2H-WS2 (JCPDS No. 84-1398), as no standard XRD pattern is available for
IF-WSz [1]. These are the typical peaks at 20 angles at: 14.364 (002), 28.959 (004), 32.769 (100),
33.587 (101), 35.943 (102), 39.599 (103), 44.055 (006), 44.289 (104), 49.798 (105), 55.977 (106),
57.495 (110), 60.010 (008), 60.573 (112), 62.746 (107), 69.169 (201), 70.080 (108), 72.957(203),
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and 76.040(116). For the 2H-WSa, all peaks are very sharp, indicating a well-crystallized and
standard 2H structure. Its (002) is the strongest peak, followed by (103) as the second strongest.
Compared with 2H-WS;, the (002) peak of IF-WS: is left-shifted, indicating a lattice expansion of
the (002) layers due to stains in the curved closed-cage layers [2]. The (103) and (105) peaks are
broadened, attributing to the ultra-low dimensions. Whilst the (002) remains as the strongest peak,
two peaks representing (100) and (101) have merged into one exhibiting the second highest intensity.
The (006) and (104) peaks also merged, at around 44.1 degree. The (102) peak at around 35.9 degree
was not detected in the IF-WS: profile. The small peaks appeared at 23-25 degree in the [F-WS2
pattern were assigned to WOy, which must exist as the residue core of some IF-WS; particles.

Figure S9. XRD profiles of commercial 2H-WS:z and currently synthesised IF-WS2.
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2.3. Further Refinement and Modification

2.3.1. IF-WS:2 Synthesis Using a Continuous Feeding System—Experiments Based on Both New
Feeding System and Baffled Tubes are Named FB»

The XRD patterns of samples collected from Sample FB1 (Figure S10) demonstrate a completely
conversion of WOy into WS2. No WOx peaks for the hot zone samples and extremely minor peaks of

WO for the outlet zone samples.
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Figure S10. XRD profiles of samples collected from different reaction zones in
experiment FB1.
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The SEM images in Figure S11 have revealed the morphology of particles collected from the hot
zone in FB1. The particles were quite uniform, with sizes no more than 100 nm. The very bright
pieces at the right bottom corner of Figure S11b could be residue S, owing to the excessive amount
of HaS gas used.

Figure S11. SEM images for particles collected from hot zone of experiment FB1.
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Gas-Phase and Microsolvated Glycine Interacting with Boron
Nitride Nanotubes. A B3LYP-D2* Periodic Study

Albert Rimola and Mariona Sodupe

Abstract: The adsorption of glycine (Gly) both in gas-phase conditions and in a microsolvated
state on a series of zig-zag (n,0) single-walled boron nitride nanotubes (BNNTSs, n =4, 6, 9 and 15)
has been studied by means of B3LYP-D2* periodic calculations. Gas-phase Gly is found to be
chemisorbed on the (4,0), (6,0) and (9,0) BNNTs by means of a dative interaction between the NHz
group of Gly and a B atom of the BNNTs, whose computed adsorption energies are gradually
decreased by increasing the tube radius. On the (15,0) BNNT, Gly is found to be physisorbed with an
adsorption driving force mainly dictated by m-stacking dispersion interactions. Gly adsorption in a
microsolvated environment has been studied in the presence of seven water molecules by
progressively microsolvating the dry Gly/BNNT interface. The most stable structures on the (6,0),
(9,0) and (15,0) BNNTSs present the Gly/BNNT interface fully bridged by the water solvent molecules;
i.e., no direct contact between Gly and the BNNTSs takes place, whereas on the (4,0) BNNT the most
stable structure presents a unique direct interaction between the COO™~ Gly group and a B atom of the
nanotube. Further energetic analyses indicate that the (6,0), (9,0) and (15,0) BNNTs exhibit a low
water affinity, which favors the Gly/water interactions upon BNNT coadsorption. In contrast, the (4,0)
BNNT has been found to show a large water affinity, bringing the replacement of adsorbed water by
a microsolvated glycine molecule as an unfavorable process.

Reprinted from Inorganics. Cite as: Rimola, A.; Sodupe, M. Gas-Phase and Microsolvated Glycine
Interacting with Boron Nitride Nanotubes. A B3LYP-D2* Periodic Study. Inorganics 2014, 2,
334-350.

1. Introduction

Bioconjugated nanostructured materials resulting from the coupling of biomolecules with
inorganic nanomaterials including nanotubes, nanowires, nanoparticles and nanosheets have attracted
much attention during the last years as they exhibit unique features derived from combining
synergistically the properties of the interacting components. These exclusive physico-chemical
properties render these materials as suitable substrates with potential applications in diverse
biological- [1,2] and material-related [3] areas such as biocatalysis,[4,5], drug delivery [6-8],
biosensing [9—13] and medical diagnostics [14,15]. The functionalities resulting from these biohybrid
materials are largely mediated by the biomolecule/inorganic surface interactions, which in turn are
dictated by the structure-specific binding properties of the two partners. Accordingly, precise
knowledge on the interactions between the biomolecule and the inorganic components is of
fundamental relevance.

Among the different nanostructured materials, boron nitride nanotubes (BNNTSs) have been
proposed to be suitable candidates to be combined with biomolecules [16]. BNNTs are isosteres and
structurally similar to carbon nanotubes (CNTs), in which alternating B and N atoms substitute for C
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atoms. However, these two type of nanotubes exhibit different physico-chemical properties. Whereas
CNTs exhibit metallic or semiconducting behavior, which moreover is strongly dependent on the tube
diameter, helicity and concentric layers, BNNTs are electrical insulators with a band gap of ca. 5.5 eV
regardless of the tube geometry features [17]. Moreover, at variance with the non-polar C-C bonds in
CNTs, the B-N bonds of BNNTSs exhibit a certain polar character, the degree of which depends on the
curvature of the nanotube. That is, the increase of the tube curvature induces the transformation of the
sp® hybrid character of the B and N atoms in large diameter BNNTSs into a sp® one in small diameter
BNNTs. As recently shown by us [18], this has important consequences for the nature of interaction
between functional molecules and the BNNTSs walls; i.e., polar molecules strongly chemisorb on small
radius BNNTSs, whereas interaction of non-polar molecules are energetically more favourable when
physisorbed on large radius BNNTs. Furthermore, unlike CNTs, which present an inherent
cytotoxicity [19], BNNTs have been found to be nontoxic [20] due to their high chemical and
structural stability and high oxidation resistance, which alongside their uniformity and stability in
dispersion in solution [21] make them suitable for biomedical applications.

Different experimental studies have focused on the interaction of peptides and proteins with
BNNTs, showing a natural affinity between the two conjugates, which allows a direct immobilization
of proteins on the BNNTs [22] as well as the isolation of individual BNNTSs through a novel pathway
based on peptide wrapping [23]. Moreover, biofunctionalized BNNTs via glycine interaction are good
reactant substrates to obtain polysaccharide-coated BNNTs under mild conditions, in which the
role of glycine is crucial during the interfacial process. The interactions of DNA and RNA with
BNNTs have also been addressed and exploited to obtain nematic ordered ensembles of BNNT [24].
Other works have been devoted to assess the cytotoxicity of BNNTs when in contact with cells.
Chen et al. [20] concluded that pristine BNNTs are inherently non-cytotoxic in view of the non-altered
growth of human embryonic kidney (HEK) cells when cultured with BNNTs. Similar results were
found by Ciofani and coworkers, in which coated-BNNTSs presented a good cytocompatibility with
human cells [25-28]. However, Goldberg and coworkers more recently found that BNNTs are
actually cytotoxic for cells present in the lung alveoli and for HEK, in which the discrepancies with
the other works were discussed and suggested to be due to the different morphology and size
distribution of the BNNTs tested and the different assay techniques [29].

Theoretical works, mainly based on density functional theory (DFT) methods, have also studied
the interaction of biomolecules with boron nitride nanostructures, most studies being limited to
biomolecule building blocks, (amino acids and DNA and RNA nucleobases) due to the demanding
computational cost of these calculations. Works on the gas-phase interaction of nucleobases using the
local density approximation (LDA) and generalized gradient approximation (GGA) DFT levels of
theory showed that this depends on the individual polarizations of the nucleobases [30-32]. The
interaction of BNNTs with glycine (Gly) among other different amines has been studied in the
gas-phase revealing an affinity of the BNNT with the NH2Gly group [33]. Study on the gas-phase
interaction of the arginine (Arg), aspartic acid (Asp) and tryptophane (Trp) amino acids, with basic,
acidic and aromatic side chain functionalities, respectively, at the LDA DFT level revealed that the
binding is accompanied by charge transfer following the trend of Arg > Asp > Trp [34]. The binding
of different biomolecules inside the cavity of BNNTSs has also been studied at the LDA level [35].
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The calculated weak interactions led the authors to suggest BNNTS to be suitable biological carriers
due to the limited delivery kinetic barrier.

All these works focus on the intrinsic adsorption properties; i.e., they are limited to the gas-phase
and, accordingly, solvation effects were not accounted for. Moreover, each work addresses the
interaction of biomolecules with a particular BNNT. Since it has been shown that the tubular radius
can modulate the adsorption properties of BNNTSs [18], which is also applicable for biomolecules, the
nature of interaction can significantly be different depending on the radius of the BNNT. Moreover,
for the particular works addressing the interaction of amino acids, no conformational exploration to
find out the most stable amino acid/BNNT adduct was performed (i.e., the initial amino acid
conformation guesses were the most stable gas-phase structure), which is an important drawback due
to the large conformational mobility of these molecules. In order to provide a more complete
atomic-scale description of the interaction of amino acids with BNNTSs, the present work reports a
systematic periodic B3LYP-D2* study, using a hybrid functional and including dispersion corrections,
on the interaction of Gly with different zig-zag (n,0) single-walled BNNTs (n = 4, 6, 9 and 15)
rendering nanotubes of different radius. Note that dispersive effects, not included in previous works,
are expected to play a role in these systems. Moreover, with the aim to study in a more realistic way
the interactions between biological systems and BNNTs, the very same Gly/BNNTSs interaction study
has been addressed considering a microsolvated environment modeled by the presence of seven water
molecules. The effect of water has been analyzed from a structural and energetic point of view, with
particular attention paid to the Gly/BNNT interface to determine whether the interaction is direct or
bridged by the water molecules.

2. Results and Discussion
2.1. Gas-Phase Interaction

An exhaustive description relative to the modeling of the different BNNTs used in this work in
their pristine state is available in a very recent work by us [18]. The BNNTSs are automatically
generated by the CRYSTAL code through the wrapping of a periodic boron nitride monolayer
(hexagonal P3m! layer symmetry group) into cylinders of different radius and fully exploiting the
symmetry operators of the nanotubes [36—40]. In the interest of the present work, it is worth
mentioning that the calculated electrostatic potential maps indicate a prominent positive/negative
valued potential region for the (4,0) BNNT, which become progressively less pronounced for BNNT
with increasing radius, until obtaining a practically shallow electrostatic potential for the (15,0)
BNNT. For the interaction with Gly, the geometry optimizations were carried out as 1D polymers
within the P1 space group, in which the unit cell parameters have been enlarged twice to avoid lateral
interactions between molecules of adjacent unit cells.

The different optimized adducts for the adsorption of Gly on the BNNTSs are shown in Figure 1,
whereas the calculated adsorption energies alongside the pure electronic and dispersion contributions
are shown in Table 1. The adsorption energies (AEads) per unit cell of the probe molecules with the
BNNTSs are computed as:
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AEus = E(Gly/BNNT) — E(BNNT) — En(Gly) n

where £(Gly/BNNT) is the energy of a fully relaxed unitary cell containing the BNNT in interaction
with Gly, E(BNNT) is the energy of a fully relaxed unitary cell of the BNNTSs alone, and Em(Gly) is
the molecular energy of the free Gly.

Figure 1. (a) B3LYP-D2* optimized structures of the different calculated adducts for
glycine interacting with the considered boron nitride nanotubes (BNNTS) in the gas-
phase; (b) B3LYP-D2* optimized structures for those complexes in which a spontaneous
proton transfer occurs during the geometry optimization (see text). Distances in A: bare
values for the (4,0) BNNT; values in parenthesis for the (6,0) one; values in brackets for
the (9,0) one; and italic underlined values for the (15,0) one.

(2.870) |
[2.964] |
2.986 |
g3
BN/n
1.436 1.618
’ 1.949) 1 (2512
[1.617] /11.630] (2.514) 3 ¥ (1.962) }2.035} i : =2.727;
1.693 ; 1.741 [2.794] i [2.042) 2,007 ; % 2.849
2921\ ! 2087 % -
-4 V.W
BN/zwitt BN/COOH-1 BN/COOH-2

b)

For all the BNNT systems, six initial structural guesses were considered (see Figure 1a): (i) pure
interaction between the NH2 group of Gly and one nanotube B atom (hereafter referred to as
BN/NH2); (ii) BN/NH: interaction plus H-bonding between the Gly OH group and one nanotube N
atoms (hereafter referred as BN/NH2—OH); (iii) and (iv) interaction between the Gly CO group and
one nanotube B atom plus H-bonding between the Gly OH group and one nanotube N atom, with the
difference that the nanotube B and N atoms are chemically bonded or not (hereafter referred to as
BN/COOH-1 and BN/COOH-2, respectively); (v) interaction of Gly in its zwitterionic form
(hereafter referred to as BN/zwitt), in which the Gly COO™ group interacts with one B atom and the
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Gly NHz" is H-bonded to one nanotube N atom; and (vi) interaction between Gly and the BNNTs
purely through the 7 system of the Gly COOH group (hereafter referred to as BN/x).

Data reported in Table 1 clearly indicate that the most stable adduct for the (4,0) BNNT is the
BN/NH2-OH whereas for the (6,0) BNNTs both BN/NH2 and BN/NH>—OH are nearly degenerate.
These complexes result from dative covalent interactions between the Gly NHz group and the B atoms,
which act as Lewis acid sites. These findings are consistent with the data reported for the interaction
of these BNNTSs with probe molecules, in which the interaction of NH3 with the (4,0) and (6,0) BNNTs
was found to be the strongest one among all tested molecules [18]. The fact that the BN/NH2-OH
adduct becomes the most stable one for the Gly/BNNT(4,0) system is consistent with the large polar
character of this nanotube, the N atoms acting as H-bonding acceptor groups. This is not in line with
the most stable BN/NH2 adduct found for the (6,0) BNNT and is due to the weaker H-bonding acceptor
character of the N nanotube atom when increasing the nanotube radius, which is reflected by an
increase of the H-bond distance in the BN/NH2—OH adducts (1.686 and 1.748 A for the (4,0) and (6,0)
BNNTs, see Figure 1a). In the same way, the B-Naiy bond lengths of the dative interactions in the
BN/NH2 and BN/NH2-OH complexes also increase with increases in the nanotube radius due to the
progressive decrease of the Lewis acceptor character of the B atom. Because of that, the calculated
adsorption energy (AFads) is more negative and larger for the most stable BN/NH>—OH adduct of
Gly/BNNT(4,0) than the most stable BN/NH2 adduct of Gly/BNNT(6,0) (i.e., —33.2 and —18.9 kcal
mol !, respectively). The calculated energetic contributions; i.e., purely electronic and dispersion (AEei
and AEp values of Table 1, respectively) indicate that Gly adsorption on the (4,0) BNNT is largely
dictated by the covalent dative interaction, whereas on the (6,0) BNNT AE.l decreases in favor of
dispersion. An analysis of the Mulliken charges (Q values of Table 2, only limited to the most stable
Gly/BNNT complexes) confirms the formation of charge transfer complexes for both the
Gly/BNNT(4,0) and Gly/BNNT(6,0) systems, the computed charge transfer values from Gly to the
BNNTSs being 0.30 e and 0.22 e, respectively.

The most stable Gly/BNNT(15,0) adduct has been found to be the BN/r one. This is in perfect
agreement with the EPM results, which point out the (15,0) BNNT as a practically non-polar
nanomaterial. Data reported in Table 1 clearly indicate that the binding mechanism involved in this
adduct is mainly based on dispersive forces (calculated AFads is practically equal to AED; i.e., —10.2
and —11.7 kcal mol !, respectively) dictated by n-stacking interactions between the 7 systems of the
COOH group and the B-N hexagon rings of the (15,0) BNNT. Because of the presence of only
non-covalent interactions, AFEads is less negative compared to Gly interaction on (4,0) and (6,0)
BNNTs. It is worth mentioning that the very same BN/nt complexes have also been calculated for the
Gly/BNNT (4,0) and (6,0) systems, meaning that, in the former case, the structure collapses onto the
BN/NH2 complex, whereas for the latter case the calculated AEags is found to be 9.0 kcal mol ™! above
the most stable one, due to the lower propensity of this BNNT to establish n-stacking interactions.
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Table 1. Calculated adsorption energies (AFEads), including the pure electronic energy
contribution (AEer) and the contribution of dispersion (AED). The relative electronic energies
(AEre) for a given Gly/BNNT system are also included. Values in units of kcal mol .

System Adduct AEq AEp AE s AE
Gly/BNNT(4,0) BN/NH; -20.8 -11.2 -31.9 1.3
BN/NH,-OH —22.7 -10.5 -33.2 0.0
BN/nt - - - -
BN/zwitt —20.7 -10.4 -31.2 2.0
BN/COOH-1 —24.6 =7.1 -31.7 2.2
BN/COOH-2 —9.8 —7.8 —17.6 15.6
Gly/BNNT(6,0) BN/NH, —6.3 -12.6 -18.9 0.0
BN/NH,—OH —6.8 -11.4 —18.2 0.6
BN/n +0.5 -10.4 -9.9 9.0
BN/zwitt -1.8 -11.7 -13.5 5.4
BN/COOH-1 =33 —6.3 -9.6 8.0
BN/COOH-2 —3.3 -6.2 —9.5 8.1
Gly/BNNT(9,0) BN/NH, +1.5 -13.5 -12.0 0.0
BN/NH,-OH +4.3 -12.0 =77 4.3
BN/nt +1.0 -11.1 —10.1 1.9
BN/zwitt +14.0 -12.5 +1.5 13.5
BN/COOH-1 -2.6 -6.0 —8.6 3.4
BN/COOH-2 2.2 —6.1 -8.3 3.7
Gly/BNNT(15,0) BN/NH, +7.2 -14.3 =7.1 3.1
BN/NH>—-OH +9.0 -12.6 -3.6 6.6
BN/n +1.5 -11.7 -10.2 0.0
BN/zwitt +20.7 -13.1 +7.6 17.8
BN/COOH-1 -14 —6.1 =7.5 2.7
BN/COOH-2 —-1.4 —6.2 —7.6 2.6

Table 2. Muliken charge (Q) of Gly adsorbed on the BNNTs in the most stable adducts
and respective calculated direct band gaps (Ey).

System Adduct Q (e) E;(eV)*
Gly/BNNT(4,0) BN/NH; 0.30 3.68
BN/NH,-OH 0.22 3.69
Gly/BNNT(6,0) BN/NH; 0.23 4.46
BN/NH,-OH 0.16 4.45
Gly/BNNT(9,0) BN/NH, 0.19 5.29
BN/n —0.02 5.42
Gly/BNNT(15,0) BN/n —0.02 6.06

“ calculated direct band gaps for the pristine BNNTs: 3.67, 4.42, 5.42 and 5.99 eV for (4,0), (6,0), (9,0)
and (15,0), respectively.

