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ABSTRACT: Multi-walled WS, nanotubes (NTs) with lengths ranging from 2 to 65 Sample WAXS SAXS
pum and widths from 50 to 110 nm were synthesized in a horizontal quartz-made B
reactor by a process yielding NTs with aspect ratios (ARs) between ~40 and >1000.
The NTs obtained were thermally stable in air up to 400 °C but were oxidized within
the temperature range 400—550 °C to produce yellow WO; particles. Critically, 400
°C is well above the temperature used to mix additives with the majority of melt- | ;3.0 wsypia
processable polymers. The hydrophilic WS, NTs were easily dispersed in poly(lactic)
acid (PLA) using a twin-screw extruder, but the shear stresses applied during melt | osws% wsyrLa
mixing resulted in chopping of the NT's such that the AR decreased by >95% and the
tensile mechanical properties of the PLA were unchanged. Although the as-extruded | 1ow% wsyPLa
unfilled PLA was >99% amorphous, the much-shortened WS, NTs had a significant
effect on the crystallization behavior of PLA, inducing heterogeneous nucleation,
increasing the crystallization temperature (T.) by ~3 °C and the crystalline content
by 15%, and significantly increasing the rate of PLA crystallization, producing smaller
and more densely packed spherulites. The reduction in the AR and the nucleating effect of WS, NTs for PLA are critical
considerations in the preparation, by melt mixing, of composites of rigid 1D NTs and polymers, irrespective of the target application,
including bone tissue engineering and bioresorbable vascular scaffolds.
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1. INTRODUCTION already been exploited in the medical industry as a scaffold

; N L2427 .
Tungsten disulphide (WS,) nanotubes (NTs) were first material and in blodegradable packaging. ' The family of
reported by Tenne et al"? in 1992, and their synthesis was PLA polymers, depending .on the D and L 15(?mer content, can
further developed by NanoMaterials Ltd. through large-scale have aA range of crysFalhne coptents, which cor;zequeAntly
production by fluidized bed reactor technology. The NTs determines the mechanical behavior of the polymer.” Various
synthesized then had structures that were highly crystalline and OP/ le/ Znganom.at;r 1alst }llave lbe:ie.n us;dw:ﬂ'ectl(\;esly tz
multi-walled, with lengths up to 20 ym and widths between 50 I'EII(I) orce TLA, typically at low loadings between 0.5 an
and 150 nm, typically providing aspect ratios (ARs) of 100 or 8&) /)tby V:ﬁlght’ Iand severt;q azrgeilglown to induce a nucleating
larger.” Their synthesis has been largely improved recently via cliect on the poymer matix. . . .

a new horizontal reactor using a perforated quartz reaction However, the vast majority of existing studies on composites

chamber.* NTs with high crystalline order and ARs as large as of polymers and WSZ NTS. to. dat? havt.e been on comp o§1tes
500 and above have been produced. These NTs possess prepared by solution or variations in assisted (e.g., sonication)

. ) . _ - A ) solution mixing and very few on composites prepared by melt
interesting mechanical,”~” thermal,®*”'" optical, and electri- & Y P prep Y

.. 19 . .

cal'""? properties that can benefit a wide range of applications. IS, the latter Rmﬁss b;mg dl.‘fss eln \glronlfln entally

Additionally, WS, NTs have also been shown to be non-toxic contentious, more sustainable, and reacily scaable. Hlowever,

and biocompatible. *° Recent developments have also .effectlve dlSpEI’SlO{l and dlstr.l‘t')utlon of most 1D/2D materials

shown the potential of WS, NTs for application in energy in polymer melts is a non-trivial technical challenge. Not only

storage,'® the medical industry'*'>'”'® such as a radio-opaque

additive for bioresorbable vascular scaffolds,'* and as a Received:  February 1, 2022

functional filler for polymer composites.'”~** Accepted:  April 20, 2022
Poly(lactic) acid (PLA) is a semicrystalline biopolymer

synthesized chemically from bio-derived monomers.” It

continues to attract intense research interest due to its

versatile properties as a biocompatible polymer that has
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must the thermodynamics of mixing between the 1D/2D
material and the polymer of interest be favorable, the shear and
extensional forces employed during mixing must be effective in
dispersing and distributing, in this instance, WS, NTs in the
PLA matrix. At the same time, the AR of 1D nanocrystals must
be conserved. However, the effect of the forces applied during
melt mixing on the AR of the NTs is poorly understood and
rarely studied, while it is a relevant factor in reinforcement of
the polymer on addition of the 1D filler. Previous related
studies paid little attention to the surface chemistry of the WS,
NTs and to the effect of NT impurities, if present, on the
degradation of PLA during melt mixing,

To address this gap in the literature, in this paper, we
provide a detailed characterization of the thermal, chemical,
and structural properties of the WS, NTs used in this study. In
particular, we provide a comprehensive analysis from
thermogravimetry—mass spectrometry (TGA—MS) studies of
a color change of the WS, NTs from dark gray/black to
yellow/pale green with increasing temperature, a behavior
reported once before but not studied in detail.’” The effect of
melt mixing the NTs and PLA in an extruder on the NT AR
and consequently on the mechanical properties and the
crystallization behavior of PLA is reported.

