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Abstract

We report on the synthesis of TiO, nanoparticles using nanosecond pulse laser ablation of titanium in
liquid, gaseous and supercritical CO,. The produced particles were observed to be mainly anatase--
TiO, with some rutile-TiO. In addition, the particles were covered by a carbon layer. Raman and X-ray
diffraction data suggested that the rutile content increases with CO, pressure. The nanoparticle size
decreased and size distribution became narrower with the increase in CO; pressure and temperature,
however the variation trend was different for CO, pressure compared to temperature. Pulsed laser
ablation in pressurized CO; is demonstrated as a single step method for making anatase-TiOz/carbon

nanoparticles throughout the pressure and temperature ranges 5-40 MPa and 30-50 °C, respectively.
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Introduction

Titanium dioxide is among the most studied nanomaterials as it an important photocatalytically active
material with applications such as in water purification [1], lithium ion batteries [2], and solar cells [3].
Combining TiO, with carbon nanostructures such as graphene to form graphene/TiO> heterostructures
has been reported as a new optical and electronic device platform with dual functionality of field effect
and photosensitivity in bottom gated field effect transistors [4]. In another study, the presence of
core-shell TiO,-carbon structures as a support material was reported to enhance the catalytic activity
of a Pt catalyst and improve its stability in direct methanol fuel cells compared to traditionally used Pt
catalyst with carbon black support [5]. Core shell nanoparticles of various compaositions have extensive
applications and have been well highlighted in the recent reviews reporting their use in catalysis and
electrocatalysis [6], energy storage and conversion (such as in lithium ion batteries, supercapacitors,
and quantum dot solar cells) [7], and medical biotechnology (such as in molecular bioimaging, drug
delivery, and cancer treatment) [8]. Techniques for preparing core-shell nanoparticles include
chemical vapour deposition [9], wet-chemistry based methods such as sol-gel synthesis [10], and
polymerization [11], physical methods such as flame synthesis [12], plasma-based synthesis [13,14]
and spray pyrolysis [15]. Pulsed laser ablation in liquids (PLAL) for core-shell nanoparticle generation
[16] is another physical method that, similar to the other physical methods, is an in-situ synthesis
process, requires little sample preparation, few synthesis steps and unlike in wet-chemistry methods,
does not require environmentally hazardous solvents. Due to high yield relative to solid educt mass
and no waste of reagents, it may further save waste management and disposal costs compared to

chemical methods [17].

PLAL is often called a green technique as it can be used to synthesize nanoparticles without the need
of toxic chemicals [17]. The synthesis of well-dispersed unagglomerated nanoparticles of titanium
oxides bas been demonstrated in supercritical carbon dioxide (scCO) [18]. In the supercritical state,
CO, may penetrate and leave nanostructures unharmed due to absence of surface tension. The
surrounding fluid in pulsed laser ablation (PLA) plays an important role on the phase, structure and
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morphology of nanoparticles. In the first study on PLA of gold in scCO,, Saitow et al. reported that
nanoparticles consisted of two size distributions: nanoparticles with average diameters 30 nm and
around 500 nm [19]. Production of nanoparticles from various materials has been reported using PLA
in scCO,. The target materials include silicon [20], gold [19], silver [21], copper [22], pyrolytic graphite
[23] and titanium [18]. In addition to the laser parameters and the ablated material, the CO;
temperature and pressure is important as it changes the properties of scCO; to be either liquid-like or
gas-like which may further affect the nanoparticle size, morphology and phase. In a previous study,
the effect of scCO, pressure, density and temperature on a gold target has been reported [24].
However, there are no studies on generation of core-shell nanoparticles by PLA when CO; is in the
supercritical regime, to the best of our knowledge. Previously, PLA in pressurized CO, has been
demonstrated to form metal-core carbon-shell nanoparticles of Ni-carbon in gaseous CO, [25] and Au-

carbon in liquid and gaseous CO; [26].

This study demonstrates single-step synthesis of TiO»-carbon core-shell nanoparticles from titanium
by PLA in pressurized CO; in liquid, gaseous and supercritical state. This demonstrates the potential of
PLA in scCO; for synthesis of core-shell particles. We report on the effect of CO, pressure and
temperature on the size, size distribution and phase of core-shell nanoparticles synthesized in liquid,
gaseous and scCO;. The effect of different test condition i.e. supercritical state CO, against liquid and
gaseous CO; is also reported. PLA in pressurized CO, was carried out using a 250 ns pulse fiber laser
with wavelength of 1062nm and repetition rate of 101 kHz to synthesize nanoparticles. (S)TEM
(Scanning transmission electron microscopy), XPS (X-ray photoelectron spectroscopy), Raman, XRD (X-
ray diffraction), and ultraviolet-visible (UV-Vis) spectroscopy techniques were used to study the
synthesized nanoparticles and evaluate the effect of CO, pressures 5-40 MPa and temperatures 30—

50 °C on the nanoparticle size, size distribution and phase.