The interaction of Gly with the (9,0) BNNT is a frontier case between small radius (i.e., (4,0) and
(6,0)) and large radius (i.e., (15,0)) BNNTSs. Although the BN/NH2 adduct has been found to be the
most stable one, the BN/m complex is the second most stable one lying 1.9 kcal mol™ above.
Calculated AEads values, however, can suffer from the basis set superposition error (BSSE). Indeed,
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upon correction, results indicate that these two complexes are nearly degenerate (BSSE-corrected
AEqgs values being —9.4 and —8.9 kcal mol™! for the BN/NH: and BN/x, respectively).

The interaction of Gly through the COOH group by means of a simultaneous CO-B dative bond
and a OH---N@nwt) H-bond has also been considered (see BN/COOH-1 and BN/COOH-2 adducts).
Although none of the calculated complexes are the most stable ones, important structural and energetic
features deserve to be mentioned. For the BN/COOH-1 adduct, Gly adsorption on the (4,0) BNNT
results in a spontaneous proton transfer from the Gly COOH group to the N nanotube atom, hence
forming a COO-/BNNT-H" ion pair (see Figure 1b, structure of right). Such a proton transfer was
already observed for the adsorption of HCOOH on the very same (4,0) BNNT and is attributed to the
net charge transfer occurring from Gly to the BNNT, which induces an increase of the COOH acidity
and the nanotube basicity up to the point of promoting the proton transfer to a nearby N atom of the
nanotube. Moreover, for this adduct the CO-B distance is significantly shorter than for the other
BN/COOH-1 adducts (1.487 A versus 2.514-2.921 A, respectively), which results in a stronger
interaction (AEads = —31.7 kcal mol™! and = —9.6——7.5 kcal mol ™!, respectively). For the BN/COOH-2
complex on the (4,0) BNNT, no proton transfer has been found; although the OH:---N®n~nt) H-bond
and the CO-B dative bond are actually shorter than those present in the other BNNTS, in line with what
has been described for the BN/COOH-1 cases. Interestingly, the difference between BN/COOH-1 and
BN/COOH-2 is that in the former the COOH interaction occurs on B and N atoms that are chemically
bonded to each other, whereas in the latter this is not the case. Accordingly, the fact that the
spontaneous proton transfer only occurs in the former system seems to indicate that the charge transfer
in enhanced by a cooperative effect between the OH---Ninnt) and the CO-B interactions when the B
and the N atoms are chemically bonded, which is in agreement with the larger and more negative
calculated AFEads values (—31.7 and —17.6 kcal mol ! for BN/COOH-1 and BN/COOH-2, respectively).

Finally, it is worth mentioning that the interaction of Gly in its zwitterionic state has also been
computed (BN/zwitt). On the (4,0) and (6,0) BNNTSs, a spontaneous proton transfer from the NH3"
group to the N nanotube atom has been found, whereas for the (9,0) and (15,0) BNNTs the zwitterionic
form is maintained. Consistently, calculated AFads values are negative for the two former adducts
(=31.2 and —13.5 kcal mol !, respectively), whereas for the two latter ones they have been found to
be positive (+1.5 and +7.6 kcal mol !, respectively) and, accordingly, are not stable complexes.

2.2. Microsolvated Interaction

Here, results on the interaction of Gly with the BNNTs in the presence of seven water molecules
are reported. We have introduced seven water molecules since this is the minimum number of water
molecules to have a relatively complete first-solvation shell of Gly upon adsorption; i.e., three water
molecules interacting with the NH3" group, two water molecules interacting with the COO™ group and
two more water molecules to complete the solvation shell. For these cases, the unit cell parameters of
the BNNTs have been enlarged thrice to avoid lateral interactions between water molecules of
adjacent unit cells. It is worth mentioning that a statistical sampling of the hypersurface of these
systems can be carried out adopting either the molecular dynamics or the Monte Carlo
approaches [41]. However, these calculations are extremely expensive at the ab-initio level adopting
realistic models for BNNTs like the (9,0) and the (15,0) ones, which contain 129 and 201 atoms,



120

respectively. For the present work, we have followed a different approach consisting of a progressive
microsolvation of the dry interface at the Gly/BNNT structures. This microsolvation procedure
consists of adding water molecules at the dry Gly/BNNT interface in such a way that Gly
progressively loses direct contact with the BNNTSs up to a point in which the interaction is fully
bridged by water. This procedure has already been performed by some of us in other works for the
interaction of Gly with silica [42] and hydroxyapatite [43] surfaces. Since the most stable state of Gly
in water is the zwitterionic one, we considered the BN/zwitt adducts as initial guesses for the
progressive microsolvation. For the (4,0), (6,0) and (9,0) BNNTSs, the resulting structures are shown
in Figure 2a. In the BN/CONH adduct, Gly directly interacts with the BNNTSs in a similar fashion as
in the gas-phase (i.e., COO--Bennt dative bond and NH3"---Nennt H-bond), while the seven
microsolvating water molecules are simple spectators interacting with available points of the COO™
and NH3" groups through H-bonding. It is worth remarking that now for the (4,0) and (6,0) BNNTs
no H transfer from Gly to the BNNT occurs (at variance with the gas-phase adsorption, vide supra)
due to the screening effect of water. The BN/CO-w/NH and BN/NH-w/CO adducts result from
moving one spectator water molecule from the outer shell to the inner shell so that the following water
mediated interactions NH3"+--H20--"Naxnt and COO™---H20---Bennt occur respectively. Finally,
From these two adducts, a second water displacement to remove the remaining direct Gly/BNNT
interaction gives the w/CONH adduct, in which water fully mediates the Gly/BNNT contact. It is
worth mentioning that each of the seven H20 molecules can in principle be displaced from their
positions to lead to a water mediated contact between Gly and BNNT. We choose the one exhibiting
the weakest interaction energy with the other water molecules by computing the cost to remove one
water molecule from the BN/CONH adduct by a single point energy evaluation for each H20.

For the (15,0) BNNT, all the optimization calculations collapsed to structures with no direct contact
between Gly and BNNT, the most stable one being presented in Figure 2b. In this structure, water
fully solvates the Gly molecule and, at variance with the other BNNT cases, no charge transfer
between water and BNNT takes place, due to the highly apolar character of this nanotube.

The relative stabilities between the different calculated adducts for a given microsolvated complex
are shown in Table 3. As one can observe, for the (6,0), (9,0) and (15,0) BNNTSs the most stable
systems are the w/CONH adducts; i.e., those in which no direct Gly/BNNT contact occurs, whereas
for the (4,0) one, the BN/CO-w/NH adduct (direct interaction only through the COO") was found to
be the most energetically stable one. It is worth mentioning, however, that the energy difference
between the BN-CO-w/NH and w/CONH adducts for the (4,0) BNNT (the first and second most
stable ones) is relatively small (2.6 kcal mol ') and, accordingly, it might be inverted due to entropic
effects associated with water rearrangement, as it is shown for peptide adsorption on hydrophobic
and polar surfaces [44]. To further analyze this point, finite temperature molecular dynamics
simulations would be desirable.



121

Figure 2. B3LYP-D2* optimized structures of the different calculated complexes for
glycine interacting with the (4,0), (6,0) and (9,0) BNNTs (a) and with the (15,0) BNNT
(b) in the presence of seven water molecules. Distances in A: bare values for the (4,0)
BNNT; values in parenthesis for the (6,0) one; values in brackets for the (9,0) one; and
italic underscored values for the (15,0) one. For this latter case, the distance is that
between the C atom and the plane defined by the closest B-N hexagon ring.
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Besides these results, three different processes have moreover been considered to study the stability
of the structures shown in Figure 2. The first one involves Gly solvated by 7 H>O molecules being
adsorbed on the clean walls of the BNNTSs, whose reaction energy was computed as (reported by AER1
of Table 2)

Gly/7w + BNNT — Gly/7w/BNNT )

where Gly/7w is glycine solvated by the seven H20 molecules and Gly/7w/BNNT represents the
microsolvated complexes. The AEr1 column shows that for all BNNTSs the process is exoenergetic,
meaning that the structural rearrangement of the seven H20 molecules around Gly is compensated
by the interaction with the BNNTSs. Remarkably, limited to the most favorable adducts per BNNT,
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AERr values are less negative with increases in the nanotube radius, consistent with the less polar
behavior of the BNNTs.

Table 3. Reaction energies (AEr1, AErR2 and AERr3) and relative energies (AErel) of the
formation of the Gly/7w/BNNT complexes. Values in units of kcal mol .

System Adduct AE;q AER AEr, AERs3
Gly/7w/BNNT(4,0) BN/CONH 54 —28.9 -11.5 11.9
BN/CO-w/NH 0.0 —343 -16.9 6.5
BN/NH-w/CO 4.3 -30.0 -12.6 10.8
w/CONH 2.6 -31.7 -14.3 9.1
Gly/7w/BNNT(6,0) BN/CONH 53 -13.2 —20.5 2.9
BN/CO-w/NH 2.9 -15.7 —23.0 0.4
BN/NH-w/CO 4.2 -14.4 —21.7 1.7
w/CONH 0.0 —18.6 -25.9 —2.5
Gly/Tw/BNNT(9,0) BN/CONH 12.4 -5.1 207 2.7
BN/CO-w/NH 7.7 -9.8 —25.4 -2.0
BN/NH-w/CO 10.5 =7.0 —22.6 0.8
w/CONH 0.0 -17.5 —33.1 —9.7
Gly/7w/BNNT(15,0)  BN/CONH - - - R
BN/CO-w/NH - - - -
BN/NH-w/CO - - - -
w/CONH 0.0 —12.8 —31.4 —8.1

The second process envisages gas phase Gly adsorbed on the already microsolvated BNNTs by the
seven water molecules, whereas the third one envisages the solvated Gly being adsorbed on the seven
water hydrated BNNTSs giving rise to the shown adducts with expulsion of seven water molecules
(here considered as a H-bonded cluster), whose reaction energies were computed as (reported by AERr2
and AERrs of Table 2)

Gly + 7W/BNNT — Gly/7w/BNNT 3)
Gly/7w + 7w/BNNT — Gly/7w/BNNT + 7w 4)

where 7w/BNNT is the BNNT solvated by the seven H20 molecules and 7w the H-bonded cluster
made up by seven water molecules. These last two processes require the BNNTSs in the presence of
seven water molecules, whose optimized structures are given in Figure 3. The initial guess of these
systems were the corresponding w/CONH adducts (no direct interaction between Gly and the BNNTSs
and accordingly the interaction between water molecules and BNNTSs is maximum) in which the Gly
molecule was removed. Consistent with the polar character of the BNNTSs, several interactions
between the water molecules and the (4,0) BNNT via covalent dative and H-bond interactions take
place, whereas by increasing the BNNT radius these interactions are progressively missed, up to the
point in which for the (15,0) no apparent interaction is observed.
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Figure 3. B3LYP-D2* optimized structures of the different calculated complexes for the
considered BNNTs in the presence of seven water molecules. Distances in A: bare values
for the (4,0) BNNT; values in parenthesis for the (6,0) one; values in brackets for the
(9,0) one; and italic underscored values for the (15,0) one. For this latter case, the distance
is that between the closest water O to the plane defined by the B-N hexagon ring.
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The energetics of R2 is a tradeoff between the water affinity of the BNNTs and Gly (R2 is in
essence the capture of the adsorbed water by Gly). The trend provided by the calculated AEr2 values
indicates that R2 is more favorable when increasing the radius. That is, since the (15,0) BNNT does
not exhibit water affinity, the calculated AEr> values are large and negative due to the strong
interaction of water with Gly. In contrast, both the (4,0) BNNT and Gly exhibit large water affinity and
accordingly the calculated AEr2 values are the less negative ones of the series. R3 is probably the most
physically sound process as it involves the replacement of adsorbed water solvent by an already solvated
Gly. Calculated AEr3 values indicate that such a water replacement is energetically favorable on the
(15,0) and (9,0) BNNTSs probably due to the low water affinity of these BNNTSs. On the (6,0) the process
is still favorable by some amount but less than on the other two nanotubes (AEr3 = —2.5 kcal mol ™),
whereas on the (4,0) calculated AEr: was found to be positive, indicating that the overall interactions
between Gly, water solvent and the nanotube are not as stable as the interaction between this nanotube
and water.

3. Computational Details

All calculations were carried out using the periodic ab-initio code CRYSTALOQ9 [45]. All the SCF
calculations and geometry optimizations were performed using the B3LYP-D* density functional
method, which includes an empirical a posteriori correction term proposed by Grimme [46] to account
for dispersion forces (missed in the pure B3LYP [47,48] method), but whose initial parameterization
(D) was modified for extended systems (D*) [49], to provide accurate results for the calculations of
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cohesive energies of molecular crystals and of adsorption processes within a periodic treatment [49—51].
The adopted Gaussian functions consisted of an all electron triple-C 6-311G* standard basis set for
the B and N atoms of the BNNTSs and a TZP basis set from Ahlrichs and coworkers [52] for the atoms
of Gly. This basis set combination has been proved to exhibit small basis set superposition error
interaction energies [18,50]. The shrinking factor of the reciprocal space net defining the mesh of k
points in the irreducible Brillouin zone was set to 5, which requires diagonalizing the Hamiltonian
matrix in 3 k points [53]. The accuracy of both Coulomb and exchange series was set to values of
overlap integrals of 10”7 and 10!, respectively, which ensure a very good numerical accuracy. A
pruned (75, 974) grid has been used for the Gauss—Legendre and Lebedev quadrature schemes in the
evaluation of functionals. The condition to achieve SCF convergence between two subsequent cycles
was set to 10”7 Eh. Full relaxations of both lattice parameters and internal atomic coordinates by means
of analytical energy gradients [54-56] have been carried out. The geometry optimization was
performed by means of a quasi-Newton algorithm in which the quadratic step (BFGS Hessian
updating scheme) is combined with a linear one (parabolic fit) [57].

4. Conclusions

Periodic quantum mechanical calculations have been used to simulate the adsorption of glycine
(Gly) on different zig-zag (n,0) single-walled boron-nitride nanotubes (BNNTs, n =4, 6, 9 and 15)
both in the gas-phase and in a microsolvated state (i.e., modeled by the presence of seven explicit
water molecules) with the aim of determining the adsorption properties and the effect exerted by water
as a function of surface curvature. These calculations are based on the B3LYP-D2* method, which
includes the B3LYP hybrid functional with a revised version of the empirical a posteriori correction
term (D2%*) to account for dispersion interactions.

Gas-phase results clearly indicate that the most stable interaction between Gly and the (4,0), (6,0)
and (9,0) BNNTSs takes place through a covalent dative interaction between the NHz group of Gly and
the B atom of the BNNTSs, which produce charge transfers from Gly to the BNNTSs. In contrast, the
interaction between Gly and the (15,0) BNNT is mainly governed by non-covalent dispersive forces
based on a m-stacking between the 1 systems of the Gly COOH group and the B-N hexagon rings of
the nanotube. Remarkably, the energy difference between these two adducts decreases when
increasing the BNNT radius, in line with the polar/apolar character of the considered nanotubes.

The adsorption of Gly on the BNNTSs in the presence of seven water molecules has been studied
adopting a progressive microsolvation procedure, in which water solvent molecules are added at the
dry Gly/BNNT interfaces, hence progressively removing the direct interaction between Gly and the
BNNTSs. The obtained results indicate that for the (6,0), (9,0) and (15,0) BNNTs, the most stable
microsolvated systems were found to exhibit no direct contact between the two partners; that is, the
Gly/BNNT interfaces are fully bridged by the water solvent molecules. In contrast, for the (4,0) one
of the most stable systems shows direct contact between Gly and the BNNT through an interaction
between the Gly COO™ group and a nanotube B atom, although entropic effects (not accounted for in
this work) might favor water mediated interface. Further energetic results point out that the larger the
BNNT radius, the less water affinity. Accordingly, for larger radius BNNTSs, the interaction between
water and Gly was found to be predominant, in detriment to their interaction with the BNNT.
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However, it is found that the (4,0) BNNT exhibits a large water affinity, which is reflected by the fact
that the replacement of seven adsorbed water molecules by a microsolvated Gly has been found to be
an unfavorable process.

The results presented here provide evidence that the adsorption properties of the BNNTs
as well as their water affinity can significantly be modulated by controlling the tube diameter,
as they are expected to exhibit different physico-chemical features, which may be of interest for the
design of bioconjugated systems based on boron-nitride nanostructures and their potential
bionanotechnological applications.
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The Role of Lead (Pb) in the High Temperature Formation of
MoS: Nanotubes

Olga Brontvein, Reshef Tenne and Andrey Enyashin

Abstract: Recent studies have clearly indicated the favorable effect of lead as a growth promoter for
MX> (M =Mo, W; X=S8, Se) nanotubes using MXz powder as a precursor material. The experimental
work indicated that the lead atoms are not stable in the molybdenum oxide lattice ion high
concentration. The initial lead concentration in the oxide nanowhiskers (Pb:Mo ratio = 0.28) is
reduced by one order of magnitude after one year in the drawer. The initial Pb concentration in the
MoS: nanotubes lattice (produced by solar ablation) is appreciably smaller (Pb:Mo ratio for the
primary samples is 0.12) and is further reduced with time and annealing at 8§10 °C, without
consuming the nanotubes. In order to elucidate the composition of these nanotubes in greater detail;
the Pb-“modified” MX> compounds were studied by means of DFT calculations and additional
experimental work. The calculations indicate that Pb doping as well as Pb intercalation of MoS: lead
to the destabilization of the system; and therefore a high Pb content within the MoS: lattice cannot
be expected in the final products. Furthermore; substitutional doping (Pbmo) leads to p-type
semiconducting character; while intercalation of MoS2 by Pb atoms (Pb,/MoS2) should cause n-type
semiconducting behavior. This study not only sheds light on the role of added lead to the growth of
the nanotubes and their role as electron donors; but furthermore could pave the way to a large scale
synthesis of the MoS:2 nanotubes.

Reprinted from Inorganics. Cite as: Brontvein, O.; Tenne, R.; Enyashin, A. The Role of Lead (Pb)
in the High Temperature Formation of MoS2 Nanotubes. Inorganics 2014, 2, 363-375.

1. Introduction

Inorganic nanotubes (INT) have become a prominent research subject in recent years. Their unique
mechanical, optical and electrical properties [1-8] prompted extensive investigation. A number of
synthetic routes have been developed, for example, chemical vapor transport using bromine for
INT-MoS:z [9,10], bismuth catalyzed vapor-liquid-solid method for SnS: nanotubes [11], misfit
compounds superstructures of SnS-SnSz> and NbS-PbS: nanotubes [12,13] and sulfidization of
tungsten suboxide nanowhiskers leading to the formation of INT-WS: [14].

Recent studies have shown a new strategy for successful synthesis of MXz (M = Mo, W; X=S§, Se)
nanotubes using Pb as a growth promoter [15,16]. Figure 1 presents a SEM image of MoS: nanotubes
(Figure 1a) and high resolution TEM image of single MoSz nanotube (Figure 1b) formed by irradiating
MoS: powder by a focused (x15,000) sunlight for 10 min [15]. The inset in Figure 1b shows the
distance profile of nanotube layers. The interlayer spacing of 0.634 nm is somewhat larger than that
of bulk 2H-MoS: (0.62 nm). This 2% expansion of the lattice spacing in the nanotubes is well
documented [17] and is attributed to strain relaxation. Figure 1c shows the EDS spectrum of single
MoS:2 nanotube after the irradiation, the table in the inset in Figure 1c shows the atomic % of the
elements. In both cases the formation mechanism can be described as a Pb-promoted MX2 conversion
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into Mo(Pb)Os-x nanowhiskers at high temperature (>2500 °C). Once formed, the nanowhiskers react
back with the X-vapor which leads to the formation of MX> nanotubes. Numerous attempts to
synthesize MoS2 nanotubes in a conventional oven (up to 1000 °C) or induction furnace (up to 1600 °C),
with the same precursor materials, or generation of Mo(Pb)Os-x nanowhiskers and their subsequent
sulfidization did not succeed. It appears, therefore, that the high temperatures (>2500 °C) and the
presence of lead are critical for the conversion of MoS:2 powder into Mo(Pb)Os-» nanowhiskers which
serve as template for the synthesis of MX> nanotubes according to this process. In addition, the use of
Pb as a growth promoter is environmentally unfavorable. Therefore, stabilization of molybdenum
suboxide phases could be done using different metals, for example V, Ta or W [18-20].