2. EXPERIMENTAL SECTION

2.1. Materials and Preparation of Composites of PLA and
WS, NTs. WS, NTs were synthesized by Zak’s group according to a
published procedure;* see schematic illustration in Figure S1. PLA
(~98% L-isomer, <2% D-isomer, Ingeo 4032D), Nature Works, was
kindly provided by the Kornfield Group, Caltech, USA. Composites
of PLA and WS, NTs were prepared by melt mixing in a twin-screw
extruder with increasing WS, NT loading up to 3% by weight. In the
first instance, PLA, in a pellet form, was cryo-milled to a powder and
dried in a dehumidifying dryer at 80 °C for 4 h. Compositions of PLA
and WS, NTs in a powder form with various NT weight fractions
were weighed and mixed by hand. The compositions were then melt-
compounded in a Prism Eurolab 16 mm twin-screw extruder
(Thermo Fisher Scientific, USA) with 10 heating zones set from
140 °C at the feed end to 200 °C at the die and a screw speed of 70
rpm to produce pellets of each composite formulation. Gel
permeation chromatography (GPC) was used to measure the
molecular weight (M,,) of unfilled PLA and the composites of PLA
and WS, NTs post-extrusion to determine if the polymer degraded
during extrusion, either thermally induced or catalyzed by impurities
in the WS, NTs. The molecular weight (M,,) of the PLA was 1.1 +
0.05 10° g/mol and is discussed further below, (see Figure S2),
confirming no significant degradation of the polymer with respect to
the original as-received PLA pellets.

2.2. Characterization. Scanning electron microscopy (SEM)
micrographs were obtained using Zeiss Sigma with an InLens detector
at 1-2 kV. All samples were taken from cryo-fractured pellets and
sputter-coated using an Au/Pd target prior to imaging. For imaging by
transmission electron microscopy (TEM), specimens of PLA and
composites of PLA and WS, NTs were prepared using a Leica EM
FC7 cryo-microtome to cut 80 nm-thick samples, which were
transferred on TEM copper grids coated with holey carbon films. The
as-received WS, NTs were dispersed in ethanol and sonicated for 15
min and then transferred on the same type of TEM holey copper
grids. TEM imaging was carried out using a FEI (Thermo Fisher
Scientific) Talos F200X system having a X-field emission gun high-
brightness electron source and fitted with a Super-X EDS (energy
dispersive X-ray spectrometer) system. The EDS system had
integrated four silicon drift detectors with a solid angle of 0.9 srad
for rapid chemical composition mapping. The microscope was
operated at 200 kV throughout the analysis, and the data were
acquired using either FEI TIA or Velox software, where appropriate.

In the scanning TEM (STEM) mode, the high-angle annular dark-
field image and bright-field (BF) image were taken simultaneously.

TGA—-MS of the WS, NTs was performed both in air and in N,
using a Mettler Toledo TGA/DSC1 and a Hiden HPR20 mass
spectrometer with a HAL IV interface. The WS, NT sample data were
obtained for a temperature range of 20—1000 °C at a heating rate of
10 K/min with a purge gas flow rate of 25 mL/min. The electrons
were multiplied in a detector via a secondary electron multiplier,
which significantly increased the probability of detection of a single
ion. The mass scan range was 1-250 Da.

The Raman spectra of the WS, NTs were obtained using a
Renishaw inVia spectrometer with a 633 nm laser. The equipment
was calibrated with monocrystalline silicone samples with a
characteristic peak at 520 cm™'. The experiment was performed
under ambient conditions using 5% of maximum power to optimize
results and avoid thermal or photochemical degradation of the
sample.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out using a Kratos Axis Ultra DLD spectrometer (Kratos
Analytical, Manchester, UK). Samples were mounted on electrically
conductive carbon tape upon a sample bar and loaded into the
spectrometer. Once a pressure lower than 1 X 107 mbar had been
reached, the samples were transferred to the main analysis chamber.
The samples were illuminated with a monochromated Al Ka X-ray
source (hv = 1486.7 eV) and flooded with low-energy electrons from
a charge neutralizer in order to prevent the surface from becoming
positively charged during the experiment. Data were collected at a
take-off angle of 90° in a hemispherical analyzer using a pass energy of
160 eV for survey spectra and 20 eV for high-resolution core level
spectra (resolution approx. 0.4 eV). Data were analyzed using the
CasaXPS software package, using mixed Gaussian—Lorentzian
(Voigt) line shapes and Shirley backgrounds. The spectrometer was
calibrated using the Ag 3ds;, peak and Fermi edge of clean
polycrystalline Ag prior to the start of the experiments, with the
transmission function being determined using various clean metallic
foils. The binding energy scale was calibrated during the analysis,
using the C—C/C—H component in the C 1s region at 285.0 eV as
the reference point.

Differential scanning calorimetry (DSC) was performed using a
DSC1 Star instrument (Mettler Toledo, USA). Samples of unfilled
PLA and extruded composites of PLA and WS, NTs weighing
approximately 8 mg were sealed in standard aluminum pans. Heating
and cooling cycles were carried out under a nitrogen atmosphere at a
flow rate of 50 mL min~". The samples were heated from 20 to 200
°C, held at 200 °C for 5 min, and cooled to 20 °C using a rate of
heating of 10 °C min™" and a cooling rate of 5 °C min™".