Figure 1. MoS: nanotubes formed using solar ablation system (a) SEM image of MoS:
nanotubes; (b) high resolution TEM image of a single MoS: nanotube (adapted after [15]).
The inset shows the profile of the interlayer distances of the nanotube wall. The interlayer
spacing is somewhat larger than that of bulk 2H-MoS2 (0.62 nm); (¢) EDS spectrum of a
single MoS: nanotube; the inset table shows atomic % of the nanotube’s elements.
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The main goal of the current work is to understand the role of lead (Pb) as a growth promoter of
INT-MoSz; evaluate its solubility limits in the two lattices (oxide and sulfide) and their electronic state
in the INT-Mo$: lattice. In particular, the stability of this heavy metal in the oxide precursor and the
formed MoS: nanotubes was investigated through both theory and experiment. Due to the fast kinetics
of the process, the samples (oxide nanowhiskers and nanotubes) formed in such extreme conditions
contain a certain amount of Pb. However, the content of Pb is found to be time-dependent and can
considerably decrease upon thermal annealing. DFT calculations give preliminary information about
the coordination and the electronic state of Pb atoms within the MoS: lattice. They verify a low affinity
of the Pb atoms as dopants or intercalants in the sulfide matrices and indicate that the experimentally
observed high amount of lead (Pb) is too far from the thermodynamic equilibrium conditions.

2. Results and Discussion
2.1. Annealing

To distinguish between the different samples of oxide nanowhiskers and the molybdenum
disulfide nanotubes studied in this work a labeling system was used (see Table 1). For this work, two
different precursors were investigated: MoOs-x (2) nanowhiskers and MoS: (2) nanotubes, which were
left one year in the drawer after solar ablation synthesis. The detailed description of their synthesis
can be seen in the experimental part. Due to the small quantities of the MoS2 nanotubes and MoQO3-—«
nanowhiskers that are obtained in the synthesis (~1%-2% yield) only single particle EDS
measurement can be suitable for their chemical analysis.

Table 1. The samples labeling that were used during the experimental work.

Precursor After the Solar After a Year in 30 min 1 h Annealing 2 h Annealing
Ablation Synthesis Ambient Conditions Annealing in H>S in HS in H>S
MoO3-« MoO;- (1) MoOs- (2) MoS; (3a) MoS; (3b) MoS; (3¢)
MoS, MoS; (1) MoS; (2) MoS; (4a) MoS; (4b) MoS; (4¢)

The experimental work which has recently been carried-out indicated that the Pb atoms are not
stable in high concentrations in the MoOs-» or MoS: lattice. According to the EDS measurements the
initial lead concentration in the molybdenum suboxide nanowhiskers MoOs-x (1) was reduced by one
order of magnitude after one year in the drawer (Pb:Mo ratio reduced from ~0.28 to 0.03 in MoO3-+(2))
(Figure 2). The same analysis showed that in the case of MoS2 (1) nanotubes the Pb concentration
decreased from ~0.12 to 0.03 in MoSz; (2). Subsequent annealing of both types of nanostructures, i.e.,
MoOs3-x (2) nanowhiskers and MoS2 (2) nanotubes, leads to additional reduction of the Pb
concentration. The Pb:Mo ratio before and after annealing calculated from EDS measurements can be
seen in Figure 2. It should be emphasized that the accuracy of the EDS is greatly compromised at the
lower concentration limit of Pb.

The outdiffusion of the lead from the molybdenum oxide nanowhiskers MoOs-x (2) did influence
their high-temperature stability and their conversion into MoS:z (3) nanotubes upon annealing in H2S
atmosphere at 810 °C. In all cases, MoS: (3,4) nanotubes were observed after the sulfidization and
annealing of the lead-depleted MoOs-» (2) nanowhiskers and MoS: (2) nanotubes. TEM images of
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the precursors and products can be seen in Figure 3. Detailed description of the annealing conditions

can be seen in the experimental section.

Figure 2. Pb:Mo ratio of the precursors and products according to the EDS
measurements, (a) MoOs—x (2) nanowhiskers as a precursor material; (b) MoS2 (2)

nanotubes as a precursor material.
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Due to the overlap between the Mo(L) and Pb(M) peaks (2.3 KeV) in the EDS spectra,
the calculated atomic concentration of Pb is based on the Pb(L) (10.5 KeV) and Mo(K) (17.4 KeV)
peaks, which provide lower accuracy. Therefore, the detection of Pb atoms after a year in the drawer
is limited to the detected range (>0.2 at%). On the other hand, it can be seen from the EDS spectra of
the samples before and after annealing that in the case of molybdenum suboxide nanowhiskers MoOs-x
(2) as a precursor material, the Pb peak disappears after two hours annealing in H2S atmosphere, while
the same peak disappears after 30 min annealing at 810 °C in the case of MoS: (2) nanotubes

(Figure 4).

Figure 3. TEM images, (a) MoOs-—x (1) nanowhisker obtained after the synthesis
(solar ablation for 30 s); (b) MoOs-x (2) nanowhisker a year after the synthesis;
(c—€) MoS:2 (3) nanotubes after 30 min, 1 and 2 h of H2S annealing, respectively, with
MoOs-x nanowhiskers as a precursor; (f) MoS: (1) nanotubes after the synthesis (solar
ablation for 10 min); (g) MoS:2 (2) nanotube a year after the synthesis, (h—j) MoSz (4)
nanotubes after 30 min, 1 and 2 h (H2S) annealing, respectively, with MoS: (2) nanotubes

as a precursor.

;
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Figure 4. EDS spectra of the samples before and after annealing at 810 °C, (a) MoO3-«
(2) nanowhiskers as a precursor; (b) MoS: (2) nanotubes as a precursor.
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2.2. DFT Calculations of Moi-xPbxS: Solid Solutions and Pby/MoS: Intercalates

The experimental work has indicated a time-dependent content of Pb in the samples of MoSz nanotubes
after Pb-promoted synthesis, which suggests that the MoS: lattice forms an unfavorable environment
for the Pb atoms in these nanostructures. In order to elucidate preliminary the accommodation type,
chemical bonding and the highest possible (at equilibrium) concentration of Pb atoms in the samples
of MoS:2 nanotubes a set of DFT calculations were performed. Two cases were considered: (1) the
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lead atoms substitute the Mo in the lattice and serve as dopants (Mo1-+PbxS2 solid solutions); (2) the
Pb atoms intercalate into the interlayer space of the MoS: host lattice (Pb,/MoS: intercalates).

2.2.1. Electronic Structure

Test DFT calculations at LDA level were performed on example of the bulk 2H-MoS: and fcc-PbS
crystals (see Section 3). 2H-MoS:2 was found to be a semiconductor with direct band gap 2.18 eV
and indirect ['—%KI" gap of 0.59 eV. The valence band is composed mainly of S3p-states,
about ~3.5-6.0 eV below the Fermi level. The top of the valence band and the bottom of the conduction
band are dominated by Mo4d-states. In the electronic structure of fcc-PbS the occupied Pbés band is
present between 6.5 and 9.5 eV below the Fermi level. The three predominately S3p bands are located
between —6 and 0 eV. The fundamental band gap of 0.11 eV is direct at the L point with the conduction
band composed predominately of Pb6p states. While the values of the band gaps are also typically
underestimated in LDA approach, the band structures are in full accordance with other theoretical and
experimental results [21,22].

In general, the band structure of MoS:z and the corresponding picture of the densities of states
(DOS) are essentially not perturbed by substitutional doping of the Mo sublattice by a single Pb atom
(Figure 5a). A single level separates from the bottom of the conduction band into the band gap of
pristine MoSz, while the Fermi energy shifts downwards the top of valence band. In addition, a new
level emerges at 1 eV below the bottom of the valence band of doped MoS:. It is composed mainly
of Pb6s states, which do not overlap with the S3p band and do not contribute to the chemical bonding
of the system. Thus, like in the case of PbS compound, the chemical bonding of Pb atom with S atoms
is released due to the depopulation of only Pb6p states, which can be found at 5-6 eV above the Fermi
energy. All these features are evidence for a p-type semiconducting character of the Pb-doped MoSz
and nominal 2+ oxidation state of Pb. Such oxidation state and the arising electron deficiency of MoSz
electronic structure should lead to destabilization of the chemical environment of the Pb-doped MoSz
lattice. The map of the differential electron densities for this system supports this deduction and
demonstrates a vanishing electron density and weakening of the bonds near the Pb atom compared to
the electron density nearby the Mo atoms (Figure 5a).

Another possible process, which could occur during the Pb-promoted growth of MoS:2 nanotubes,
is an intercalation of MoS: lattice by Pb atoms. The intercalation by a single Pb atom also does not
affect the band structure essentially (Figure 5b). Yet, in this case the Fermi level shifts upwards
into the conduction band. The localized Pb6s states occur deeper at 2 eV below the bottom of valence
band. Pbo6p states of the intercalating Pb atom are more delocalized within the conduction band, than
in the aforementioned case of Pb doping. Thus, a Pb,/MoS: intercalate should behave as an n-type
semiconductor. The map of differential electron density for this system does not reveal any essential
covalent bond formation with S atoms and serves as an evidence for the non-amicable environment
of the intercalating Pb atoms.
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Figure 5. (a) Band structure; electronic partial densities of states (DOS) for Pb and
differential electron density map for 2H-MoS: crystal doped by single Pb atom; (b) Band
structure, DOS for Pb and differential electron density map for 2H-MoS: crystal
intercalated by single Pb atom. LDA DFT calculations.
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2.2.2. Estimation of the Stability Limit for Lead Atoms in the MoS: Lattices

Both doping and intercalation by single Pb atoms lead to a destabilization of the MoS: electronic
system. A weakening of the chemical bonding within the MoS: lattice due to electron deficiency of
the valence band or occupation of anti-bonding Mo4d-states, are observed, respectively. A
stabilization of the lattice is not favored also by the sterical strain induced after the difference in the
radii between Mo and Pb atoms. e.g., optimized lattice parameters for substitutionally Pb-doped MoSz
lattice reveal a slight increase of the lattice parameter a from 3.12 A to 3.15 A due to the single Pb
impurity atom and up to 3.19 A due to the “cluster” of four Pb atoms. The interlayer distance is not
considerably affected in both cases and is ~0.05 A smaller, than in the pure 2H-MoS:. The
intercalation of MoS: lattice by individual Pb atoms has opposite effect: the a lattice parameter is
increased by ~0.01 A, while the interlayer distance is getting larger by ~0.4 A. These trends agree
well with the large atomic radius of Pb atoms. Indeed, the calculated metal-sulfur bond lengths in the
bulk of PbS and MoS: are: 2.94 A for Pb-S and 2.40 A for Mo-S, while the length of the covalent
Pb-S bond within Pb-doped MoS: lattice is 2.65 A.

Furthermore, the influence of the concentration and ordering of the impurity atoms on the
thermodynamic stability of doped Moi1-+Pb:S2 and intercalated Pb,/MoS2 phases can be considered.
To characterize the stability of Mo1-PbxS2 and the Pby/MoS: phases, the cohesion energies Econ
were calculated for a set of 4 x 4 x 1 2H-MoS: supercells modified by 1-4 Mo atoms (Table 1).
In agreement with the picture of the electronic structure, the absolute values of Econ for all modified
systems vanish with the growing content of Pb, which is an evidence for the weakening of chemical
bonding in both doped and intercalated MoS: compared to the pristine MoS2. Noteworthy,
the cohesion energies of the solid solutions as well as intercalates vary almost in the same order of
magnitude, and the competing formation of both phases during the Pb-promoted growth of MoS:
nanotubes can be anticipated.

The exact growth mechanism and the main compounds participating in the growth of MoS:
nanotubes have still to be found. Yet, a first insight in this process is possible by the consideration of
some model reactions. The formation energies AE for Mo1-xPbxS2 and Pby/MoS: phases from MoS2
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and the corresponding compounds were estimated using calculated change in the total energies of the
next formal reactions:

(1 —x) MoS2 + xPbS + xS = Moi-Pb:S: (1)
yPb + MoS: = Pb,/MoS2 )

Both reactions have been found to be highly endothermic (Table 2). Concerning the calculated
values of AE, a strong tendency for the phase separation of Pb-modified MoS: lattice into a mixture
of simple binary sulfides and simple elements may be contemplated. These theoretical observations
are in agreement with the experimental finding of the time-depended Pb content in fabricated
MoS: samples.

Table 2. Cohesion energies Ecoh and energies of formation AE of Moi1-Pb:S2 solid solutions
and Pby/MoS: intercalates concerning reactions (1) and (2), as a function of the content
and the arrangement of Pb atoms within model supercells. LDA DFT calculations.

Isomer Pb atoms Arrangement Supercell Composition Econ, eV/atom  AE, eV/Pb
no Pb atoms Mo3,Se4, x,y = 0.00 -1.58 -
Moi-+Pb.S: Doped by
D1 single Pb atom PbiMo3:Ses, x =0.031 -1.50 4.65

two neighbor Pb atoms
D2a . Pb2Mo030Se4, x = 0.063 —1.45 3.75
within the same layer

two distant Pb atoms
D2b L. szMO}oSM, X = 0063 *1 43 463
within the same layer

two neighbor Pb atoms in
D2c . Pb2M03Se4, x = 0.063 —1.43 4.42
different layers

two distant Pb atoms in
D2d . Pb2Mo030Se4, x = 0.063 -1.43 4.46
different layers

three neighbor Pb atoms
D3a L Pb3M029854, x=0.094 -1.39 3.34
within the same layer

four neighbor Pb atoms
D4a L. Pb4MOzgS(,4 , X = 0.125 -1.33 3.18
within the same layer

Pb,/MoS: Intercalated by
11 single Pb atom Pb1/M035Se4, y = 0.031 -1.51 5.72
two neighbor Pb atoms

e Pby/Mo3:Ses, y = 0.063 147 379
within the same vdW gap 2/V1032564, ¥

two distant Pb atoms
12b . Pby/M032S64, y = 0.063 —1.46 4.28
within the same vdW gap

two neighbor Pb atoms in

I2¢ Pb2/Mo032Se4, y = 0.063 —1.44 5.66
different vdW gaps e
two distant Pb atoms in
12d . Pby/M03,Se4, y = 0.063 —-1.43 5.73
different vdW gaps

Noteworthy, the formation energies for the model supercells with “associated” (neighboring)
Pb atoms in both Pb-doped and Pb-intercalated MoS: are considerably lower, than for those
supercells, where all Pb atoms are separated. e.g., the interaction between two Pb atoms separated by
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the distance ~6.3 A in Mo1-Pb.S: solid solutions is almost absent (AE for D2b and D2c isomers are
close to that of D1, Table 1). The same tendency can be obtained in Pb,/MoS: intercalates, yet, with
a higher range of interaction between Pb atoms (AE for I2b isomer is still less, than for I1, Table 1).
Thus, the solid solutions of Mo1-xPbxS2 should be more stable than Pb,/MoS: intercalates, since the
coalescence of intercalated Pb atoms is more favorable and Pby/MoS: intercalates might exist in the
narrower part of the phase diagram at a lower Pb content, than Mo1-+PbxS: solid solutions.

Concerning the analysis of calculated formation energies for the case of single doping or
intercalating Pb atoms, the formation of Mo1-xPbxS2 solid solutions is more likely, than the formation
of Pby/MoS: intercalates. As well, the values of formation energies allow an estimation of the limit of
the lead solubility at certain temperature T at thermodynamic equilibrium. As example, we consider
roughly the possible content within Mo1—+PbxS2 compounds after reaction (1). The preference of one
of two states in a chemical reaction is determined by the free energy change AF = AU — TAS, where
AU is the change of internal energy, AS is the change of entropy. The condition corresponding to the
phase separation is AF < 0.

In the first approximation, AS can be defined as the configurational entropy of randomly distributed
Pb atoms in the metal sublattice of Mo1-xPbxS2. From the theory of ideal solutions it follows, that

AS = R(lnx + Mln(l - x)) (3)
x
where AS' is expressed per mole of Pb. AU can be approximated as the energy of reaction (1)
(AU = AE). The estimation of the free energy change for the phase separation within Moi-PbxS2
solid solutions with a fortiori low x imply the use of the energy for the formation of single Pb atom
within MoS: lattice, i.e., AE = 4.65 eV or 448.7 kJ/Pb-mol (isomer D1, Table 1).

The results of this approach based on the formal reaction (1) are visualized in Figure 6. They
reveal that the substitution of Pb atom instead of the Mo atom within the MoS: lattice is a quite
rare event and the content of Pb at thermodynamic equilibrium would be around x = 1077 at the
temperatures ~3000 K. In this manner, the experimentally fabricated MoS: nanotube samples with
primary Pb content of x = 0.12, which were formed during the extreme reaction conditions of the
sun-light driven evaporation, are thermodynamically unstable and should show a high urge towards
a phase separation.

Figure 6. Calculated free energy AF of the phase separation within Mo1-+PbxS2 solid
solutions depending on the temperature and Pb content (x).

. AF, kJJ’lmol
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3. Experimental Section

MoOs3-x nanowhiskers and MoS2 nanotubes were prepared using solar ablation system [15]. The
Pb and MoS:z mixture was sealed in a quartz ampoule and irradiated using solar ablation system for
30 s in the case of MoOs-» nanowhiskers, and for 10 min in the case of MoS2 nanotubes. Both
nanostructures contain a few atomic percent of Pb. After spending a year in ambient conditions
these samples were annealed at 810 °C in the presence of H2S and forming gas (5% Hz and 95% N2).
The annealing time varied from 30 min to 2 h. The sample labeling can be seen in Table 2.

At each stage the samples were examined with a transmission electron microscope (TEM) operating
at 120 kV, equipped with an energy-dispersive X-ray spectroscopy (EDS) detector for chemical
analysis. The SEM image was generated using a scanning electron microscope (SEM), and
high-resolution imaging was achieved with a field-emission gun TEM operating at 300 kV.

The calculations were performed using the SIESTA 2.0 (Madrid, Spain) implementation [23,24]
within the framework of density-functional theory (DFT) [25]. The exchange-correlation potential
within the local-density approximation (LDA) with the Perdew-Zunger parametrization was used [26].
The core electrons were treated within the frozen core approximation, applying norm-conserving
Troullier-Martins pseudopotentials [27]. The valence electrons were taken as 3s23p* for S, 4d°5s'5p°
for Mo, 6s%6p® for Pb, while Pb5d' electrons were included as semi-core state. The pseudopotential
core radii were chosen, as suggested by Martins, and are equal to 1.70 ap for all S states, 2.45 as for
Mo4d and MoS5s, 2.65 as for Mo5p states, 3.20 as for Pb6s and Pb6p, 3.00 as for Pb5d states. In all
calculations double-¢ basis set is used for all atoms. For k-point sampling, a cutoff of 10 A was
used [28]. The k-point mesh was generated by the method of Monkhorst and Pack [29]. The real-space
grid used for the numeric integrations was set to correspond to the energy cutoff of 300 Ry. For the
study of substitutional doping and intercalation of MoSz by Pb atoms the supercell of 4 x 4 x 1 of
2H-MoS: unit cells was considered. The energies of chemical reactions were estimated from the
calculations of total energies for 2H-MoS2, bce-Mo, fec-Pb, fecc-PbS and molecular Ss. All
calculations were performed using variable-cell and atomic position relaxation, with convergence
criteria set to correspond to a maximum residual stress of 0.1 GPa for each component of the stress
tensor, and maximum residual force component of 0.01 eV/A.

4. Conclusions

The experimental work shows that MoOs-x (1) nanowhiskers and MoS: (1) nanotubes synthesized
using solar ablation system, are stable for more than a year in the ambient conditions. However,
Pb atoms that were observed in these nanostructures, are not stable in high concentration and tend
to diffuse out of the lattice. The Pb outdiffusion from these nanostructures did not influence their
high-temperature stability and their conversion into MoS: (3,4) nanotubes. In all cases MoS2 nanotubes
were observed after the sulfidization and annealing of MoO3-x (2) nanowhiskers and MoS: (2) nanotubes.
According to the EDS measurements the initial Pb concentration in both nanostructures was reduced
after one year in the drawer. While subsequent annealing of these nanostructures lead to additional
reduction of their Pb concentration. It can be seen from the EDS spectra that in the case of molybdenum
suboxide nanowhiskers MoOs-x (2) as a precursor material, the Pb peak disappears after two hours
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(H2S) annealing, while the same peak disappears after 30 min annealing at 810 °C in the case of
MoS: (2) nanotubes.

DFT calculations have verified a very low affinity of Pb atoms as either substitutional or intercalating
agents to the host MoS: lattice. Both types of modifications should lead to the destabilization of the
electronic structure of the pristine MoS: and cause a weak chemical bonding between Pb and S atoms
with the oxidation state of Pb?>". The calculations have also demonstrated that the interaction between
Pb atoms as intercalates is slightly stronger, than the interaction between Pb atoms as substitutional
dopants in the MoS: lattice. Thus, Pby/MoS: intercalates might exist only at lower Pb content
compared to a solid solution of Mo1-xPbxS2. The latter phase seems to be a more favorite form of Pb
within the fabricated MoS2 nanotubes. The estimations of the free energies for the phase separation of
Mo1-xPbxS2 solid solutions explain the experimentally observed time- and high-temperature reduction
of the Pb content in the nanotube lattice. The experimentally reached Pb concentrations (x = 0.3)
may be attributed to a thermodynamically unstable system which was obtained by a fast kinetic of
the chemical reaction between lead atoms and the primary 2H-MoS: lattice during the solar
ablation experiments.
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Microstructural Study of IF-WS; Failure Modes
Jamie Cook, Steven Rhyans, Lou Roncase, Garth Hobson and Claudia C. Luhrs

Abstract: This manuscript summarizes the failure mechanisms found in inorganic fullerene-type
tungsten disulfide (IF-WS2) nanoparticles treated with diverse pressure loading methods. The
approaches utilized to induce failure included: the use of an ultrasonic horn, the buildup of high
pressures inside a shock tube which created a shock wave that propagated and impinged in the
sample, and impact with military rounds. After treatment, samples were characterized using electron
microscopy, powder X-ray diffraction, energy dispersive X-ray spectroscopy, and surface area
analysis. The microstructural changes observed in the IF-WS: particulates as a consequence of the
treatments could be categorized in two distinct fracture modes. The most commonly observed was
the formation of a crack at the particles surface followed by a phase transformation from the 3D
cage-like structures into the 2D layered polymorphs, with subsequent agglomeration of the plate-like
sheets to produce larger particle sizes. The secondary mechanism identified was the incipient
delamination of IF-WS:. We encountered evidence that the IF-WS: structure collapse initiated in all
cases at the edges and vertices of the polyhedral particles, which acted as stress concentrators,
independent of the load application mode or its duration.

Reprinted from Inorganics. Cite as: Cook, J.; Rhyans, S.; Roncase, L.; Hobson, G.; Luhrs, C.C.
Microstructural Study of IF-WS: Failure Modes. Inorganics 2014, 2, 377-395.

1. Introduction

The first inorganic fullerene-like nanoparticles of WSz were discovered by Tenne et al., working
at the Weizmann Institute of Science in 1992 [1]. Using the diffusion-controlled sulfurization of metal
oxides, they were able to empirically prove the existence of inorganic compounds based on WSz with
structures that were believed to only exist for carbon-based materials. Shortly thereafter, the discovery
of WS nanotubes and fullerene-like structures led to the establishment of a new field of inorganic
chemistry; one dealing with closed-hollow nanomaterials [2—5].

Originally, carbon fullerenes, made of concentric layers of carbon, were thought to provide
outstanding tribological properties, and under low loads and high velocities they do [6,7]. However,
due to their phase transition from graphite to diamond at high temperatures and pressures, they cannot
entirely live up to the expectations that their structures suggest [8]. IF-WS: particles have numerous
properties similar to the carbon fullerenes, making them excellent solid lubricants; their extremely
small size (in the nanometer scale) gives them the ability to fill imperfections in the lubricated material
to effectively smooth the surface and prevent degradation. Due to their spherical shape, IFs are also
said to act like nano-ball bearings, feature that allows them to roll rather than slide, performing better
than other solid lubricants [4].

Currently, IF-WS: particulates are recognized for their potential not only as lubricants but also as
structural nanocomposites and shock absorbers [9—15].
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The impressive shock absorbing performance of IF-WS: and IF-MoS: structures were first
reported by Zhu et al. [16,17]. Using uniaxial shockwave pressures up to 30 GPa and studying
the microstructural features of samples treated at diverse pressure settings, it was found that these
cage-like particulates have superior performance than their carbon counterparts. Those reports also
identified a lattice reduction for the samples treated at the higher pressures and provided a glimpse of
the material breakage mechanisms. Moreover, those journal articles introduced the concept that
smaller, more spherical IF particulates might be less prone to sustain damage than larger particles, a
key feature to have in mind when designing highly resistant nanoparticles.

By studying the structural characteristics of a material that has fractured one can understand how
materials fail and then make changes to the design and prevent, to a certain extent, the encountered
failure modes. Fracture mechanics principles allow us to predict maximum working stress for a given
material, establish relationships between materials properties, stress levels, crack producing flaws and
conditions for the cracks propagation that ultimately will result in catastrophic breakdown of structures.

Here, we induced the breakage of IF-WS: particulate structures employing three different
setups: (i) the use of an ultrasonic horn operated at diverse amplitudes and periods of time with the
sample immersed in a solvent; (ii) pressure waves created inside a shock tube; and (iii) impact with
military rounds. The ultrasonic horn was used at diverse amplitudes and treatment times and produced
cyclic loading conditions similar to the ones used for fatigue studies of macroscopic objects. The
shock tube and the military rounds produced a single uniaxial impact event over only fractions of
a second.

The objective of the experiments was to study the microstructural characteristics of the materials
postmortem and based on those observations identify failure modes—fracture mechanisms. Then
establish relationships between those and the type and duration of each treatment method employed,
identifying the most important variables for the particulates failure.

Our results demonstrated that the effects observed when applying pressure loads to the IF-WS:
nanometric particles are a particular case of the more general principles established by fracture
mechanics to explain macroscopic crack propagation: stress concentrators at the particle surface play
a much larger role in the material failure than the directionality or duration of methods used to apply
the loads.

2. Results and Discussion
2.1. Sample Characteristics before Treatment

The IF-WS: particulates utilized for this study were analyzed by diverse techniques before
treatment. TEM analysis showed that the IF nanostructures presented the typical hollow cores and the
particles exhibit polyhedral shapes, as seen in Figure 1. The value for the lattice spacing observed
varied depending on where the measurement was performed; the faces of the polyhedrons presented
an average value of 0.62 nm, while the vertices had an average separation of 0.63 nm. Thus, when the
IF particulates do not have a perfect spherical shape the lattice distance seem not to be uniform.
Observation by SEM determined that the particle size distribution was between 30 and 420 nm, with
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an average diameter of 143 nm and only a few particles of more than 500 nm. BET surface area of
the sample was determined to be 35 m?/g.

Figure 1. TEM image of an IF-WS: particle before treatment.

2.2. Sample Postmortem Analysis

Before presenting the post treatment sample characteristics, it is worth noting that the diverse
methods used to impinge in the sample (each described in the experimental methods section) impart
very different levels of energy at very different time scales:

It has been estimated that the use of military rounds of the size used at the velocities recorded
provided approximately 2070 Joules in a non-isotropic single event that lasted only fractions of a
second. The compressed-gas driven shock tube experiment produced a wave that first impacted in the
Kevlar layer located in front of the sample (which was used solely to contain the powder IF-WSz)
impacting next the sample in a non-isotropic manner. This single incident also lasted fractions of a
second. A pressure sensor located after the Kevlar layer recorded an average pressure of 1742 KPa
when using He as the gas, as such, the estimated pressure of the wave that actually reached
the sample. In contrast, during the ultrasonic treatment, the particles were completely immersed
in a liquid, thus, being subject to isotropic shocks for much longer periods of time (between 3,600 and
10,800 s). The estimated energy conveyed when using a 1200 W ultrasound horn during such periods
of time was from 4032 to 12,096 kilojoules respectively. In all cases, only IF-WS: particulates were
tested, no composites are included in this study.

Some research groups have studied the variations in the doo2 interlayer spacing in the samples
before and after pressure loads using XRD powder data or TEM observations to relate such values to
unit cell expansions or contractions [17,18]. Given the dispersion in lattice values noted by TEM
studies mentioned above in the untreated samples, the extraction of useful postmortem TEM data
could result very complicated. The change in lattice constant for [F-W Sz seen before treatment arises
from the differences in curvature between different locations of the polyhedral cage-like spherical or
semispherical IF-WS: nanoparticles. To determine if XRD patterns could provide more reliable data,
given that they include information from all the crystal locations and orientations, we performed such
analysis for the samples treated by the three loading methods.
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The XRD patterns of samples subjected to the diverse treatments are shown in Figure 2. The graph
in the upper section of the image shows the peaks encountered between 5° and 70° (20), while the
bottom image presents only the (002) peak. Specimens treated by ultrasound waves in wet conditions
(dispersed in a solvent) and then dried for the analysis, present a (002) reflection that has shifted to
higher angles. This alteration in the X-ray pattern indicates a reduction in the cell spacing when
compared to the untreated sample. A similar observation was made in references above [17,18]. We
believed that such shift could be related not only to a compressed IF cell but to a phase transition from
the IF cage structure to a more dense 2D plate-like WSz arrangement with slightly smaller 001
distance. The width of the (002) XRD peak for ultrasound treated powders in Figure 2 (red line) might
suggest the presence of both, [F-WSz and two-dimensional WS: in the same powder sample.

The peaks identified with the * symbol do not belong to WSz but to WO3. The existence of small
amounts of WO3 could not be verified by EDS analysis of large portions of the sample by SEM but
was clearly identified by TEM of selected locations (uploaded as Figure S1).

By comparison, the samples collected after shock tube tests and military rounds insult show either
no change or a slight shift to lower angles. Such result could be interpreted as no modification of the
structure or a small expansion in the lattice parameter. We believe, however, that disparity in those
results, when compared to the ultrasonic treated sample, might be more related to the experimental
constrains faced when collecting the powders than a clear representation of the specimen features.
The collection of the section of the sample that was directly exposed to the shockwave or to the impact
of the penetrator was difficult; the particles had the tendency to get expelled from the impact site and
only some of them remained in the center of the tested specimen or close to the hole left by the round
and got recovered. That is, the XRD signal represents the average of all the particles gathered in the
postmortem, some of which were not as affected by the event as the ones at the center of the impact
location. In the case of ultrasonic treatment, the full sample was contained at all times and all particles
were equally affected by the treatment, therefore rendering a powder that presented more uniform
features and more reliable data, thus confirming a shift in the dooz.

The precise effects of applying diverse loading conditions in the specimens’ microstructures were
much more evident once the samples were studied by electron microscopy. We were able to conduct
the analysis with smaller amounts of sample and use only particulates from affected locations. Figure 3
presents a SEM image of the IF-WS: particles before (a) and after (b) ultrasonic treatment. The
existence of extended layered structures (identified with arrows) along with the original IF polyhedral,
semispherical shapes is the most noticeable change. According to particle size distribution
measurements (Figure 3c) the average diameter of the particles in the sample after treatment has
shifted to larger sizes, 252 nm (blue histogram), and clearly shows a bimodal distribution. Particles
between 800 nm and 1 micron, not seen in the untreated sample, are present in the ultrasonic treated
specimen. The larger plate-like particulates correspond to the 2D polymorph and no longer present
the hollow cage structure of IF-WSa. The appearance of the 2D phase supports the XRD data collected
regarding both, the XRD peak shift and its width, and agrees with the initial reports suggesting a
lattice compression [17,18]. Notably, the particles did not only collapsed and lose their hollow cores;
they also transformed into 2D structures and then suffered an agglomeration mechanism that turned
them into much larger, irregular shape units.
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Figure 2. X-ray diffraction analysis of particulates recovered after treatments.
Top: reflections observed between 5° and 70°; Bottom: (002) peak for all samples. Only
the sample gathered after ultrasonic treatment showed a shift to higher angles. The
symbol * identifies a WOs3 peak.
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Given those observations, we have denominated this transformation or fracture mode as
“agglomeration”, since the collapsed particles seem to have larger dimensions after the experiment,
implying the agglomeration of many of the original IF spheroids. However, agglomeration is a general
term that only refers to the enlargement of the particles and does not completely account for all the
complex steps that the particles suffer during this failure mode. Some of the stages we believe are
necessary for the 2D polymorphs to acquire the sizes observed imply: (i) an initial crack formed in
the surface of the IF particles; (ii) crack propagation towards the core, leading to a complete fracture
of the walls; (iii) a structure collapse and disappearance of the hollow cores; (iv) sheets re-arrangement;
and (v) new bonds being formed. Moreover, the large sheet-like particles in Figure 3¢ show little
evidence of grain boundaries, which suggests the involvement of a sintering or crystal growth
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mechanism, rather than simple agglomeration. Some of the flattened sections (Figure 3c) reached even
micrometer lengths, far from the 143 nm average diameter in the untreated IF-WSs.

Figure 3. SEM micrographs of (a) untreated particles, (b) samples treated with ultrasonic
horn during 3 h at 20% amplitude (17 upp). Note the appearance of layered particles of
much larger dimensions than original spheroids; (¢) Particle diameter comparison

between the two samples.
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The temperature during the sonication experiments was controlled by an ice bath to prevent solvent
evaporation. Nevertheless, given that the particles were exposed to the ultrasonic waves during
extended periods of time (up to 10,800 s in some cases) the process seems to have provided enough
energy to allow all the steps mentioned above to happen (i—v), followed by crystal growth. The fact
that the (002) peak for ultrasound sample, in Figure 2, is much more intense than the one from the
untreated specimen supports the idea that more particles with such orientation exist, as is typical of
layered structures, fact now verified also by the SEM data.

The study of the ultrasonic sample postmortem by transmission electron microscopy corroborates
the existence of both the 2D and 3D (IF) polymorphs. The TEM study of the IF particles that did not
collapse presented evidence of crack initiation in the vertices of the polyhedrons. Figure 4 (left) shows
one of those cracks, which has not yet propagated through the whole structure. In a similar fashion
that surface defects can promote the fracture of macroscopic objects at smaller levels of stress than
the ones predicted by theoretical calculations, in IF-WS2 nanostructures the imperfections in the



149

particles’ surfaces act as stress concentrators. No WO3 was identified in the specific particle structure
where such observations were made, ruling out its effect in the particle fracture mechanisms.

Figure 4. Left: TEM micrograph of a particle treated with ultrasonic horn that presents
a surface crack. The inset is a magnified version of the area pointed by the arrow;
Right: TEM studies corroborated the damage of both, internal and external layers of the
IF structures.

10 nm

As pointed out in multiple references [19-22], materials do not fracture while in compression, they
fracture in tension. The failure modes observed in samples post ultrasonic treatment present a similar
signature as the ones expected from fatigue experiments; they resemble the fracture of materials that
have been subjected to a cyclic load which involves the contraction and expansion of the structure.
We found evidence of breakage in the surface (crack in Figure 4 left) presumably created during one
of the expansion cycles while in tension. However, there is also evidence of some of the sheets
breaking inside the particles’ core (Figure 4 right), indicating a similar mechanism occurring but in
the opposite direction, pointing to a cyclic load.

The complete breakage of the outer layers in the crack area (in Figure 4 left) seem to happen
without extensive plastic deformation, resembling the typical brittle failure. Such feature is observed
in many particles and diverse sections of the sample. However, we also identified particles that present
a slightly larger separation between the first and second layers of the lattice than the one found for the
inner layers. Such a fact can be interpreted as evidence of a very small amount of plastic deformation
occurring in the direction perpendicular to the lattice fringes.

Apart from the multiple particles suffering the agglomeration type failure (fracture-agglomeration-
phase transformation steps described before), a second mechanism was identified by the observation
of the samples by TEM: incipient “delamination”. Indeed, small sections (ca. 10—15 nm) of a few of
the IF particles seem to partially separate from the main body of the structure. Figure 4 (right)
exemplifies that case, the arrows pointing to sites of partial delamination. A similar exfoliating
mechanism has been observed by other groups [17,23]. We did not find evidence of larger sections or
complete layers totally separating from the IF spheroids in the ultrasonic treated specimens. The
amount of particles presenting partial delamination, when compared to the amount that presented
agglomeration, was minimal.

The main difference found between the two failure modes is that agglomeration mechanism destroys
the hollow cage structures, generating 2D extended structures, and delamination does not. The main
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parallelism between them is that both, incipient delamination in the outer layers of the IF structures,
and crack formation with propagation towards the particle core are observed in the vicinity of vertices,
edges or surface defects.

The fact that the vertices in untreated particulates presented a larger average interlayer distance
(0.63 nm) than the faceted sides or walls (0.62 nm) is suspected to have an influence over which
failure more (agglomeration vs. delamination) is predominant. However, the difference between such
values is so small that more data and a higher resolution instrument might be required to be able to
make a definitive correlation.

There is no evidence that suggest that one failure mode represents a first step towards the other.
The transformation between the IF particles and the 2D structures in the agglomeration mode seem to
start with a crack that advances towards the particle core, feature observed in samples treated in
different conditions. The few cases of delamination seen do not exhibit such crack directionality but a
separation of only the outer layers. The failure modes do not seem to be associated to particle sizes
either. Perfect spherical particles might present a correlation between such since the size will determine
the radius of curvature, which is a factor that affects the crack propagation in macroscopic objects.

One of the main limitations we encountered during this study was the lack of a method to quantify
the level of damage that the samples suffered. From the SEM images we could estimate the percentage
of the sample surface that transformed into larger particles due to the agglomeration mechanism (as
in Figure 3). However, multiple images need to be taken to assure that the features observed actually
represent the bulk of the sample and the existence of the flat particles underneath the surface layer of
the sample could be overlooked. Since the most common failure mechanism observed by large was
agglomeration, and only very small sections of the sample delaminated, we contemplated the use of
surface area measurements to evaluate the level of damage. Indeed, most particles suffer an
enlargement that will produce a surface area reduction (due to the agglomeration mechanism) and
only a few of them will have more area exposed (due to delamination).