For polarized optical microscopy, samples of PLA and the
composites of PLA and WS, NTs were cut in 50 ym-thick sections
using a Tissue-Tek Cryo3 cryostat microtome after being embedded
and frozen in optimal cutting temperature (OTC) embedding
material. Samples were placed between microscope slides and
(THMS600, Linkam scientific) heated from 20 to 200 °C at 10 °C
min~’, held at 200 °C for $ min, and then cooled to 20 °C at a rate of
10 °C min~" with images being taken every minute, corresponding to
10 °C intervals. Polarized light micrographs (4X magnification) of the
PLA and composites were obtained through crossed linear polarizers
on a Zeiss Universal microscope equipped with a Canon EOS DS30
camera for image acquisition. Images were taken at equal intervals of
sample heating and cooling.

X-ray diffraction (XRD) measurements were performed at room
temperature using a third generation Malvern Panalytical Empyrean
system equipped with multicore (iCore/dCore) optics and a Pixcel3D
detector operating in the 1D scanning mode. A Cu tube was used
giving Cu K,,, radiation (1.5419 A). All scans were acquired in the
range 5—70° 20 with a step size of 0.131°. Simultaneous wide- and
small-angle X-ray scattering (SAXS and WAXS) was measured at APS
beamline 5-ID-D at the Argonne National Laboratories. The extruded
pellets of PLA and composites of PLA and WS, NTs with loadings of
0.1, 0.3, 0.5, 1.0, and 3.0 wt % WS, NTs were positioned with their
long axis (extrusion direction) perpendicular to the incident X-ray
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beam for acquisition in the transmission mode. Diffraction patterns
were acquired every 1s at an exposure of 0.1 s for SAXS and 10 s for
WAXS, using X-rays with a wavelength of 0.7293 A, at three different
axial positions and averaged afterward. WAXS and SAXS images were
acquired on Rayonix CCD detectors with a sample to detector
distance of 200.51 and 8.503 mm, respectively. The wavevector, g,
had been calibrated using a spinning silicon diffraction grid. The air
scattering signal was subtracted from each scan to isolate scattering of
the samples with respect to the background.

3. RESULTS AND DISCUSSION

The high shear stresses applied during melt mixing may result
in fracture of the rigid WS, NTs; therefore, it is critical to
characterize extensively the NT's prior to and post-melt mixing
with PLA. Moreover, it is also critical to characterize the
surface chemistry of the WS, NTs and the interfacial
interactions between NTs and the NTs and PLA. Figure la

Figure 1. Electron microscopy images of WS, NTs. (a,b) SEM images
under different magnifications and (c,d) TEM images of two
individual NTs, the former showing a closed end.

shows a bundle of WS, NTs, and Figure 1b reproduces a detail
of Figure 1 under higher magnification where the NT's typically
have a diameter of about 50 nm and lengths in the low tens of
microns, resulting in ARs up to 1000. The NTs have
predominantly a close-ended structure, a consequence of the
synthesis method employed. It should be noted that ultra-
sonication is widely used to disperse WS, NTs in solution;
however, it has been shown to induce breakage of NTs*
producing open-ended NT structures, which are observed from
microscopy. This also results in much shorter NT lengths and,
in turn, reduces the AR of the NTs. The closed ends of the
WS, NTs used in this study can be clearly seen in the TEM
image in Figure lc.

TEM imaging of the WS, NTs also revealed the multi-walled
structure of these NTs. The TEM images were analyzed using
Image]J software to determine the width and length of NTs and
the number of walls in the multiwall structures and hence the
spacing between the walls; see Figure 1c,d. A large range of
dimensions was found as the widths of NT's varied from 52 to
110 nm and the lengths varied from 2.45 to 65.6 um. This
large distribution in tube dimensions results in a broad range of
NT ARs, as reported previously.” Additionally, the number of
walls varied from 13 to 28 along the length of the NTs imaged,

but at the closed ends (Figure 1c), the number of walls ranged
from 8 to 23. However, it should be noted that while there is
some variation in the dimensions of the NTs, the wall spacing
between neighboring layers of individual NTs is consistent at
approximately 0.65 nm, in agreement with that expected from
calculations reported previously.”® Figure 2 exhibits STEM—
EDS analysis used to identify the chemical composition of the
NTs, where both W and S were detected within the WS, NT
structure, as well as oxygen and carbon from airborne
contaminants. The electron diffraction pattern (Figure 2c)
reveals a multi-helical structure, and the 0002 basal plane and
10—10 and 11-20 prismatic planes are assigned from Miller—
Bravais indices. The chirality within a single NT is due to the
thickness of the walls altering the magnitude of the strain on
the wall curvature and consequently the geometry of the NTs.
Hence, incomplete walls within the multi-layered structure
leads to a change in NT chirality, a phenomenon determined
from the growth process controlling both NT thickness and
the number of NT walls.*” The observation of inconsistencies
in the wall structure is important as it is at these positions
along the NTs that rupture may occur due to the stresses
applied during melt mixing in extruders.