The surface area data from samples treated with the ultrasonic horn at diverse amplitudes was
calculated using the BET methodology and is presented in Figure 5. Samples treated at higher
amplitudes or for longer periods of time (not shown) suffer an evident surface area reduction. Both
amplitude and time imply more energy being imparted to the particles. The former because the
energy transported by a wave is directly proportional to the square of the amplitude of the wave:
A high-energy wave is characterized by a high amplitude; a low-energy wave is characterized by a
low amplitude. The latter, because energy is calculated directly from the product of the Watts provided
by the source and the time of the treatment. The trend towards smaller surface areas in Figure 5 could
be correlated to particle agglomeration and the presence of extended 2D layered structures, as the ones
seen in the example presented in Figure 3.

The BET surface area measurement does not provide a definitive way to evaluate damage when
both agglomeration and delamination occur in large extents. However, it provided a way to compare
the extent of damage in bulk samples when agglomeration was the dominant mechanism (as in the
ultrasound treated samples) without the need for lengthy SEM/TEM analysis.
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Figure 5. Surface area analysis (m?/g) vs. amplitude found for samples subjected to

ultrasonic treatments.
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As previously stated, the study of samples by electron microscopy provided a more definitive proof
of the changes that the IF-WS: structure suffered under load than the shifts observed in the XRD
analysis alone. Such was particularly true for the samples subjected to shockwave tests and impacted
with military rounds, since smaller amounts of powder could be analyzed and only particulates from

insulted regions were collected. See Figure 6.

Figure 6. Cracks in the vertices of the particles are the only evidence of damage in
samples subjected to shock tube tests. No crack propagation or structure collapse was
observed. No evidence of delamination was found either.
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The evaluation of the samples treated by shockwaves revealed that the damage sustained was less
than the one observed for ultrasonic methods, as expected from the low pressures registered by the
sensors. The SEM observation of the sample from shock tube revealed that only very small sections
of the sample showed agglomeration. TEM images showed crack initiation and Figure 6 exemplifies
this feature. The arrows on the image point to two different sites where the crystal structure fractured.
The pressures used by shockwaves produced by N2 and by He were not enough to cause the sample to
suffer a complete collapse. We did not find evidence of delamination in any of the multiple particles
analyzed. Thus, we found no evidence that the agglomeration failure mode is preceded by delamination.

Samples impinged with military rounds suffered a larger level of damage than that observed for
shock tube tests. Unfortunately, as stated before, it was difficult to collect large amounts of sample in
the circumference left by the penetrator, reason for the XRD and BET data not to be as reliable as the
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one seen for ultrasonic treatments. Nevertheless, the SEM analysis of the sample provided proof of
the same mechanisms described earlier in this article. We found layered structures similar to the ones
in Figure 3b; however, in this case the agglomerates reached not only micrometer dimensions in length
and width, but also in height. There are regions in the postmortem sample that the IF particles can still
be encountered but the agglomerates are much more abundant.

Figure 7 shows both, the more frequently observed agglomeration (left) and an image of the less
common delamination (right). Regarding the agglomeration case, once the IF particles fracture at the
polyhedron vertices or edges, they collapse, their sheets re-arrange to diminish any spaces in between
layers and are added to the larger crystals in a fashion similar to the one observed during crystal growth
(Figure 7 center). In Figure 7 left, grain boundaries mark the regions where IF particles have joined
the main particle. The letters in the figure represent: (a) matter has completely been incorporated onto
the agglomerate and is now part of the surface to which new particles will connect; (b) the grain
boundaries of the initial IF particle are still visible within the main body of the agglomerate; (c) a new
layer is being formed, some sections of the same present layered structure with sharp edges and others
partially conserve the spherical shape; and (d) an IF-WS; semispherical particle still lays in the surface.

Figure 7. Sample recovered from impact with military rounds. Note the similarities
between regions where IF have been added to an existent layered structure, such as a, b,
¢, and d (left) with sites proposed by crystal growth theories for addition matter in a
surface (center). Particle showing layers that delaminated (right).

The angles in the vertices in the polyhedral particles seem to play a similar role than the radius of
curvature of the surface or internal cracks have in traditional fracture mechanics analysis.
Furthermore, the larger crystal to which other IF are being added present imperfections such as kinks,
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ledges, steps, etc. Each of those sites represent regions in the sample where dangling bonds exist;
those locations are more prone to accept the addition of new matter to reduce the overall surface
energy as is usually described by crystal growth theories [24,25]. According to the latter, the
thermodynamics of crystal surface formation and transformation is based on the idea that the energy
that each atom’s position on a crystal surface is determined by the number of neighboring atoms and
the amount of unsatisfied bonds. The numbers in Figure 7 (center) represent: surface atoms, surface
vacancies, adatoms, kinks, and steps. Figure 7 (right): this image represents the only instance that we
found of what it seems as a complete layer delamination; the outer sheets of the material seem to come
apart to reveal an inner particle still intact.

The effect of temperature in the material agglomeration during the military round impact certainly
plays a significant role to transform the IF into extended sheet-like WS> structures. However, given
the complexity of the test, no temperature values were recorded and the heat effect will only be subject
of further study and discussion in future reports.

Figure 8 summarizes our findings. In the agglomeration mechanism: IF particles are more
susceptible to breakage in areas where defects or discontinuities, such as edges and vertices, are
located. Those act as stress raisers and are the primary sites where crack initiates, in the outer layers
of the cage structures. Once the crack propagates it will reach the hollow cores, which will promote
the particles collapse and the transition between the 3D and the 2D WSz polymorphs. The layered
structures will agglomerate to reach micron scale dimensions. The collapse and agglomeration of the
IF structures was the main effect identified as a consequence of the application of ultrasonic treatment
in diverse conditions and the use of military rounds despite the diverse time scale of each of those
methods. Shock waves in the conditions employed only produced surface cracks without the full
structure collapse. Agglomeration signature is identified as the predominant mechanism in the

experimental conditions used.

Figure 8. Representation of the two failure modes identified in the IF-WS: structures.
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We also identified evidence that suggests that the particles can suffer delamination. The areas in
the IF particles surface where this failure mode was identified also correspond to locations where
defects or discontinuities are observed. During this failure mode the Van der Waals attraction keeping
the layers in the together is broken as a consequence of the shock and small portions of the outer layer
come apart, leaving behind sections with a smaller diameter particle but still IF characteristics. The
separation between surface layers do not seem to propagate into internal layers. Remarkably, during
our experiments we observed incipient delamination in only very few particles treated by sonication.
No correlation was found between the extent of this failure mode and times of treatment. We observed
only one instance of an almost complete layer separation (Figure 7c).

In sum, all the electron microscopy observations conducted in the postmortem products point to
the existence of surface flaws as starting point where agglomeration or delamination take place,
independent of the amount energy imparted by the insult, the time of the event or the isotropic or
non-isotropic nature of the experiment.

The structure fails by two modes: either as a consequence of the creation of a surface crack and its
propagation into the hollow core, followed by the structure collapse and resulting in the transformation
into a 2D sheet-like polymorph and the agglomeration of particles into larger bodies, or by delamination
of small sections of the sample, which does not completely destroy the IF structure but removes
superficial sections, leaving the hollow cores and inner walls intact.

What conditions favor agglomeration over delamination is still subject of study. No link has been
found here between the two fracture mechanisms and levels of stress. Crack formation, usually
followed by propagation and structure collapse has been identified without evidence of delamination
at diverse levels of stress and over a wide range of times of treatment. The interlayer separation and
the radius of curvature (given by particle size and existence of faceted structures) are suspected to
play a role on which mode dominates however, such has not been clearly demonstrated/quantified.

Studies of brittle fracture demonstrate that the experimental fracture strengths of most materials
are lower than the theoretical ones (based on calculations related to atomic bond energies) due to the
existence of microscopic flaws that act as stress raisers, amplifying the stress at a given point. The
postmortem TEM analyses indicate that the IF-WS: particles deform and break where structural
discontinuities appear: defects and edges in the polyhedral shapes, along the degree of curvature of
the particulates, seem to play a critical role on the material resistance to breakage, following a pattern
similar to the ones observed in more general fracture mechanics principles. These findings provide
evidence that without the stress concentrators in the particle surface, as would be the case if more
spherical particles were used, the material should be able to support higher pressure loadings,
supporting previous reports [17]. The bottom of Figure 8 shows a schematic representation of how
such particles will look like.

No evidence of crack formation or delamination was seen in the more uniform sections of the
particle surfaces. These results suggest that [F-WS: is prone to show a phase transformation into a 2D
polymorph and only near spherical particles might show remarkable shock absorption characteristics.
Despite finding that the structures have similar failure modes than their carbon counterparts,
which can diminish their shock resistance, our findings also point to a solution to the failure: use of
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defect free (more spherical, not faceted) particulates, supporting previous statements made by
Tenne et al. [17].

It is worth noting that the creation of defect free IF-WS: particles might prove challenging; the use
of completely spherical WOs produced by microwave plasma methods in our labs and reacted with
HaS, produced highly faceted IF-WSa, see Figure 9. Different treatment conditions should be developed
in order to achieve completely spherical nanoparticles.

Figure 9. IF-WS: generated at 900 °C from the WOs produced using a microwave
atmospheric plasma system. Despite the highly spherical nature of the precursor, the
IF-WS: particulates present facets and polyhedral shapes. A few atoms thick 2D WS
were also observed.

With failure modes now clearly characterized future research could (a) correlate the cracks
observed, the angles at the vertices and the levels of stress used, to generate mathematical expressions
that could predict mechanical properties such as fracture toughness for the particular size of [F-WSz
and (b) design nanoparticles against fracture.

3. Experimental Section

Commercially manufactured inorganic fullerene-type tungsten disulfide (IF-WSz) was obtained in
the form of a commercial lubricant Nanolub (NanoMaterials Ltd., Ness Ziona, Israel). The sample
was washed with ethanol to remove additives; the solvent was separated using an Eppendorf (New
York, NY, USA) Model 5418 centrifuge and the IF-WS: particles dried at room temperature in a
desiccator. The sample was studied by XRD and SEM before being subject to treatments and
as postmortem.

3.1. Methods Used to Induce Failure

The ultrasonic tester used for this procedure was a Sonomechanics (New York, NY, USA) 1200 W
ultrasonic liquid processor shown in Figure 10. The equipment consists of a generator that provides
electric signal input to the piezoelectric transducer, a water-cooled barbell horn and a protective
enclosure. The samples were placed in a solvent (water or ethanol) and the beaker containing such
dispersion was placed in a second beaker, which was filled with iced water and a copper coil that was
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also circulating cold water to maintain the bath at a constant temperature. The generator produced a
constant frequency of 20 kHz at the horn tip; however diverse samples were exposed to the ultrasonic
waves during different conditions: the amplitude was varied between 20% and 100% (which
correspond to 17 to 81 upp, respectively) and times of exposure extended from 3600 to 10,800 s.

Figure 10. Ultrasonic horn setup. Note that a cooling bath was used to maintain a
constant temperature, however the bath that included the cooling coil and the sample in
the liquid media were not in contact. The latter were placed in a second beaker. The blue
foam was used to keep the inner beaker in place.

A shock tube was used for creating a shock wave that propagated and impinged on the sample.
A Kevlar layer was positioned on the surface of the particles to prevent their dispersion inside the
shock tube. The system uses a pressurized driver section and evacuated driven section separated by a
pair of diaphragms to create a supersonic wave that propagates along the tube and impinges on a test
holder at the end of the device. Pressure transducers are located along the tube allow for monitoring
of the shock and measuring its speed and strength (pressure sensors 1, 2, and 3 in Figure 11). Detailed
theory can be found in [26].

The material to be tested was attached to the holder and bolted onto the end section where pressure
transducer cable was connected. The shock tube was then loaded with two heat-treated copper
diaphragms 0.025 inches thick scored to a depth of 0.013 inches. Vacuum was then drawn to an
absolute pressure of approximately 2 mm Hg in the driven section through the use of a roughing pump.
When this was complete, gas was added in a controlled manner until the driven section reached
25 mm Hg. The vacuum gauge was isolated and then disconnected to prevent damage to it during
creation of the pressure event. The driver section was then loaded with either Nitrogen or Helium
(depending on the desired Mach number) to 720 psig. When the pressure gauge reached 350 psig, the
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mid-section was isolated. The shock tube was then fired by opening the firing valve. As pressurized
gas entered the diaphragm section the pressure differential across the second diaphragm caused it to
burst creating a wave through the driven section. The subsequent drop in pressure in the diaphragm
section caused the first diaphragm to burst and the formation of a second, faster wave. The second
wave overtook the first and the two coalesced into a single wave that traveled along the driven section
and to the sample holder.

Figure 11. Shock tube setup (top) and image of the sample contained with Kevlar (bottom).
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For the impact with military rounds the IF powder sample was dispersed in between Kevlar layers
and the layers introduced into a nylon pouch. The later was then positioned in front of a clay bed and
a 7.62 mm NATO round was then fired at it as indicated in Figure 12. The IF-WS: particles located
close to the hole left by the penetrator were then collected and analyzed by the methods described in
the next section.

Figure 12. Sample testing setup (left) and orifice left by penetrator in a nylon bag that
contained the sample in between Kevlar layers (right).
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3.2. Methods Used to Characterize Samples

A Philips 1830 PAnalytical X-Ray Diffractometer (Almelo, The Netherlands), using a copper
source, Ka of 1.54 A was employed for the analysis of the crystalline components of the samples. The
powders were positioned into a silicon zero background sample holder and the diffraction patterns
recorded between 5° and 70° (20) with 0.020° step size and one second per step.

A JEOL (Tokyo, Japan) 2010F FASTEM field emission gun scanning transmission electron
microscope (STEM/TEM) equipped with Gatan (Pleasanton, CA, USA) GIF image filtering system
was used to collect images and electron diffraction patterns. The samples were dispersed in ethanol
and a drop of the mixture was allowed to dry in a Holey carbon copper grid. The JEOL 2010F lattice
resolution is 0.1 nm.

The microstructural features of the specimens post treatment were analyzed using a Zeiss Neon
(Oberkochen, Germany) 40 High Resolution Scanning Electron Microscope (SEM). Images were
acquired at diverse magnifications while the microscope was operated between 5 and 20 kV. Energy
Dispersive Spectroscopy (EDS) experiments were conducted in conjunction with the SEM using an
Apollo 10 silicon drift detector (SDD). Data was collected and analyzed using Genesis Spectrum
software (EDAX, Mahwah, NJ, USA).

Brunauer Emmet Teller (BET) surface area analysis was performed employing a Quantachrome
(Boynton Beach, FL, USA) Nova 4200 Physisorption analyzer. A degas step was conducted prior to
the analysis. The measurements were done using nitrogen atmosphere.

3.3. Attempts to Produce Highly Spherical IF-WS:

Highly spherical WO3 was generated in an atmospheric plasma torch microwave system following
procedures previously reported [27,28]. The WOs sample was then transformed into IF-WS: by a
thermal treatment in a tubular furnace operated at 900 °C for a period of 2 h using HaS atmosphere.

4. Conclusions

The microstructural changes observed in the IF-WS: particulates as a consequence of treatments
with ultrasonic horn, shock tube and military rounds could be categorized in two distinct fracture modes.

The most commonly observed was the phase transformation of the 3D cage-like structures to the
2D layered polymorphs, which involved a crack forming at the particulate surface leading to the
structure collapse and subsequent agglomeration of the plate-like sheets, to produce larger particle
sizes. Such mechanism dominated the samples’ microstructure for experiments performed using
ultrasonic waves and the ones exposed to military rounds. Incipient cracks were identified in shock
wave postmortem samples.

A less common secondary mechanism of particle breakage was also identified; the delamination
of IF-WS2. However, the later was mainly observed as an incipient process, with only very small sections
of the shells separating from the IF main body and the survival of the IF hollow cage characteristics.

The steps required for particle failure by the first mechanism included: (i) an initial crack formed
in the surface of the IF particles; (ii) crack propagation towards the core, leading to a complete fracture
of the walls; (iii) structure collapse and disappearance of the hollow cores; (iv) sheet re-arrangement;
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and (v) new bonds being formed, which resulted in an overall agglomeration. We encountered
evidence that the IF-WS: structure collapse initiated at the edges of the polyhedral particles, which
acted as stress concentrators, demonstrating that general fracture mechanics concepts can be applied to
materials at the nanoscale. Based on those findings and in agreement with previous reports,
defect-free perfectly spherical IF-WS: surfaces are expected to present improved shock absorbing
performance than that observed for polyhedral shape IFs.

We found that surface area measurements could be correlated to the extent of particle damage when
agglomeration could be recognized as the main effect of the pressure load.

We demonstrated that more irregular particles (faceted) tend to fail at defect sites that act as
stress concentrators independently of how energy is delivered: shock being applied in fractions of a
second, or over long periods of time, as an isotropic or non-isotropic event, as a single occurrence or
by cyclic treatment.

Supplementary Information

Figure S1. TEM image of IF-WS2 nanoparticles (left) along EDS spectra (right) showing
that in some locations WOs can be identified.
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Nanostructured Boron Nitride: From Molecular Design to
Hydrogen Storage Application

Georges Moussa, Chrystelle Salameh, Alina Bruma, Sylvie Malo, Umit B. Demirci, Samuel
Bernard and Philippe Miele

Abstract: The spray-pyrolysis of borazine at 1400 °C under nitrogen generates boron nitride (BN)
nanoparticles (NPs). The as-prepared samples form elementary blocks containing slightly
agglomerated NPs with sizes ranging from 55 to 120 nm, a Brunauer-Emmett-Teller (BET)-specific
surface area of 34.6 m? ¢! and a helium density of 1.95 g cm . They are relatively stable in air
below 850 °C in which only oxidation of the NP surface proceeds, whereas under nitrogen, their
lower size affects their high temperature thermal behavior in the temperature range of 1450-2000 °C.
Nitrogen heat-treated nanostructures have been carefully analyzed using X-ray diffraction, electron
microscopy and energy-dispersive X-ray spectroscopy. The high temperature treatment (2000 °C)
gives hollow-cored BN-NPs that are strongly facetted, and after ball-milling, hollow core-mesoporous
shell NPs displaying a BET-specific surface area of 200.5 m?*g ' and a total pore volume of
0.287 cm’-g! were produced. They have been used as host material to confine, then destabilize
ammonia borane (AB), thus improving its dehydrogenation properties. The as-formed AB@BN
nanocomposites liberated Hz at 40 °C, and Hz is pure in the temperature range 40-80 °C, leading to
a safe and practical hydrogen storage composite material.

Reprinted from Inorganics. Cite as: Moussa, G.; Salameh, C.; Bruma, A.; Malo, S.; Demirci, U.B.;
Bernard, S.; Miele, P. Nanostructured Boron Nitride: From Molecular Design to Hydrogen Storage
Application. Inorganics 2014, 2, 396-409.

1. Introduction

Advanced nanostructured materials may be defined as materials having one dimension in the 1 to
100 nm range. The massive academic and industrial research efforts concerning these materials over
the past decade arose from the remarkable variations in their physical and chemical properties when
their dimension shrinks to the nanometric scale. In this category of materials, the interest for
hexagonal-boron nitride (2-BN, but expressed here as BN) grew during the past few decades in relation
to their unique combination of key properties.

BN is a synthetic chemical compound containing boron (B) and nitrogen (N) atoms in a one-to-one
ratio. The in-plane atoms are linked through covalent bonds, while the out-of-plane layers are bonded
by weak interactions (van der Waals forces) between B and N atoms, alternatively, providing
anisotropic properties. BN displays a large band gap (~5.5 e¢V) and offers the lowest density
(d =2.26 g-cm™) among non-oxide ceramics. It proposes relatively good thermal stability in air and
vacuum, high thermal conductivity, good thermal shock resistance, high electrical resistance, a low
dielectric constant and loss tangent, microwave transparency, non-toxicity and easy machinability.
Furthermore, it is non-abrasive, lubricating and non-reactive towards molten metals [1-6].




163

BN was obtained for the first time by Balmain [7] in 1842 through the reaction between boric oxide
and potassium cyanide. It is nowadays produced by conventional powder technology, requiring
nitridation or carbothermal reaction of boric acid/boric oxide with melamine or urea and the use of
additives during the further sintering process [8]. It is used in various fields of chemistry, metallurgy,
high temperature technology, electronics and in thermal management applications. However, beside
the fact that the use of boric oxide inherently induces the presence of oxygen-containing phases, BN
is only produced as powders with a plate-like morphology and workpieces. This inherently limits the
development of BN.

Recently, interest at the academic level has arisen in both the synthesis of nanostructured BN and
their applications for energy and the environment [9—13]. The important industrial challenges in line
with nanostructured BN production requires the development of materials in which topologies, shapes
and morphologies are tuned on demand. Inherent difficulties of traditional techniques to manufacture
such materials can be addressed by the development of synthetic pathways where molecular/inorganic
chemistry, processing and material chemistry/science are combined rationally to process BN with
tailor-made properties [14]. The key step in nanostructured BN preparation is the selection of the BN
precursors. Precursors with a good B:N ratio where/for which hydrogen (H) is the only element added
to B and N are preferred. Borazine and derived polyborazylene are the most appropriate
candidates [15,16]. Within this context, in this review article, we discuss the use of borazine (BZ) as
a single-source molecular precursor used for the design of BN nanoparticles (NPs), hollow-cored
BN-NPs that are strongly facetted and hollow core-mesoporous shell NPs. The latter have been used
as host materials to encapsulate and store ammonia borane (AB).

2. Results and Discussion
2.1. Borazine-Derived BN Nanoparticles

Borazine (BZ) had been originally discovered by Alfred Stock in 1926 [17]. It displays a chemical
formula H3B3N3Hs. It is a preformed B-N-like ring structure and has the correct B-to-N ratio.
Furthermore, it is economically competitive and attractive from a technical point of view, based on
its reaction starting from cheap compounds, such as (NH4)2SO4 and (NaBHa), reacting in tetraglyme
at low temperature (120-140 °C) [18]. Borazine offers the advantage of being liquid with an adequate
vapor pressure to be applied in gas phase pyrolysis processes to prepare nanostructured BN. As an
illustration, we have demonstrated the interest of BZ to produce BN nanoparticles by
spray-pyrolysis [19-22]. In our process, BZ is nebulized into an aerosol, and the stream consisting of
tiny BZ droplets suspended in the carrier gas is transported by the carrier gas to be passed through the
preheated tubular furnace at 1400 °C under nitrogen. In the hot-zone, the conversion of the nebulized
precursor occurs through molecular condensation and ring-opening mechanisms involving the
evolution of dihydrogen and producing vapors of BN ring-based species. The latter, reacting to form
the consolidated boron nitride network, are swept by the nitrogen carrier-gas flow and, then,
condensed into a white product getting collected into the cooling traps near the outlet of the furnace.
The as-obtained product is stored inside an argon-filled glove-box. The scanning electron microscopy
(SEM) images in Figure 1a show that the sample consists of particles with a relatively homogeneous
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size. This indicates that the most important operating factors, including the properties of the starting
precursor, the pyrolysis temperature, the nitrogen flow rate, the residence time and heating rate of the
droplet particles, are controlled during processing.

Figure 1. SEM (a), TEM (b) and HRTEM (c¢) images of samples obtained by spray-pyrolysis
of borazine (BZ).

(@)

The low-magnification transmission electron microscope (TEM) bright field image of the sample
(Figure 1b) show elementary blocks that are composed of slightly agglomerated nanoparticles (NPs).
The particle size ranges from 55 to 120 nm. The high resolution TEM (HRTEM) image (Figure 1c)
of the particle core demonstrates that the specimen consists of very fine BN crystallites in which sp?
layers are significantly buckled in a disordered stacking sequence, exhibiting a size corresponding to
less than six atomic basal planes, whereas their length does not exceed 50 A. This points to the fact
that BN is poorly crystallized similarly to a turbostratic structure. The TEM data are reinforced by the
X-ray diffraction (XRD) experiments (Figure 2). The corresponding XRD patterns show very broad
peaks at the 2-BN (002), (100)/(101)/(004) and (110) positions. In particular, the (002) peak slightly
shifts to lower angles in such samples, and the (100), (101) and (004) peaks merge into a single broad
peak. Finally, the samples displayed a chemical formula of Bi.oNoo. Their specific surface area is
34.6 m* g'!, and the helium density is 1.95 g cm >, as measured by Brunauer-Emmett-Teller (BET)
and helium pycnometry, respectively.

B1.0No.o-NPs are stable in air below 850 °C in which only surface oxidation proceeds [21]. Here,
we report the evolution of the nanostructural organization of B1.0No.o-NPs in the temperature range of
1450-2000 °C under nitrogen. The XRD patterns in Figure 2 range from 10° to 90° for heat-treated
B1.oNoo-NPs.
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Figure 2. XRD patterns of borazine-derived B1.0No.o-NPs and annealed at a temperature
ranging from 1450 to 2000 °C.
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The XRD patterns of samples heat-treated in the temperature range of 1450-1600 °C display
features similar to the ones recorded for Bi.oNoo-NPs, indicating a turbostratic structure. For the
sample annealed at 1700 °C, the (002) peak at 25.30° is sharpened, suggesting that the crystallite size
became larger in the c-axis direction, although the shoulder-shaped broad feature remained on the
low-angle side of the peak. This is also shown for the sharper (100)/(101)/(004) peak, which tends to
be separated into the (004) peak and the (100)/(101) peak. The increase of the heat-treatment
temperature to 1800 °C and 2000 °C resulted in an increased resolution of the XRD patterns. We can
clearly distinguish the (002), (100)/(101), (004) and (110) peak positions. According to the sharpening
of the (002) and (100)/(101) peaks, we suggest that the crystallite size continuously increased in the
c- and a-axes directions from 1400 °C to 2000 °C. However, no clear peaks corresponding to the (102)
and (112) planes were observed. These findings tend to demonstrate that Bi.o0No.o-NPs annealed at
2000 °C exhibit a turbostratic structure. The variation of the average crystallite size in the c-axis from
the (002) peak (L) and the interlayer doo2 spacing of the samples during heat-treatment is shown in
Figure 3. The dimension doo2 is calculated from Bragg’s law using the diffraction angle of the (002)
peak. Lc represents the average number of stacked layers in the crystallites. The average stack height
L, is calculated from the Scherrer relation (L, = 0.90/(B? — B?)"?cos0, where X is the CuKal
wavelength (A = 0.1540 nm), 0 the Bragg angle of the (002) diffraction peak, B the full width at half
maximum intensity (FWHM) of the peak and B' the instrumental contribution).

In the range of 1450 °C (L. = 1.10 nm; doo2 = 0.367 nm)—1600 °C (L. = 1.42 nm; doo2 = 0.363 nm),
there is no major modification in both the apparent average grain size (L (02) and the value of
the interlayer d-spacing doo2. Values are close to those calculated for as-prepared Bi.oNoo-NPs
(L, = 1.06 nm; dooz = 0.376 nm). This indicates a relatively high amount of disorder in the structure
of the corresponding samples. At 1700 °C, the apparent average grain size increases slightly
(L. =2.23 nm). Although the crystallization state in NPs heat-treated at 1700 °C is slightly improved,
the BN phase remains poorly ordered as confirmed by the value of dooz (doo2 = 0.351 nm), higher than
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that in a #-BN crystal (0.3327 nm). At 1800 °C, fc increases to 4.63 nm and the interlayer doo2 spacing
is found to be 0.345 nm, which are values characteristic of a turbostratic phase. The minor changes in
the XRD patterns of samples heat-treated at 2000 °C is reflected in the values of fc (4.65 nm) and
doo2 (0.346 nm). In addition to XRD studies, we investigated TEM (Figure 4) and HRTEM (Figure 5)

experiments to follow the evolution of the nanostructural organization in the temperature range of
1450-2000 °C.

Figure 3. Evolution of L_(002) and doo2 vs. annealing temperature.
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Figure 4. TEM images of the samples annealed at (a) 1450 °C; (b) 1600 °C; (¢) 1700 °C;
(d) 1800 °C and (e) 2000 °C.
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Figure 5. HRTEM images of the samples annealed at (a) 1450 °C; (b) 1600 °C,
(¢) 1700 °C; (d) 1800 °C; (e) 2000 °C; (f) evidence of a core-shell structure generated at
2000 °C.

(d)

The annealed samples form elementary blocks composed of nanosized particles that are round in
shape and slightly agglomerated. Both the average size of annealed particles and the agglomeration
seem to increase with the temperature of the annealing, which is in good agreement. This is clear for
the samples annealed at 1800 °C (Figure 4d) and 2000 °C (Figure 4e), respectively. We therefore
extended our analysis, by performing high resolution TEM (HRTEM), in order to refine/emphasize
the structural information.

Figure 5 reports HRTEM images of the same samples.

Clear differences appear between the samples annealed in the range of 1450-2000 °C. After
heat-treatment to 1450 °C (Figure 5a), the sample displays a turbostratic BN structure with more
distinct (002) layers in comparison to the nanostructure observed in pristine Bi.oNo.o-NPs (Figure 1c¢).
In the sample annealed at 1600 °C (Figure 5b) and 1700 °C (Figure 5c), we can also observe the
formation of nanodomains made of BN layers surrounding voids. The HRTEM image reveals the
formation of concentric shelled nanodomains. The lattices of these BN nanostructures have a local
interlayer spacing of 3.51 A. Annealing at a temperature of 1800 °C (Figure 5d) and 2000 °C
(Figure 5e,f) leads to hollow-cored BN-NPs that are strongly facetted, forming polygonal particles
with an interlayer spacing of 3.34 A. We investigated the potential of samples heat-treated at 2000 °C
to confine Hz storage materials.

2.2. Hydrogen Storage Applications

Ammonia borane (AB) is a white crystalline solid that was first prepared by Shore and Parry
in 1955 [23]. Over the past decade, this compound has attracted considerable attention as portable
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hydrogen storage materials, according to its high gravimetric hydrogen contents (ca. 20% by
weight) [24-29]. A very pertinent review dedicated to this compound and related derivatives as
dihydrogen sources was proposed by Staubitz ez al. in 2010 [29].

In the pristine state, AB is almost stable under inert conditions up to about 100 °C and decomposes
within the range 100-200 °C through a two-step exothermic process where two equivalent Ha, as well
as undesired by-products, such as borazine BsN3He and NH3, are evolved [24,25]. This decomposition
suffers from three important problems: (1) the process is exothermic, which means that the
storage reversibility is thermodynamically impossible in acceptable operating conditions; (2) the
dehydrogenation temperature is too high for the portable/mobile application prospects; (3) the
emission of undesired by-products is detrimental, as they are incompatible with the use of proton
exchange membrane fuel cell (PEMFC) [27].

A promising solution seems to be the decrease of the particle size at the nanoscale (<10 nm)
via confinement of the borane in a porous compound (i.e., scaffold) [30]. As an illustration,
Gutowska et al. showed that AB confined in the mesoporosity of silica SBA (Santa Barbara
Amorphous)-15 has improved dehydrogenation behavior in comparison to the pristine hydride, with an
onset at 70 °C and the liberation of borazine-free H2 [31]. The destabilization of AB is generally
explained by two phenomena. The first one is the nanosizing of the hydride particle. At the nanoscale,
both kinetics and thermodynamics might be altered by both size and interface effects. In fact, the
surface energy value could be different as a result of the interactions between the active confined
material and the scaffold. The second phenomenon is associated with H**---H®™ surface interactions,
with H% of the BH3 moiety of AB and H*" belonging to surface/terminal hydroxyl groups (—~O—H)
generally found on carbonaceous or oxide nano-scaffolds. Such acid-base interactions enhance Hz
release, but usually lead to an unstable material at room conditions [25].

An improved strategy we recently demonstrated is to use nano-scaffolds free of reactive surface
groups [22]. For that purpose, we used the Bi1oNoo-NPs annealed at 2000 °C, which we labeled
B1.0No9-NP2000. As measured by energy dispersive X-ray spectrometry (EDX), boron, nitrogen
and oxygen contents are 43.55, 55.7 and 0.75 wt%, respectively. Unfortunately, they exhibit a
Brunauer-Emmett-Teller (BET)-specific surface area of 21.8 m?-g ™!, which is low to achieve the
nanoconfinement of AB. Therefore, we applied a ball-milling process of this sample to tentatively
increase the specific surface area, leading to the sample labeled B1.0No9-NP2000BM. In comparison to
B1.0N0o9-NP2000, the sample Bi1.oNoo-NP2000BM shows a considerably increased BET-specific
surface area with 200.5 m?-g! and a total pore volume of 0.424 cm®-g™' as measured by the
Barrett-Joyner-Halenda (BJH) analysis. As a result of the ball-milling, the HRTEM images
(Figure 6a,b) of the sample showed that cleavage of the walls occurred through the basal planes.
In addition, Figure 6¢ show that the stacking sequence can in some cases be disordered similarly to
those of #-BN after ball-milling.

As aresult of the BET and TEM investigations, we successfully demonstrated that the walls of the
hollow-cored BN-NPs could be opened to provide porosity after ball-milling.
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Figure 6. HRTEM images of the sample B1.0No.o-NP2000BM evidencing in (a) and (b),
a cleavage of the walls in the area delimited by the white arrows, and in (c), a disordering
of the stacking sequence.

(©

Hydrogen storage materials can be confined within porous scaffolds by melt infiltration (if the
active hydrogen storage material melts and do not decompose) or solution infiltration. In our
procedure, a solution of AB in tetrahydrofuran (THF) was infiltrated into the framework of the sample
B1.0No9-NP2000BM according to an optimized procedure described elsewhere [25]. A nanocomposite
labeled AB@B1.0No9-NP2000BM was formed. It was stored at 3—4 °C. The successful impregnation
of AB in B1.0Noo-NP2000BM was followed by N2 adsorption/desorption analysis of the nanocomposite.
A BET-specific surface area of 6.7 m*>-g”' and a total pore volume of 0.023 cm?-g™! are measured,
which demonstrates that AB was inserted into the hollow core and blocked the pores of the
nano-scaffolds. More interesting is that the decomposition of AB is down to 81 °C (compared to
110 °C for the pristine AB in our conditions) and that a major evolution of Hz is identified by MS. In
our experimental conditions, the only by-product was identified to be NH3 above 80 °C. At 80 °C, a
weight loss of 1.7 wt% was measured, which means an effective gravimetric hydrogen storage
capacity of 3.4 wt% by considering a weight ratio equal to 1:1 in AB@B1.0No.o-NP2000BM.

Our results confirmed the remarkable benefit of hollow-cored BN-NPs on the dehydrogenation
behavior of AB. The performance is comparable to the dehydrogenation results of AB confined into a
magnesium metal organic framework (MOF) [32,33] or nickel MOF [34], whereas only nanoconfinement
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is considered here. Most interesting, the MS results suggest that there is no detectable trace of borazine
as a gaseous by-product. Another important observation standing from the thermogravimetric analysis
coupled mass spectrometry (TGA-MS) result is that AB@B1.0No9-NP2000BM is stable at room
conditions. Accordingly, the stability of AB@B1.0No.o-NP2000BM at <40 °C is clearly attributed to
the absence of surface H®, and the improvement of the dehydrogenation properties of AB in
AB@B1.0N09-NP2000BM can be exclusively ascribed to the effect of nanoconfinement.

3. Experimental Section

The synthesis of borazine was carried out in an argon atmosphere, using argon/vacuum lines
and Schlenk-type flasks. Argon (>99.995%) was purified by passing through successive columns of
phosphorus pentoxide (Sigma-Aldrich, Saint Quentin, France), sicapent™ (Millipore S.A.S,
Molsheim, France) and copper oxide-based catalysts (Sigma-Aldrich, Saint Quentin, France). The
Schlenk flasks were dried at 120 °C overnight before pumping under vacuum and before filling with
argon for the synthesis. Sodium borohydride (NaBH4, >98.5%, powder from Sigma-Aldrich, Saint
Quentin, France), ammonium sulfate ((NH4)2SOs, >99.0% from Sigma-Aldrich (Saint Quentin,
France) and tetraethylene glycol dimethyl ether(CH3O(CH2CH20)4CH3, 99.0%, from Sigma-Aldrich
(Saint Quentin, France) were used as-received. It should be mentioned that ammonium sulfate was dried
at 120 °C inside an oven for three days, then put under vacuum during cooling for 1 h. Manipulation
of the chemical products was made inside an argon-filled glove box (Jacomex BS521; Dagneux,
France) dried with phosphorus pentoxide.

Borazine Synthesis: The operating procedure, adapted from the literature [18], was previously
reported by our group [19]. FTIR (Caesium Iodide (CsI) windows/cm™'): (N-H) = 3451 medium;
(B-H) = 2509 medium; (B-N) = 1454 small; (B-N-B) = 897 medium. 'H NMR
(300 MHz/CDCls/ppm): = 3.30-5.35 (quadruplet, 3H, BH), 5.35-6.05 (triplet, 3H, NH). "B NMR
(96.29 MHz/CsDe/ppm): = 30.1 (br).

Nanoparticle Preparation: The experimental set-up is composed of a nebulized spray generator
(RBI, Meylan, France), in which the spray is generated by a piezoelectric device (barium titanate).
Frequency (800 kHz) and power (100 W) alimentations are adjusted to obtain the aerosol. The aerosol
temperature is first held at 15 °C by a regulated water circulation to avoid borazine evaporation and/or
condensation. The piezoelectric device generates an ultrasound beam, which is directed to the liquid-
gas interface; a fountain formed at the surface followed by the generation of the spray, resulting from
vibrations at the liquid surface and cavitations at the gas-liquid interface.

The borazine was directly introduced in the aerosol generating chamber under nitrogen, then
aerosolized and carried to the pyrolysis furnace with a 0.5 mL-min ™! nitrogen flow rate. The thermal
decomposition of borazine was performed in a hot alumina tube containing an isothermal zone of
0.1 m in length. The fast heating rate implies gaseous species generation leading to powder formation
by a chemical vapor condensation route. The particles were finally trapped into two collectors placed
before the vacuum pump and containing filter-barriers made of microporous alumina (pore size of
1 um). Yield was estimated to be 0.22 g-min . After synthesis, the particles are stored inside an
argon-filled glove-box. In a typical experiment, 27 mL (21.9 g) of borazine is used to produce 6.5 g
of Bi.oNoo-NPs. However, the exact yield is difficult to estimate, because of the design of the
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spray-pyrolysis system. A non-negligible/considerable quantity of powders, deposited in the furnace
tube, cannot be recovered. To study the evolution of their crystallization degree, 2 g of the Bi.o0No9-NPs
are placed into boron nitride boats and then introduced in a graphite furnace (Gero 5 Model HTK 8).
The furnace chamber is subsequently suctioned with a pump charged with nitrogen before heating. A
cycle of ramping at 10 °C-min' is used to heat the sample to the desired temperature (in the range
1400-2000 °C) with a holding time of 1 h, before cooling down to RT at 10 °C-min"'. Chemical analysis
found (Wt%): B, 50.0; N, 49.4; O, 0.6. The milling process of B1.0No.o-NP2000 is performed under
inert condition (argon) with a planetary ball-miller (Retsch PM100; Haan, Germany). The described
process has been optimized (in terms of mass, ratio balls/BN, time, rotation) to our conditions.
Typically, degassed B1.0No.9-NP2000 (at 150 °C under dynamic vacuum for 24 h) is introduced into a
stainless steel reactor (25 mL). Balls in stainless steel are added (weight ratio balls: Bi.oNo.o-NP2000
of 20). The milling process is performed at 600 rpm for 1 h. The as-obtained B1.0No.o-NP2000BM is
finally sieved.