For melt mixing any 0D/1D/2D material with a polymer, it
is critical that the filler material is thermally stable at the
temperature where the melt mixing process is performed, for
example, for PLA, the processing temperature is 200 °C for
engineering polymers much higher. Thermal analysis of the
WS, NTs was performed by TGA in an air atmosphere, Figure
3a), where a total mass loss of ~8% was detected when the
sample was heated to 550 °C, with no further mass loss at
higher temperatures, up to 1000 °C. A small mass loss of 1.7%
was detected below 400 °C, which can be attributed to
evaporation of physisorbed water from the surface, inner core,
or in between the layers of the NTs.*

A further mass loss of 6.1% was measured between 400 and
550 °C. This weight loss progression as the temperature
increased corresponds to the WS, oxidation accompanied by a
color change of the WS, NTs powder from an original black
(20 °C) to dark gray (500 °C) and then to a yellow/pale green
(800 °C) (see Figure 3a-top). This significant mass loss and
color change were not observed in an N, atmosphere (see
Figure S2) as WS, NTs are known to be stable up to more
than 1000 °C in an inert atmosphere.”" TGA—MS analysis of
the products evolved during the thermally induced degradation
(oxidation) of the WS, NTs in the temperature region 400—
550 °C shows an endothermic peak, which can be assigned to
the elimination of sulfur and absorption of oxygen ions and
conversion of WS, to WO;. The difference in molecular
weights of two compounds (248 and 232, accordingly) is in
good agreement with the obtained mass loss [ie., (248 —
232)/248 = 6.45 vs 6.1% from TGA]. Moreover, the
appearance of the yellow color characteristic of WO; confirms
this transformation. It can be seen also from the ion evolution
profiles that the degradation products containing the same ions
(sulfur/oxygen/hydroxyl) follow the same trend, which
indicates that the formation/elimination of the products
takes place in the same degradation step. The major
thermolysis products in Figure 3b were identified as sulfur-
containing fragments (m/z = 64, 48, 66, and 50 Da), where the
base peak at 64 Da is due to the elimination of both S, and
SO, fragments as they contribute to the intensity of the same
peak. Indeed, the possible reaction, oxidation of WS, NTs, can
be described as 2WS, + 70, = 2WO; + 4S0,.
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Figure 2. (a) STEM—EDS chemical analysis of WS, NTs, (b) TEM identification of incomplete NT wall structures, and (c) electron diffraction
pattern of the WS, NTs.
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Figure 3. (a) TGA—MS profile for WS, NTs with corresponding color change through heating and the characteristic ion current curves for WS,
NTs, (b) sulfur-containing major products, (c) oxygen-containing products, and (d) OH-containing products.

Also, the most dominant peaks include *S isotope peaks, as with the highest abundance of 95%), and the fragments with
expected, considering the isotopic abundance of sulfur (**S the **S isotope (abundance of 4%) are less dominant, yet still
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exist. As the TGA—MS experiments were performed in air, the
primary degradation products could further react with oxygen
to form additional bonds. The elimination of sulfur from WS,
NTs in the 400—550 °C temperature range resulted in the
formation of additional sulfur species containing oxygen, which
can be clearly seen from the SO fragment apparent at 48 Da.
Therefore, in this temperature range, the WS, NTs become
completely oxidized and chemical composition changes from
an induced sulfide via an oxide reaction to produce a yellow
WO, (WO, are usually blue or violet) powder. It should be
noted that there are insufficient oxygen contaminants within
the NT structure to induce oxidation of WS, within an inert
environment.

Raman spectroscopy was used to study the structural/
composition changes generated by heating the WS, NTs to
550 °C (Figure 4).

3x10° -
(a) WS, NTs 4.5x1

419 | 40 296
351 Fa.5x010° A
5 2x10° 1 23,0110 2?0
s Sosac] 175, [ 265
2 i
3
3 ! 150 200 250 300 350
© 1x1 05 T Wavenumber (cm™')
0 r T : : ‘
0 200 400 600 800 1000
(b) Wavenumber (cm™")
3.5x10%+ —— WS, NTs Post TGA-MS (i.e. WO,)
3.0x10%
805
_2.5x10%1
3
S 4
P 2.0x10% A
716

c
3 1.5x10%
(&)

272
4 4
1.0x10 132

5.0x10° 325

0.0

0O 200 400 600 800 1000
Wavenumber (cm™)

Figure 4. Raman spectra of (a) WS, NTs prior to thermal treatment
and (b) WS, NTs post-TGA—MS (WOs;) analysis.

The main peaks observed in the spectra for the as-received
WS, NTs show the Eig and A, active breathing and vibrational
modes. The area of the spectrum expanded and is shown in the
inset of Figure 4a, which reveals the acoustic modes E (M) —
LA(M); LAM) (175 em™), A,,(M) — LA(M) (230 cm™),
2LA(M) — 3E3 (M) (265 cm™), and 2LA(M) — 2E3,(M)
(296 cm™') shown to be active in WS, crystal structures.”
However, due to the backscattering configuration along the
surface perpendicular to the c-axis, E,, is forbidden. Also, E%g is
typically blocked by the notch filter, owing to its low frequency
(30 ecm™')."> Consequently, E), and A, are the most
prominent Raman modes found in the Raman spectra of
WS, NTs. All the measurements are in excellent agreement
with the previous literature.'”**~*° Berkdemir et al.*’
suggested that the overlap of the longitudinal acoustic phonon
mode (2LA) is within § cm™ of Eig, leading to a broadened