The infiltration of ammonia borane is performed as follows: the host material B1.0No.o-NP2000BM
(100 mg) is degassed at 150 °C under dynamic vacuum for 24 h in a Schlenk tube and then cooled to
0 °C. In an argon-filled glove box, a concentrated solution of ammonia borane (100 mg, 97%; Sigma
Aldrich, Saint Quentin, France) is prepared using 0.5 mL of anhydrous THF (Sigma Aldrich, Saint
Quentin, France). The ammonia borane solution is injected into the Schlenk tube containing
B1.0No9-NP2000BM kept under static vacuum and at 0 °C. By capillary action, the ammonia borane
solution fills the channels of the host rapidly, which is evidenced by vigorous effervescence. When
the effervescence stops, the sample is put under ultrasonic treatment for 20 min at 0 °C. Finally, the
as-obtained sample AB@B1.0No9-NP2000BM (weight ratio B1.0No9-NP2000BM:AB of 1) is dried
under dynamic vacuum for 48 h at 0 °C. The composite samples obtained are denoted
AB@B1.0No9-NP2000BM. Samples are transferred in an argon-filled vial and then stored in a fridge
at 3-4 °C.

Characterizations: The B1.0No.o-NPs and annealed samples are first mounted on carbon film-covered
stainless pads for scanning electron microscopy (SEM, Hitachi S4800, Tokyo, Japan) including
Energy Dispersive X-ray Spectroscopy (EDX, EDAX/TSL Genesis 4000, Tokyo, Japan). Due to the
insulating properties of BN, the samples are sputtered with 10 nm of a Pd/Au mixture to prevent charging
during SEM observations. In parallel, the same samples are ultrasonicated in ethanol, and the resulting
solution is afterwards deposited on a collection of hollow carbon-film-covered copper grids for
transmission electron microscopy (TEM, TOPCON 002B working at 200 kV, Tokyo, Japan)
observation. Samples were characterized using a Philips PW 3040/60 X’Pert PRO X-ray diffraction
system (Eindhoven, The Netherland). Powder samples are prepared by placing ~100 mg on the XRD
sample holder (PVC), and the sintered pieces were put down on the XRD sample holder for data
collection. Cu Ka (A = 1.54 A) radiation with a Ni filter was used with a working voltage and a current
of 40 kV and 30 mA, respectively. Scans were continuous from 20 = 10°-90° with a time per step of
0.85 s in increments of 0.017°. Peak positions and relative intensities were characterized by
comparison with JCPDS (Joint Committee on Powder Diffraction Standards) files of the standard
material (JCPDS card No 34-0421). Debye-Scherrer line broadening was used to calculate the average
crystallite sizes from each XRD pattern. The transmission electron microscopy (TEM) studies of
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B1.0Noo-NP2000BM samples were carried out with a JEOL (Tokyo, Japan) GmbH 2010F
transmission electron microscope (Cs = 1 mm) operating at 200 kV. The characterization of the
samples was performed by N2 adsorption/desorption (Sorptomatic 1990 Series, Thermo Fisher
Scientific Inc, Waltham, MA, USA). Thermogravimetric analysis (TGA) measurements (repeated at
least three times to ensure the reproducibility of the results) were performed with a Mettler Toledo
TGA/SDTA 851e (Schwerzenbach, Switzerland) under the following conditions: sample mass
9-10 mg, aluminum crucible of 100 pL with a pinhole, heating rate of 5 °C-min~!, temperature range
25-200 °C and atmosphere of N2 (60 mL-min™"). The purity of Hz was analyzed by mass spectrometry
(Canon Anelva Corporation MQA200TS, Tokyo, Japan) coupled to the TGA apparatus.

4. Conclusions

This article reviews our recent advancements in the synthesis and energy application of
nanostructured boron nitride. Such materials exhibit chemical and physical properties that are
significantly different from those of bulk and microsized materials. In our approach, we discussed our
recent strategy based on borazine, which has been used as a vapor phase pyrolysis precursor for the
synthesis and fabrication of BN nanoparticles. In particular, we demonstrated the possibility of
tailoring the nanostructure of these nanoparticles by a further annealing process at high temperature
(2000 °C), leading to hollow-cored BN-NPs that are strongly facetted, forming polygonal particles
with an interlayer spacing of 3.34 A. The ball-milling of these nanostructures allowed developing the
specific surface area of the material while hollow-cored BN-NPs porous shell structures were obtained.
They show a BET-specific surface area of 200.5 m?-g !, a total pore volume of 0.287 cm*-g ! and
a narrow pore size distribution centered at 3.5 nm. They were used as nano-scaffolds of ammonia
borane in order to improve its dehydrogenation properties to form a nanocomposite able to liberate
pure Hz in the temperature range 40-80 °C in our conditions. The only trace of by-product being
detected at >80 °C is ammonia. Considering the regenerability of ammonia borane [35], our results
suggest that our composite material is a safe and practical hydrogen storage material. This
improvement is exclusively ascribed to the nanoconfinement effect.
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Design of Experiments: Optimizing the
Polycarboxylation/Functionalization of Tungsten
Disulfide Nanotubes

Daniel Raichman, David Strawser and Jean-Paul Lellouche

Abstract: Design of experiments (DOE) methodology was used to identify and optimize factors
that influence the degree of functionalization (polycarboxylation) of WS2 INTs via a modified acidic
Vilsmeier-Haack reagent. The six factors investigated were reaction time, temperature and the
concentrations of 2-bromoacetic acid, WSy INTSs, silver acetate and DMF. The significance of
each factor and the associated interactive effects were evaluated using a two-level factorial statistical
design in conjunction with statistical software (MiniTab” 16) based on quadratic programming.
Although statistical analysis indicated that no factors were statistically significant, time, temperature
and concentration of silver acetate were found to be the most important contributors to obtaining
maximum functionalization/carboxylation. By examining contour plots and interaction plots, it was
determined that optimal functionalization is obtained in a temperature range of 115-120 °C with a
reaction time of 54 h using a mixture of 6 mL DMF, 200 mg INTs, 800 mg 2-bromoacetic
acid and 60 mg silver acetate.

Reprinted from [Inorganics. Cite as: Raichman, D.; Strawser, D.; Lellouche, J.-P. Design of
Experiments: Optimizing the Polycarboxylation/Functionalization of Tungsten Disulfide Nanotubes.
Inorganics 2014, 2, 455-467.

1. Introduction

Design of experiments (DOE) [1,2] is a widely used discipline applied in a variety of areas,
including engineering [3—5], social sciences [6] and natural sciences [7-9]. Design of experiments is
a powerful statistical methodology in its own right, with a number of software applications readily
available to aid researchers in both designing and globally optimizing multi-parametric experiments
to achieve the best results through analysis and interpretation. In this context, combining
software-based applications with a researcher’s experience and scientific intuition is a powerfully
growing trend that typically results in significant savings in time and materials. The design of
experiments methodology includes formal, planned experimentation with the goal of optimizing
a set of reaction parameters that may disclose synergism between reaction parameters. The
optimization typically comprises six main steps: (1) selection of variables and defining their
range of variation; (2) selection of responses; (3) experimental design selection; (4) performing the
designed experiments in random order; (5) determination of coefficients in a mathematical model;
and (6) predicting the response and evaluating the model relevance. In this context, we designed
a series of experiments to optimize globally the reaction conditions for maximizing the yield of
covalently functionalized tungsten disulfide inorganic fullerene-like nanotubes (WS, INTs). This
specific functionalization reaction comprises a polycarboxylation technique [10,11], developed
recently in our laboratories, that uses a modified highly electrophilic Vilsmeier—Haack reagent [12].
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It is well known that classical Vilsmeier—Haack reactions use DMF (secondary N-formyl amine)
and POCI3/SOCI: to effect the formylation of a wide range of electrophilic substrates via intermediate
electrophilic iminium salts of Type A (Scheme la). Such Vilsmeier—Haack reactions have been
studied extensively and found to be quite versatile, leading to a number of oxygen and nitrogen
heterocycles [13—18], as well. For example, a modified Vilsmeier—Haack reagent that uses
ethyl chloroformate in place of POCl; was found useful when reacted with active methylene
compounds [19]. Analogously, we have discovered that by using a mixture containing DMF (a 2nd
N-CHO amine) and O-alkylating 2-bromoacetic acid with catalysis by Ag(I)OAc, WS, nanotubes
may be polycarboxylated readily and quite effectively according to the mechanism described in
Scheme lc. Indeed, DMF removal or replacement with other polar, non-protic materials/solvents
(e.g., 1,4-dioxane, DME, efc.) leads to unsuccessful polycarboxylation. This strict requirement of
DMF (2nd N-CHO amine) as an essential component of the reaction mixture led us to propose
and detail a corresponding Vilsmeier—Haack-like reaction mechanism, displayed in Scheme 1c.

Interestingly, silver acetate (Ag(I)OAc) was also included as an essential reaction factor due to
its well-known ability to chemically trap halogens and, thereby, assist in halogen (Br) abstraction.
Depicted in Scheme 1b is the reaction of Ag(I)OAc with the Br atom of bromoacetic acid, leading
to the formation of the Vilsmeier—Haack complex of Type Bl with subsequent precipitation
of Ag(I)Br.

Because several reaction factors are involved in the polycarboxylation reaction mentioned above,
we selected a DOE methodology as the most economical means of optimizing the reaction factors
to produce the highest yields of polycarboxylation. In this context, the level of polycarboxylation
was determined indirectly by reacting the functionalized INTs with an excess of 1,3-diaminopropane,
resulting in a terminal primary amine that was quantified by the Kaiser test [20]. Due to a one-to-one
reaction between the diamine and carboxylic acid, the amount of terminal amine is equal to the amount
of carboxylic acid.

In addition to the Kaiser test; further confirmation of the successful functionalization of the
WS> INTs was obtained by a combination of FT-IR; TGA and zeta potential analyses (see the
Supplementary Information).

Thus far, we have investigated this unique functionalization method only for the
polycarboxylation of WS, nanotubes. However, we strongly believe it may prove applicable for
similar polycarboxylation of other layered dichalcogenide nanomaterials (MS(Se)2, M = Mo, Sn).
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Scheme 1. (a) Generalized Vilsmeier—-Haack generation of electrophilic iminium
salts; (b) Vilsmeier—Haack generation of DMF-based electrophilic iminium salt
complex with bromophilic Ag(I) assistance in halide abstraction; (¢) sulfur-mediated
nucleophilic addition of the iminium salt complex to the outermost sulfur atoms of
WS, INTs, producing the corresponding polycarboxylated INTSs.
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2. Results and Discussion

Because the level of surface functionalization of the WS, INTs by the Vilsmeier—Haack-like
reaction is of critical importance in determining the coordination capability of the corresponding
optimally surface-engineered WS, INTs, a statistically designed experiment was implemented using
the design of experiment (DOE) methodology. The goal of the design was to disclose an optimal set
of reaction conditions that would result in the maximized level of surface functionalization of the WS,
INTs. This DOE study enables varying more than one factor/reaction condition at a time for process
optimization, even when several influential factors are involved. In addition, this multi-factor
approach not only enables running fewer experiments, but enables the study of the interactions
between the reaction factors and how these interactions influence the final result. These advantages
are unavailable with the more commonly used one factor at a time (OFAT) optimization methods.
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Based on our current process knowledge, four factors (reaction parameters) likely to affect
significantly the functionalization process were identified: DMF, silver acetate (Ag(I)OAc), WS,
INTs and 2-bromoacetic acid (BrCH>COOH). In addition, two other factors, time and temperature,
were included in the design. The experimental design and subsequent analysis of the significance
of each factor and associated interactive effects were performed using a two-level factorial statistical
design in conjunction with statistical software (MiniTab® 16) based on quadratic programming. Pareto
analysis (Figure 1) was used to disclose which reaction parameters are process active. Using the software
default value for o 0f 0.05, all absolute magnitude effect values fall below the software error-calculated
reference line for statistical significance (vertical red line, value 0.3361), indicating that none of
the factors nor interactive effects are statistically significant. However, the software analysis
indicates that time, temperature and the amount of silver acetate are the three most important
contributors to obtaining maximum functionalization, and these warrant attention in the subsequent
analyses. From the prediction model that was obtained, an optimal functionalization yield was obtained
(1.21 mmol COOH groups/g) at an optimal temperature of 120 °C and a reaction time of 54 h.

Figure 1. Pareto chart of the effects of the factors on the amount of functionalization
obtained. Values to the left of the reference line (vertical red line) are not

statistically significant.
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Figure 2 displays the effect of the two factors, temperature and time, on the amount of
functionalization obtained per gram of INTs. Clearly, a higher temperature (120 °C) for a longer
time (54 h) results in the highest level of functionalization.

To assess the effect of each of the other factors together with temperature on the amount
of functionalization obtained when the reaction is conducted for 54 h, a series of contour plots was
made. For several of the factors, two combinations of temperature and factor (WS> INTs,
BrCH2.COOH, DMF or AgOAc) concentration produce the highest amount of carboxylation. When
a higher temperature is used, the factor under evaluation does not affect the yield of carboxylation.
However, in a lower temperature range, the highest amount of carboxylation is achieved only
when the factor concentration is within a specific range.
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Figure 2. Amount (mmol) of carboxylic acid functional groups found per gram of
WS, INTs. Results are grouped by temperature and time. A higher temperature and
a longer time increase the level of functionalization.

80°C 120°C

14

14

mmol/g

Figure 3 displays the effect of the dual factors, temperature (°C) and quantity (mg) of INTs, on

the reaction mixture.

Figure 3. Contour plot of the amount (mmol) of carboxylation per gram of INTs
obtained as the dual factors, temperature and amount of INTs in the reaction mixture,

are varied at a constant reaction time of 54 h.

Contour Plot of mmol/g vs WS2 INTs (mg), Temperature (oC)
600

WS2 INTs (mg)

100
Temperature (oC)

Two areas are revealed in which maximum carboxylation (0.4—0.6 mmol/g) can be obtained at
a 54-h reaction time; by using 200-300 mg of INTs in the mixture with the temperature maintained
in the range of 105-120 °C and using 200-600 mg INTs with a temperature range of 115-120 °C.
Interestingly, a slightly lower amount of carboxylation (0.2-0.4 mmol/g) can be obtained using an
INT level in the range of 200-600 mg with a decrease of temperature in a range of 80—100 °C. This
suggests that it may be possible to customize the yield of carboxylation by tuning the amount of
INTs in the reaction mixture together with the temperature.

Figure 4 displays the effect of the dual factors, temperature (°C) and quantity (mg, mmol)
of 2-bromoacetic acid in the reaction mixture. Two areas are revealed in which maximum carboxylation
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(0.4-0.6 mmol/g) can be obtained at a 54-h reaction time; by using 800—1100 mg (5.76—7.92 mmol)
of 2-bromoacetic acid in the mixture with temperature maintained in a range of 105-120 °C and
using 8002250 mg (5.76—16.2 mmol) of 2-bromoacetic acid with a temperature range of 115-120 °C.
As mentioned above, with the INT concentration, by tuning the amount of 2-bromoacetic acid
(800-2250 mg, 5.76-16.2 mmol) and the temperature (80—100 °C), it may be possible to produce
a controlled level of carboxylation within the range of 0.2—0.4 mmol/g.

Figure 4. Contour plot of the amount (mmol) of carboxylation per gram of INTs
obtained as the dual factors, temperature and amount of 2-bromoacetic acid in the
reaction mixture, are varied at a constant reaction time of 54 h.
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Figure 5 displays the effect of the dual factors, temperature (°C) and quantity (mL) of DMF in
the reaction mixture. Two areas are revealed in which maximum carboxylation (0.4-0.6 mmol/g)
can be obtained at a 54-h reaction time; by using 2-2.5 mL of DMF in the mixture with
temperature maintained in a range of 110-120 °C, and using 2—6 mL DMF with a temperature
range of 115-120 °C. As mentioned above, for both INT and the 2-bromoacetic acid concentration,
by tuning the amount of DMF (2—-6 mL) and temperature (80—100 °C), it may be possible to produce
a controlled level of carboxylation within the range of 0.2—0.4 mmol/g.

Figure 6 displays the effect of the dual factors, temperature (°C) and quantity (mg) of AgOAc in
the reaction mixture. Three zones of carboxylation yield are clearly identified, indicating that
several sets of AgOAc concentration and temperature can be used to achieve the selected level of
carboxylation. For example, maximum carboxylation (0.6-0.8 mmol/g) can be obtained at a 54-h
reaction time by using AgOAc in a range of 55-60 mg (0.33-0.36 mmol) in the mixture with
temperature maintained in a range of 115120 °C. The following combinations of AgOAc/temperature
produce a lower carboxylation level of 0.4-0.6 mmol/g: 60 mg (0.36 mmol)/100-110 °C;
50-60 mg (0.30-0.36 mmol)/105-110 °C; 40-50 mg (0.24—0.30 mmol)/115-120 °C. In addition, a
carboxylation level of 0.2-0.4 can be achieved over the entire temperature range of 80-120 °C if
the AgOAc level is maintained within 20-35 mg (0.12-0.21 mmol). Similarly, this lower
carboxylation level is achievable over the entire range of 20-60 mg (0.12-0.36 mmol) AgOAc
by maintaining a lower temperature range of 80—100 °C.
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Figure 5. Contour plot of the amount (mmol) of carboxylation per gram of INTs
obtained as the dual factors, temperature and amount of DMF in the reaction mixture,

are varied at a constant reaction time of 54 h.
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Figure 6. Contour plot of the amount (mmol) of carboxylation per gram of INTs
obtained as the dual factors, temperature and amount of AgOAc in the reaction mixture,

are varied at a constant reaction time of 54 h.
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Figure 7 displays the effect on carboxylation yield with the dual factors, temperature (°C) and
time (h). For this factor combination, four zones of carboxylation yield are identified. As noted with
the factors temperature and AgOAc, several sets of the two factors can be used to achieve a
selected level of carboxylation. As examples for achieving the highest carboxylation level
(0.6-0.8 mmol/g), a time range of 45-60 h at a temperature of 120 °C or a temperature in a range
of 110-120 °C for 54 h can be used. Similar analyses can be done to find ranges of temperature

and time to produce the lower carboxylation levels displayed in Figure 7.



Figure 7. Contour plot of the amount (mmol) of carboxylation per

obtained as the dual factors, temperature (°C) and time (h), are varied.
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Analysis of the contour plots for a 54-h reaction time (Figures 3—7) indicates that only the
temperature range of 115-120 °C is common to all of the factors to produce the maximum
degree of carboxylation. Using this temperature range, the levels of each factor to achieve
maximum carboxylation are as follows. INTs 200600 mg; 2-bromoacetic acid 800-2250 mg
(5.76-16.2 mmol); DMF 2—-6 mL and AgOAc 55-60 mg (0.33—0.36 mmol).