peak and an increase in intensity of the band at 172 cm™,

which is due to the impact of the number of layers within the
NT walls of non-zone-center LA phonons. Additionally, it
should be noted that there is a slight increase in the base of the
Ay, (419 cm™) peak, which has been described by Staiger et
al.§3 to correlate with the emergence of a peak at 416 cm™!
associated with the B, active mode. The B,, mode has been
found to be silent in other WS, structures and incidentally is a
unique feature of WS, NT structures due to the geometrical
curvature of the WS, layers in NTs. Figure 4b shows the
Raman spectrum for the yellow powder obtained after heating
the sample to 800 °C, where a significantly different Raman
spectrum compared to that of neat NTs was obtained, clearly
identifying notable changes in the chemical composition and
structure. Peaks known to correlate with monoclinic WO,
nanostructures were observed*”*® with peaks at 132, 272, and
325 cm™! assigned to O—W—O deformation vibrations, and
those at 716 and 805 cm™" were attributed to the stretching
vibration of O—W—0O molecules. This is consistent with the
data from the TGA—MS measurements as the WS, NTs
became completely oxidized from the heating process to
produce crystalline WO;.

From XRD analysis of the WS, NTs (Figure Sa), the most
intense peak observed was at 20 = 14.5° corresponding to the
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Figure 5. XRD pattern of (a) WS, NTs and (b) WS, NTs post-
TGA-MS.

(002) crystallographic plane, which is typically a sharp peak
associated with the interlayer spacing of the WS, crystal
structure of the NTs. In the inset, the expanded region of the
(002) peak of WS, is shown. This peak is shifted to a lower
angle compared to the diffraction peak of 2H-WS, flakes (red
dashed line). This shift shows that the interlayer spacing in the
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NTs is larger than that of WS, flakes, which was attributed in
the past to relaxation of the bending strain in the NTs.” Peaks
occurring at higher angles, such as those corresponding to
(006) and (112) planes, are related to the elongated periodic
layered structure of the NT, therefore generating broader and
less intense peaks in the spectra.*””’

Basal planes such as (101) and (103) have higher intensities
and broadened peaks, which identify with the 3D atomic
structure of cylindrical NTs, analogous with their carbon NT
counterparts, due to the similarity in the nanostructure.’!
Figure Sb shows the XRD profile of the WS, NTs post-TGA—
MS analysis, clearly identifying a significant change in
crystallographic plane alignment. Structural planes were
determined using computational analysis, some of which are
identified in Figure Sb, corresponding to monoclinic WO,
nanostructures, with d-spacings of 3.8 A. It is noteworthy to
highlight that in the WO, spectra, the peak marked with (*) in
Figure Sb overlaps with the (004) and (101) planes (26 = 28.8
and 33.6°, respectively) of the WS, NTs.”>® Broadening of
these XRD peaks in the WS, NTs spectrum is attributed to the
submicron sizes of the NTs.

Of critical importance in promoting interfacial interaction
between the NTs and PLA is an understanding of the surface
chemistry of the NTs. To this end, XPS measurements were
also performed to identify the chemical composition of WS,
NTs pre- and post-TGA—MS, outlined in Table 1, with

Table 1. Elemental Ratio of WS, NTs and WS; NTs Post-
TGA-MS (i.e.,, WO;)

sample Na O C S w
WS, 0 7.3 20.0 49.3 23.5
WO, 4.5 51.3 29.3 0 15.0

corresponding deconvoluted spectral analysis of WS, NTs
(Figure 6a—d), and for the WO, yellow product (Figure 6e—
h), the survey spectra are shown in Figure S3. The XPS for
WS, NTs shows phases identified for tungsten, sulfur, and of
airborne impurities such as carbon and oxygen, consistent with
the results of the STEM—EDS analysis (Figure 2). Analysis of
the chemical composition of the WS, NTs from XPS
determined 23.5 at. % tungsten and 49.3 at. % sulfur, providing
a concentration ratio of 1:2.1 for W/S, in good agreement with
the existing literature.”®** XPS analysis of the NT post-TGA—
MS confirms the chemical composition to be WO; with 15.0
at. % tungsten and S51.3 at. % oxygen being detected,
correlating to a 1:3.3 ratio of W/O. Additionally, no sulfur
was detected; indeed, no peaks were identified in the sulfur 2p
region (Figure 6f), consistent with the TGA—MS data in that
there was complete elimination of sulfur ions and oxidation of
tungsten by heating the WS, NTs above 400 °C.

Specifically, Figure 6a,b shows the deconvoluted XPS spectra
for W 4f,,, and W 4f; , peaks at 32.5 and 34.7 eV and S 2p;,
and S 2p,;, peaks at 162.1 and 163.3 eV from WS,, in
agreement with the data reported in the literature.”> From
Figure 6a, small peaks from W 4f, , and W 4f;,, WO; are also
identified, attributed to the relatively high concentration of
oxygen (7.3 at. %) detected in the NT sample. The associated
peaks, clearly seen in Figure 6e, are derived from WO;
obtained by heating the WS, NTs, which undergo complete
oxidation to WOj; nanostructures. The level of oxygen detected
for the WS, NTs (19.9 at. %) is much less than that reported
previously.”* Additionally, significant amount of carbon is

detected for both the WS, NTs (20.0 at. %) and WO, (29.3 at.
%) samples, Figure 6¢,g, possibly associated with defects on the
nanostructure surface or most likely from physisorption of
hydrocarbons from atmospheric contamination as carbon is
known to react and bind to the surface of tungsten atoms and
is typically found loosely attached to the surface.****5*”

SEM imaging of the pale yellow/ green powder exhibits
collapse of 1D morphology of the WS, NTs and recrystalliza-
tion into micron-sized 3D crystals of WO; due to the heating
process. The NT structure (as seen in Figure 1) is no longer
observed. These WOj structures were obtained by oxidation of
the curved and cylindrical WS, NTs, collapse, and sintering of
a few WO; crystals, resulting in diameters ranging from 0.5 to
3 pm (see Figure 7a). The image in Figure 7b shows the
surface of the WO; particles to be cracked, a consequence of
the WO; particles being annealed at the elevated temperatures
used. Under these conditions, the WS, NTs are completely
oxidized to WO; below 550 °C, and no further reaction occurs
above this temperature.

In summary, WS, NTs are thermally stable up to at least 400
°C in air, a temperature well above that used to melt process
most polymers and 0D/1D/2D nanoparticles. XPS, XRD,
TGA—MS, and Raman data confirmed the structure of the
NTs and the presence of oxygen and carbon contaminants
most likely from the environment.

Given the potential medical and other applications where
maintaining the molecular weight of the polymer is critical, for
WS, NT-filled PLA, it is pertinent to assess if the oxygen and
carbon moieties play any part in the thermal degradation of the
polymer during melt mixing. To this end, the PLA and
composites of PLA and WS, NTs, prior to and post-melt
mixing in an extruder, were studied using GPC; see Supporting
Information Figure S4. A reduction in the molecular weight
(M,,) of the PLA and the composites is a measure of polymer
degradation. A reduction in M, could be due to the melt
extrusion process or addition of the WS, NTs or other
impurities to the PLA. The GPC curves shown in Figure S4a
are recorded using the refractive index (RI) and light scattering
(LS) detectors and display the molecular weight curves as a
function of eluting time for the various materials. The RI and
LS measurements for the PLA polymer samples were obtained
within similar elution times, with only a small shift to higher
elution time for the processed sample. This small shift in M,
values may indicate a low level of thermal-induced degradation
due to processing. Figure S4b—S4d shows the molecular
weight of samples determined using GPC computational
software from the RI trace. The horizontal lines identify that
the M,, of PLA pellets and dried PLA pellets before extrusion
were 1.26 + 0.08 X 10° and 1.20 + 0.06 X 10° g/mol,
respectively, highlighting the importance of drying the PLA
before extrusion. The M, of the unfilled PLA and composites
of PLA and WS, NTs after melt extrusion was 1.1 + 0.05 X 10°
g/mol. This small decrease of ~0.2 X 10° g/mol after extrusion
correlates with the shift seen in the RI and LS peaks identified
in Figure S4a, again indicating that the processing procedure
resulted in a small degree of PLA degradation. However, it also
clearly shows that incorporation of WS, NTs does not impact
the M,, of the PLA at any loading.

The dispersion of the NTs within the polymer post-melt
extrusion was examined by SEM and STEM-BF imaging. SEM
imaging of cross-sections of the fractured surfaces of the
composite samples (Figure 7c) shows that individual NTs of
1—2 pm length are embedded and dispersed effectively within
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Figure 6. XPS analysis showing the deconvoluted spectra of WS, NTs (a—d) and WO; (e—h).

the PLA matrix. However, the length and therefore the AR of
the NTs were significantly reduced post-melt processing
(Figure 7d). Additionally, the NTs are both well dispersed

and distributed in the polymer. The STEM-BF images in
Figure 7d—7g show that the NT lengths are in the range 200—
800 nm post-processing. However, the diameters of the NTs
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Figure 7. (a)b) SEM images of WOj; particles obtained post-TGA—
MS analysis of WS, NTs, (c) SEM image of a PLA composite with 3
wt % WS, NTs, (d) STEM-BF image of PLA 3.0 wt % WS,, and (e—
g) STEM-BF images of composites of PLA and 0.1, 0.5, and 3.0 wt %
WS, NTs, respectively.

are much less affected by the extrusion process and are in a
similar range, 30—100 nm, to that prior to processing. This
significant reduction in the length (and thus the AR < 10) of
the NTs is a consequence of the forces applied during mixing
in a twin-screw extruder, resulting in substantial breakage of
the NTs to lengths down to the sub-micron level. The shear
stresses (forces) applied during melt mixing in the twin-screw
extruder are sufficient to result in an approximate 95% plus
reduction in the AR to <10, and this will significantly affect the
quasi-static mechanical properties of these composites. The
NT walls seem to be unravelled after the processing, and there
is a catastrophic breakage of the NTs, see Figure 7d, resulting
in a significant decrease in the AR of the NTs to ~10. The
shear stresses and extensional forces applied during melt
mixing of PLA and the NTs induce a strain on the walls of
NTs, causing the outer layers of the NTs to break. The shear
modulus of the WS, NTs has been recently measured
experimentally to be ~70—80 GPa.*®