Figure 8. Interaction plot of the effects of the factors on the degree of carboxylation

at a reaction time of 54 h.
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The influence of the factors on the degree of carboxylation was examined by interaction
plots. Separate interaction plots were made for reaction times of 18 h and 54 h. Figure 8 displays
the interaction plot for a 54-h reaction time. The temperature column indicates that a reaction
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temperature of 80 °C results in not only a much lower amount of carboxylation than a reaction
temperature of 120 °C, but, at the levels tested, changing the concentrations of the four factors, DMF,
INT, 2-bromoacetic acid and AgOAc, has little effect on the degree of carboxylation. In contrast,
at 120 °C, higher concentrations of DMF (6 mL) and AgOAc (60 mg, 0.36 mmol) with lower
concentrations of INTs (200 mg) and 2-bromoacetic acid (800 mg, 5.76 mmol) produce higher degrees
of carboxylation. Note that this analysis is in agreement with the findings of the contour plots
(Figures 3-7).

The AgOAc column shows similar effects, with the lower concentration of AgOAc producing
a lower amount of carboxylation than a higher concentration, and changing the concentration of
the other factors has little effect on the degree of carboxylation. When a higher concentration of
AgOAcis used, the degree of carboxylation is increased with a higher DMF concentration, but
with lower concentrations of INTs and 2-bromoacetic acid. The 2-bromoacetic acid column indicates
that a higher degree of carboxylation is obtained using a lower concentration of acid along with
a lower concentration of INTs and a higher concentration of DMF. Similarly, the WS; INT column
indicates that using a lower concentration of INTs and a higher concentration of DMF produces a
higher degree of carboxylation.

Figure 9 displays the interaction plot for an 18-h reaction time.

Figure 9. Interaction plot of the effects of the factors on the degree of carboxylation
at a reaction time of 18 h.

Interaction Plot for mmol/g
Data Means
ZQID 6!}0 890 2490 EID EID Blﬂ lZIO
04
DMF
03 | —g—
DMF :—-_. .—,: [ = ] 2
- - ~ - o2 |8 6
= - =
0.4
ws2
/ / /‘ 03 INT
WS2 INTs A . % L2 |[—@— 200
'l o —— 600
o ) BrCH2COOH
// // F03 | —e— 800
BrCH2CO0H — = b & 2400
04
r AgOAC
4 o |—e— 20
S //' oz | —8— 60
Temp

The temperature column indicates that a reaction time of 18 h with optimized factors of 120 °C,
2 mL DMF, 60 mg (0.36 mmol) AgOAc, 200-600 mg INTs, and 8002400 mg (5.76—17.3 mmol)
2-bromoacetic acid gives a maximum amount of carboxylation that is less than half the amount that
is obtained with optimized factors when the reaction time is 54 h.
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3.1. Materials

185

Tungsten disulfide nanotubes (WS;-INTs) were provided by NanoMaterials Ltd. (Yavne, Israel).
All reagents and solvents were purchased from commercial sources and used without further purification.

3.2. Methods

Carboxylated WS; INTs

The carboxylated INTs were prepared using the conditions in Table 1. Details for Sample 1

are presented as a representative example.

Table 1. Sample parameters for the carboxylation reaction.

Sample DMF WS; INTs 2-Bromoaceticacid AgOAc Temp Time Carboxylation
mL mg mg mg °C h mmol/g
1 2 200 800 20 80 18 0.150
2 6 200 800 20 120 18 0.241
3 2 600 800 20 120 54 0.430
4 6 600 800 20 80 54 0.318
5 2 200 2400 20 120 54 0.519
6 6 200 2400 20 80 54 0.278
7 2 600 2400 20 80 18 0.151
8 6 600 2400 20 120 18 0.241
9 2 200 800 60 80 54 0.444
10 6 200 800 60 120 54 1.212
11 2 600 800 60 120 18 0.359
12 6 600 800 60 80 18 0.100
13 2 200 2400 60 120 18 0.406
14 6 200 2400 60 80 18 0.240
15 2 600 2400 60 80 54 0.349
16 6 600 2400 60 120 54 0.681
17 4 400 1600 40 100 36 0.346

To a solution of 2-bromoacetic acid (0.80 g, 5.76 mmol) in DMF (2 mL) was added AgOAc
(20 mg, 0.12 mmol) and WS> INTs (200 mg). The mixture was heated in an oil bath to 80 °C
and stirred for 18 h. After cooling to room temperature, the mixture was centrifuged and the

supernatant discarded. The solids were washed with ethanol followed by centrifugation (11,000 rpm

5 min) 5 times and dried under vacuum to obtain carboxylated WS INTs containing 0.150 mmol

carboxylic acid per gram of INT.

Quantification of the carboxylic acid was done indirectly by coupling 1,3-diaminopropane

to the carboxylic acid using EDC as a coupling agent, followed by the Kaiser test for terminal

amines [10,13].
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4. Conclusions

By using the design of experiments (DOE) methodology, six reaction factors were identified
and optimized to maximize the degree of functionalization of inorganic WS, INTs with a carboxylic
acid shell via a modified highly electrophilic Vilsmeier—Haack reaction. Initial studies produced
functionalized INTs with 0.5 mmol COOH groups per gram of INT as quantified by the Kaiser
test. Moreover, a statistically relevant DOE global optimization resulted in functionalization increasing
by a factor of 2.4 to 1.2 mmol of accessible COOH groups per gram of chemically-modified INTs. Time,
temperature and amount of silver acetate (Ag(I)OAc) were found to be the most important factors
that affect the functionalization yield.

In addition, contour plots of interacting reaction parameters suggest that it may be possible
to control the amount of polyCOOH functionalization by tuning the amounts of INTs, 2-bromoacetic
acid, DMF and Ag(I)OAc in the reaction mixture in conjunction with reaction temperature.
This attractive capability may prove valuable for optimizing the use of functionalized WS, INTs in
important applications, such as functional nanoscale fillers for the mechanical reinforcement of
polymeric matrices with optimal interfacial phase interactions.

Supplementary Information
1. FT-IR

FT-IR spectra were recorded on an FT-IR Tensor 27 spectrometer (Bruker) using ATR.

Figure S1 displays the FT-IR spectrum of carboxylated WSz INTs with peaks of interest marked.
The peaks can be assigned as follows (wavenumbers v in cm!). 3367, O-H stretch; 2881, C-H stretch;
1747, C=0 stretch of carboxylic acid; 1467, C-H bend; 1360, C-H rock; 1039, C=S stretch (indicative
of covalent attachment to sulfur of the INTs); 946, O-H of carboxylic acid.

Figure S1. FT-IR spectrum of carboxylated WSz INTs.
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2. Thermogravimetric Analysis

Thermogravimetric analysis was performed on a TA Q600-0348, model SDT Q600
(Thermofinnigan) using a temperature profile of 25-800 °C at 10 °C/min under N2 flow (10 mL/min)
with sample masses ranging from 5-12 mg.

The TGA analysis of the inorganic nanotubes before and after carboxylation is displayed in Figure
S2. Weight losses were 1.39% and 17.12% for the untreated and carboxylated WSz INTs respectively,
indicating that organic material is attached to the surface of the treated nanotubes.

Figure S2. TGA plots of WSz INTs.
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3. Zeta Potential

Nanoparticle surface charge (§ potential) was determined using a Zetasizer Nano-ZS (Malvern
Instruments Ltd. Worcestershire, UK) in water at 25 °C and 150 V. Dispersions were prepared with
an ElmaSonic S30 sonicator (Elma GmbH & Co., Singen, DE).5 mg of WSz INTs or carboxylated
WS2 INTs were dispersed in 15 ml ultra-pure H2O (resitivity >18 Mohmecm) by sonication for one
minute. The Zeta potential was measured immediately after sonication. The analysis showed -27.8
mV and -17.3 mV for the carboxylated and untreated WSz INTs, respectively.
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Noble-Metal Chalcogenide Nanotubes

Nourdine Zibouche, Agnieszka Kuc, Pere Miré and Thomas Heine

Abstract: We explore the stability and the electronic properties of hypothetical noble-metal
chalcogenide nanotubes PtS,, PtSe;, PdS, and PdSe, by means of density functional theory
calculations. Our findings show that the strain energy decreases inverse quadratically with the
tube diameter, as is typical for other nanotubes. Moreover, the strain energy is independent of
the tube chirality and converges towards the same value for large diameters. The band-structure
calculations show that all noble-metal chalcogenide nanotubes are indirect band gap semiconductors.
The corresponding band gaps increase with the nanotube diameter rapidly approaching the respective
pristine 2D monolayer limit.

Reprinted from Inorganics. Cite as: Zibouche, N.; Kuc, A.; Mir6, P.; Heine, T. Noble-Metal
Chalcogenide Nanotubes. Inorganics 2014, 2, 556-564.

1. Introduction

Inorganic nanotubes (INTs) are a class of materials that are very attractive for many applications
in nanotechnology due to their interesting physical and chemical properties, which arise from their
low dimensionality. In 1930, Pauling had already stated that mismatched layered materials may
form cylindrical shapes [1]. However, the first carbon-based tubular forms, namely carbon nanotubes
(CNTs) have been observed by Iijima in 1991 [2]. At the same time, the synthesis of WSy NTs by
Tenne and co-workers [3], has demonstrated that these tubular systems are not limited to carbon, but
can also be obtained from any other layered compound. Later on, several INTs have been prepared
and produced such as transition-metal sulfides [3,4]. boron-nitrides [5,6], metal oxides [7,8], rare
earth oxide [9] and more recently misfit layered compounds [10].

WS, and MoS, NTs, being the first synthesised INTs, are semiconductors. They have
demonstrated excellent mechanical properties [11-16] and are known to be good solid lubricants [17].
They have also been suggested as scanning probe tips [18], catalysts [19], reinforcements for
composite materials [20], photo-transistors [21], gas storage and host materials [22,23], efc. Later,
other transition-metal chalcogenide (TMC) NTs have been reported such as TiSo, NbSs, ReS,, TiSe,
and TaS, [24-28]. Subsequently, many more TMC NTs can be expected due to the large manifold
of the layered TMC materials [29,30]. Nowadays, different techniques and strategies have been
employed and developed for the synthesis and growth of large amount of NTs such as chemical
transport technique [31], thermochemical decomposition [32] and in situ heating [33]. For example,
WS, and MoS, NTs were produced using gas-solids reactions at high temperatures by the reduction
of WO3 (MoQOs) in the atmosphere of a mixture of Hy, Ny and HsS gases [3,4,34].

In this work, we aim to extend the scope of inorganic nanotubular materials by investigating
noble-metal chalcogenide M X, single wall nanotubes, where M = Pt, Pd and X = S, Se. Tubular
forms based on these materials have not yet been experimentally observed, however, considering that
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PtS,, PtSe,, PdS,, PdSe, belong to the family of layered TMCs, one can expect that such compounds
may also form nanotubes. Structure and electronic structure of these noble metal chalcogenides have
been subject to controversial debate in the 1950s and 1960s. Two possible phases of the Pd- and
Pt-based TMCs were suggested, namely orthorhombic (pyrite) and 17. [35-38]. We have calculated
the relative stability of bulk and monolayered forms of these TMCs. While the orthorhombic phase
is preferable for the bulk PdS, material (energy difference of 56 meV - all energies are given per
M X, formula unit), the monolayers (MLs) favor the 17" arrangement (energy difference of 68
meV). For the heavier PdSe;, we have found similar trends for the MLs, where the 17" form is
by 0.6 eV more stable than the orthorhombic one. Bulk PdSe, is unstable in the orthorhombic form,
forbidding comparison with the 17" structure. Therefore, the choice of the 17" polytype to simulate
the single-wall NTs is justified. In view of the renaissance of layered materials and the advance of
experimental technology it is important to reexamine these phases and attempt exfoliation.

A recent study of bi- and monolayered noble-metal materials have shown interesting
quantum confinement effects and electromechanical properties, suggesting them for applications in
optoelectronics and flexible devices [39]. Therefore we have investigated, using density functional
theory (DFT), the stability of the M Xy NTs and their structural and electronic properties. The
strain energy is found to be chirality independent and exhibits the characteristic dependence on the
tube diameter d (~1/d?). The band structure analysis shows that noble-metal chalcogenide NTs are
all semiconducting in a similar way to their ML counterparts. Unlike MoS, and WSy NTs, where
the band gap is direct and indirect for zigzag and armchair, respectively, PtX, and PdX, NTs have
indirect band gaps which increase with the diameter.

2. Computational Details

All calculations were carried out using density functional theory with the PBE
(Perdew-Burke-Ernzerhof) exchange-correlation functional [40] as implemented in the Crystal09
code [41]. We have used an all electron triple-zeta valence basis set with one polarization function
for sulphur atoms [42], a scalar-relativistic pseudopotential with 18 valence electrons for platinum
atoms [43], Hay and Wadt effective core potentials with small core for palladium atoms [41], and
the relativistic multi-electron pseudopotential with six valence electrons for selenium atoms [44].
We have employed helical boundary conditions, as implemented in the Crystal09 code [41], for
the generation of the NT structures in order to reduce computational costs. Lattice vectors and
atomic positions of M X5, MLs and NTs were fully optimized. The tube diameters considered here
are in the range of 10-50 A, corresponding to chiral indices (10,0)—(32,0) and (6,6)—(24,24) for
zigzag and armchair NTs, respectively. The shrinking factors of 16 for MLs and 8 for NTs were
used, resulting in 30 and 5 k-points in the irreducible Brillouin zone, respectively, following the
Monkhorst-Pack sampling [45]. Band structures were calculated along the high symmetry k-points
using the M—-I'-K-M and X-I" paths for MLs and NTs, respectively.
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3. Results and Discussion

The monolayered noble-metal chalcogenides, considered here as large diameter NT limits, were
adopted in the 17" polymorph, with space group (P-3m1). Figure 1 shows the 17" geometry for a
monolayered structures in the left side, the top and the side views of zigzag and armchair NTs are
represented in the middle and the right parts, respectively. The optimized lattice parameters and
bond lengths with respect to the tube diameter are shown in Figure 2. Increasing the tube diameter
d, the lattice vectors of the tubes decrease for both zigzag and armchair chiralities. For (n,n) NTs,
the lattice vectors correspond to those of the MLs; however, due to the curvature they enlarge as the
diameters become smaller. Similar behaviour is observed for the bond lengths between metal and
chalcogen atoms (M/—X), nevertheless, the convergence to the ML limit is much slower. Generally,
the bond lengths and lattice vectors of selenide NTs are larger than those of sulphide NTs, and the
same holds for the comparison of the platinum over the palladium forms.

The M-X bond lengths can be divided into two types, the inner and the outer wall bond lengths,
which are referred hereafter as M—-X; and M-X,, respectively. The M-X, (M-X;) are longer
(shorter) than the corresponding bond lengths found in the ML structures, and the deviations are
more pronounced for armchair NTs than for zigzag NTs, particularly for small d. For diameters
below 15 A, the difference between outer and inner bond reaches 0.40 A and 0.25 A for armchair and
zigzag NTs, respectively. These numbers strongly reduce to about 0.10 A difference for diameters
of at least 40 A. Recently, we have reported that the bond lengths of MoS, and WS, NTs exhibit
opposite behaviour, where the zigzag NTs have longer (shorter) M-X, (M-X;) bond lengths than
the armchair NTs [46].

Figure 1. 17 2D (monolayer) and 1D (tubular) forms of noble metal chalcogenides. The
unit cell of 2D systems is shown.
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Figure 2. Lattice parameters and bond lengths vs. diameter of M Xy NTs.
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The stability of NTs can be expressed by the strain energy, Fs;qin, Which is the difference of total
energy per atom of the tube and the respective ML. Generally, the strain energy of NTs is correlated
to the tube diameter through the archetypal relation Fgpqin ~ 1/ d?. The calculated Egypqin of M X4
NTs with respect to their diameters (see Figure 3) follow the same dependence, where the strain
energies decrease quadratically with the diameter and converge to the same value for all systems.
The curves Esgyqin(d) were fitted to the equation Espaim = C/ d? with correlation coefficients greater
than 0.999 and the values of coefficients C' are given in the Table 1 for each system. We note that
strain energies of the PdXs NTs are smaller than for PtXs NTs for small diameters, this means that
Pd Xy NTs are more stiff than Pt.X, NTs in that range. Furthermore, the strain energy of noble-metal
chalcogenide tubes is the same for both zigzag and armchair chiralities, whereas for MoS, and WS,
counterparts, armchair NTs are more stable than zigzag NTs, especially for large diameters [46]. In
addition, the coefficients C' and the strain energy values of the noble-metal chalcogenide NTs are
smaller than those of MoS, and WS, NTs. This means that noble-metal chalcogenide NTs are more
favorable and easier to form than MoS, and WS, NTs.

Figure 3. Strain energy vs. diameter of M X, nanotubes.
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Table 1. Coefficients C' (in eV A?) of the fitted curves Egyyqi = C'/d?.

System Zigzag (n,0) Armchair (n,n)

PtSo 36.60 35.71
PtSes 42.47 41.22
PdS, 29.71 28.46
PdSes 32.50 31.38
MoS, [46] 57.50 50.90
WS, [46] 58.14 59.68

We have also investigated the electronic structure of these noble-metal chalcogenide systems.
The M X, MLs are found to be semiconducting with indirect band gaps of 1.26 eV, 1.75 eV,
0.74 eV and 1.38 eV for PdS,, PtS,, PdSe,, PtSe,, respectively. This is in agreement with the
results of Miré et al. [39] for these MX, MLs, where the obtained band gaps are 1.11 eV, 1.75 eV,
0.39 eV and 1.05 eV for PdS,, PtS,, PdSe, and PtSe,, respectively, using similar level of theory.

The band gaps A versus the tube diameter of all M/ X, NTs are plotted in Figure 4. Similar to
MoS; and WS, NTs, these band gaps of M X5 NTs increase with the diameter and approach the
band gaps of their respective MLs. For small d, the band gaps of armchair NTs become larger than
zigazag NTs for all systems. Substituting Pd with Pt causes an increase in A, while replacing S by Se
decreases it. The band structures of noble-metal M X, MLs and NTs are depicted in Figure 5. Unlike
MoS; and WS, MLs, where the band gaps are direct with values of 1.9 and 2.1 eV, respectively [47],
the noble-metal MLs are all indirect bandgap semiconductors. This difference could be understood
in the electronic configuration of the metal elements, as well as, in the 2H and 17" symmetries
of MoS,/WS, and the noble-metal chalcogenides, respectively. The M X, chalcogenide NTs also
exhibit indirect band gaps, for both zigazags and armchairs and for all systems, whereas MoS, and
WS, NTs show direct and indirect band gaps for zigzag and armchair forms, respectively [46].

Figure 4. Band gap vs. diameter of M X nanotubes.
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Figure 5. Band structures of monolayers, (32,0), (18,18) nanotubes of M X,
systems, respectively.
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4. Conclusions

In analogy to the existing transition metal chalcogenide nanotubes, we have investigated
hypothetical noble-metal chalcogenide nanotubes (PdSs, PdSes, PtS, and PtSe, NTs) through density
functional theory calculations. We have shown that formation of these nanotubes is possible, since
they have smaller strain energies than MoS, or WS, nanotubes. Furthermore, we have found that the
strain energy of the studied nanotubes is chirality independent and decreases inverse quadratically
with the tube diameter. Moreover, PdX, nanotubes are more stable than PtX, for nanotubes
with small diameters. We have also examined the electronic structure of noble-metal chalcogenide
monolayers and nanotubes, which are found to be all indirect band gap semiconductors in the ranges
of 0.6-1.1 eV (0.9-1.7 eV) and 0.3-0.8 eV (0.6-1.3 eV) for PdS, (PtS,) and PdSe, (PtSe;) NTs,
respectively. These NTs band gaps increase with the diameter rapidly approaching that of the
respective pristine 2D monolayer.
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