From STEM-BF, the NTs, post-mixing, have widths of 70—
110 nm and lengths of 100—300 nm; the latter are now
significantly less than those prior to mixing. Consequently,
although the NTs are highly dispersed in the PLA, their AR
post-mixing is so small that they cannot contribute to the
reinforcement of the polymer matrix. This is clearly seen from
the tensile mechanical properties of the composites relative to
the unfilled polymer as the Young’s modulus (E), tensile
strength (6), and elongation at break (&,) of the PLA are
slightly decreased or unchanged, within the experimental error,
but a ~30% decrease in tensile toughness was obtained; see
Supporting Information Figure SS and Table SI. Indeed, a
similar behavior has just been reported for composites of
poly(caprolactone) with another 1D filler, sepiolite needles;

the AR of the needles was low and reduced further as a
consequence of melt mixing in a micro—compounder.59

Given that WS, NTs and many other nanofillers are known
to have a strong nucleating effect on semicrystalline polymers,
the crystallization behavior of PLA on addition of the NT's was
studied using DSC, hot stage-polarized optical microscopy
(POM), and WAXS/SAXS. From DSC measurements (Figure
8), the glass transition temperature (Tg), melting temperature
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Figure 8. DSC (a) heating and (b) cooling curves of composites of
PLA and WS, NTs in the 25—250 °C temperature range.

(T,,), enthalpy of melting (AH,,), crystallization temperature
(T.), enthalpy of crystallization (AH,), and the percentage
crystalline content (X.) were determined, see Table 2. The
addition of WS, NTs had no effect on the T, and T),, of PLA;
they remained essentially the same (~59 and 168 °C,
respectively) independent of NT concentration.

Table 2. Thermal Parameters Determined from DSC
Measurements of Extruded PLA and Composites of PLA
and WS, NTs

WS, NT T T, AH,, T, AH, X,
(wt %) &) 0O /g S U8 ()
0 59 170 37
0.1 60 166 39 119 41 44
0.3 60 167 39 121 40 43
0.5 59 167 39 121 42 45
1.0 59 167 37 122 42 44
3.0 59 168 43 122 45 47

Figure 8a shows the thermograms obtained after the second
heating cycle; the melt-processed PLA sample exhibits a cold
crystallization peak (T.) at 108 °C, in contrast to the
composites, which do not show a T. peak at all. The
identification of a T, peak indicates that the PLA sample was
in a more amorphous state at RT with respect to the
composites, and crystallization occurred during heating.
Notably, the disappearance of the T, peak of PLA with the
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addition of WS, NTs suggests a strong nucleating effect on
PLA, inducing a higher degree of PLA crystallization.

Additionally, Figure 8b shows the cooling curves and the
crystallization peak (T.) of the composites clearly for all WS,
NT loadings. However, PLA itself does not have an obvious T,
peak upon cooling, a behavior associated with the slow rate of
crystallization of PLA. T, of the PLA increased by ~3 °C with
increasing WS, NT loading but with a modest increase in
crystallinity of 3.5%. However, these results demonstrate that
the inclusion of the NTs alters the nucleation and
crystallization behavior of the PLA.

The effective role of WS, NTs in promoting nucleation of
PLA crystals was further studied by examining the composites
under polarized light with an optical microscope equipped with
a hot stage to investigate the rate of crystallization and crystal
morphology as a function of WS, NT loading during heating
and cooling cycles. The conditions chosen for the polarized
light thermal cycles replicated the heating protocol used for the
DSC measurements. Observation of the crystallization of
unfilled PLA and composites of PLA and WS, NTs when
cooling at a rate of 10 K min™" confirmed the slow rate of
crystallization of PLA (Figure 9). However, inclusion of WS,
NTs into PLA results in the crystallization of PLA at a much
higher rate (Figure 9b,c). Therefore, the sample was held at
the temperature at which crystallization began, and the time
taken for complete crystallization of the sample was recorded.
For both unfilled PLA and the composites, the micrographs
show that spherulite formation begins at 145 °C. Figure 9
shows the variation in spherulite morphology for unfilled PLA
compared with the composites with up to 3 wt % WS, NT
loading. For unfilled PLA (Figure 9a), significantly larger
spherulites are formed due to the slower rate of crystallization
and the longer time taken to complete spherulite growth,
measured at 9 min. The spherulite size for the composites
(Figure 9b,c) is much smaller and more densely populated.
The WS, NTs act as nucleating points for crystallization of the
PLA. The time taken for complete crystallization of the PLA
with WS, NT loadings of up to 0.1 wt % Figure 9b) was
approximately 45 s. However, at 3 wt % WS, NT loading, the
time taken for complete crystallization increased to 2.25 min.
This observation is associated with the more densely populated
NTs at 3 wt %, making identification of the exact time for
complete crystallization difficult to determine. However, it is
clear that the inclusion of WS, NTs into this PLA has a
significant impact on the crystallization kinetics and structure
of the polymer.

WAXS and SAXS measurements were performed to further
investigate the crystalline structure of extruded unfilled and
WS, NT-filled PLA composites. The WAXS and SAXS 2D
patterns and integrated 1D profiles were measured simulta-
neously and are shown in Figure 10.

The background intensity of the 2D profiles was subtracted,
and the 1D WAXS (Figure 10a) intensities were normalized to
the background to provide a better comparison of the relative
intensities of the extruded samples. From the WAXS pattern
(Figure 10a), the extruded PLA sample exhibits an amorphous
halo also visible in the integrated 1D curve (Figure 10b) with
no observable crystalline peaks. This result highlights the role
that the extrusion process plays in generating a complete
amorphous phase in the polymer that was initially crystalline
(see the 2D pattern and integrated curve of the pellet, Figure
10a,b). The SAXS pattern of the extruded PLA shows no
significant feature, while the PLA pellet pattern exhibits a clear

Figure 9. Complete crystal formation of (a) neat PLA at 9 min, (b)
0.1 wt % WS, NT filled PLA at 45 s, and (c) 3 wt % WS, NT-filled
PLA at 2.25 min at 145 °C.

intensity ring (Figure 10c) that gives rise to a broad peak in the
1D integrated profile (Figure 10d). In the WAXS patterns of
the WS, NTs composites, the WS, NT crystalline peaks are
clearly identifiable; the main peak is attributed to the (002)
reflection positioned at g = 1.01 A™', which is in excellent
agreement with the XRD analysis of the WS, NTs (Figure S).
The other peaks are attributed to the (004), (100), and (103)
reflections of WS,. The 1D WAXS profiles show a systematic
increase in the intensity of the WS, peaks with increasing WS,
NT loading. Moreover, a progressive reduction in the intensity
of the amorphous halo until 15% for the composites with 3.0
wt % WS, NT loading in comparison to that of the extruded
unfilled PLA indicates an increase in the overall PLA crystalline
content, supporting the DSC results. Nevertheless, the
crystalline domains formed in the nanocomposites are too
small to give rise to a diffraction peak of PLA due to the strong
nucleating effect of the WS, NTs (in agreement with the POM
images in Figure 9).

The 1D SAXS profile for the composites with 1.0 and 3.0 wt
% WS, NTs (Figure 10d) shows a saturation of the signal for g
values below 0.0075 A™' due to the elevated scattering from
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Figure 10. (a,b) WAXS 2D patterns and 1D integrated profiles and (c,d) corresponding SAXS 2D patterns and integrated 1D profiles for the as-
purchased PLA pellet, extruded PLA, and composites of WS, NT and PLA.

the NTs at the higher concentrations. However, in the detector
linear regime (above q = 0.0075 A™"), the signal is reliable and
the increase in the scattering intensity with increasing WS,
NTs loading is noticeable. It can be attributed to the high
electron density of WS,.

Moreover, consistent 1D profiles for all WS, NT loadings
suggest an even dispersion and distribution of the NTs within
the polymer matrix. This is further clarified from the 2D SAXS
as the horizontally stretched pattern is suggestive of a
homogenous alignment and distribution of WS, NTs with
the PLA from extrusion.”’ This finding agrees with the NT
alignment seen in the TEM images of the composites, while
additionally generating ordering of the polymer chains. The
inclusion of NT's provides surfaces from which the polymer can
crystallize, confirming the role of WS, NTs as a nucleation
agent for PLA.

4. CONCLUSIONS

Highly crystalline multi-walled (between 8 and 28 walls with a
consistent wall spacing of 0.65 nm) WS, NTs having widths in
the range 52—110 nm and lengths in the range 2.45—65.6 ym
were synthesized using a new horizontal reactor. The WS, NTs
were thermally stable in the air atmosphere up to 400 °C, while
further heating in the region between 400 and 550 °C induced
oxidation of tungsten via formation of SO,/SO gas, resulting in
the formation of yellow WO; micron-sized particles. The fact
that the WS, NTs are thermally stable to at least 400 °C
confirms that the NTs can be melt-mixed with polymers
without thermally induced degradation. XPS and STEM—EDS
analyses of the WS, NTs detected levels of oxygen and carbon,

known in this instance to be airborne contaminations,
absorbed on a large surface area and inside the layers of
tubular nanostructures.

As the surface of the WS, NT's was shown to be hydrophilic,
they were readily dispersed and distributed in the PLA matrix
by melt mixing, hitherto a method not widely used to prepare
composites of WS, NTs and polymers in contrast to solution
mixing. However, the shear stresses applied during twin-screw
extrusion resulted in a significant chopping and therefore a
reduction in the AR of the NTs of >95% to approximately 10,
down to lengths between 200 and 800 nm. Consequently, the
mechanical properties of the PLA were unchanged upon
inclusion of the WS, NTs; the much-shortened chopped NTs
provided no reinforcement. However, the much-shortened
NTs did act as nucleating sites for PLA crystallization, resulting
in an increased T, for PLA with increasing WS, NT loading
and a slightly higher degree of crystalline content. From POM
experiments, a significant increase in the rate of crystallization
at 145 °C from 9 min for extruded PLA to approximately 45 s
for WS, NT-filled PLA at loadings <1 wt % was observed.
WAXS/SAXS analysis identified a homogeneous distribution
of WS, NTs in PLA post-extrusion. Extrusion was shown to
produce a highly amorphous PLA (>99%) with no crystallinity,
and therefore, the introduction of WS, NTs was effective in
nucleating and inducing crystallization of the PLA. The
decrease in the AR of the rigid 1D WS, NTs as a consequence
of the high shear forces applied during melt mixing with PLA
significantly reduces any possible mechanical reinforcement of
the polymer for bioresorbable polymeric scaffolds applications.
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