Experimental

Nanosecond laser ablation in liquid, gaseous and supercritical CO5:
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Pulsed laser ablation in CO, was carried out using a 250 ns pulse fiber laser with wavelength of 1062
nm, and repetition rate of 101 kHz. The laser beam was focused using an 80 mm telecentric f-Theta
lens to a spot diameter of 35 um on the titanium target and scanned on an area of 64 mm?. The beam
energy was 690 pJ per pulse for 101 kHz repetition rate. The experimental set-up consisted of a
titanium target (99.99% pure, Goodfellow Cambridge Ltd) fitted inside the autoclave (made of
stainless steel 316 with pressure and temperature limits of 62 MPa and 150 °C, respectively) in such a
way that it could be scanned with the laser through the sapphire optical viewport as shown in the
schematic (figure 1(a)). Figure 1(b) shows the schematic inside the autoclave where laser irradiates
the target and nanoparticles are synthesized. Figure 1(c) shows a schematic of these nanoparticles
that consisted of mostly core-shell nanoparticles. The ablation experiments were conducted at five
different CO, pressures: 5, 10, 15, 20 and 40 MPa. CO; (> 99.8 % pure) was pumped into the autoclave
with a high-pressure piston pump. CO, was cooled to 5 °C in the chiller before being pumped. Between
the pump and the autoclave, CO, passed through a heat exchanger where it was warmed and
converted to scCO,. The heating rods, installed in the walls of the autoclave, were used to heat it to
30, 40, and 50 °C for the corresponding experiments. After the temperature and pressure stabilized at
the desired value, the target was ablated with the laser for 30 minutes using a scanning speed of 2
m/s to cover a 7x7 mm pattern. To collect the nanoparticle powder, the autoclave was depressurized
with an automatic backpressure regulator at a rate of 5 seconds/MPa. The pressure sensor with an
accuracy of 0.05 MPa was located just before the inlet valve of backpressure regulator while the
temperature sensor with accuracy of 1.1 °C was located inside the chamber. This study comprised of
seven PLA tests in pressurized CO, five in scCO,, one in liquid CO, and one in gaseous CO,. To study
the effect of CO, pressure and temperature, the tests may be divided in two parts: (1) CO, temperature
fixed at 50 °C while five different pressures 5, 10, 15, 20, and 40 MPa were tested, and (2) CO, pressure
fixed at 10 MPa while different temperatures 30, 40 and 50 °C were tested. The pressure and
temperature values of these tests are marked in figure 2a. In figure 2(b), the symbols represent the

densities for the selected CO, parameters in this study while the standard curves taken from the



1

2

10

11

12

13

14

15

National Institute of Standards and Technology, U.S. Department of Commerce [27] show the variation

of CO, density with pressure for three temperatures 30, 40, and 50 °C.
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Figure 1 shows (a) schematic of the experimental setup, (b) schematic of ablation of titanium to produce nanoparticles, (c)

synthesized nanoparticles consist of core-shell type nanoparticles.

Characterization methods:

The nanoparticle powders were characterized by using a Jeol-JEM F200 (S)TEM with a Jeol Dual
electron energy dispersive spectrometer (EDS), Renishaw InVia Qontor Raman microscope, Panalytical
Empyrean Multipurpose Diffractometer for XRD, PHI Quantum 2000 for XPS and by Shimadzu

spectrophotometer for determination of band-gap energy.

For (S)TEM, the samples were prepared by touching the TEM copper grid containing holey carbon film
with the nanoparticle powder. From the TEM images, diameters of 400 nanoparticles were measured
using Image J software (Version 1.50i) and to estimate the size distributions and average particle size
for each sample. STEM-EDS was used in line analysis and spot analysis mode to analyse the variation

in the elemental composition of the nanoparticles and the layer on them. Phase analysis of the
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nanoparticle powders was analysed with the Renishaw InVia Qontor Raman microscope using a 532
nm laser. The laser power was 0.175uW. The XRD patterns of the nanoparticle powders were obtained
using the Panalytical Empyrean Multipurpose Diffractometer with a CuKa X-ray source at wavelength
of 0.1541 nm. The scattered intensities were measured using a solid-state pixel detector, PIXcel3D
attached to the diffractometer. The X-ray generator operating values were 45 kV and 40 mA. The data
was collected in the range of 26 = 10.00-80.00 ° and for a step size of 26 = 0.02°. Panalytical HighScore
Plus software (version 3.0.5) was used for the identification of phases in the XRD pattern based on the
database PDF-4 + of the International Centre for Diffraction data (version 4.1065). The XPS analysis
was performed with PHI Quantum 2000 spectrometer with an Al 1486.6 eV mono X-ray source at 24.3
W. The XPS sample was prepared carefully spreading the nanoparticle powder on top of a double-
sided tape that was attached to a metal plate. The measurement was done with a stationary beam
with a beam diameter of 100 um. The optical properties of the material were studied using a
spectrophotometer (Shimadzu UV 3600) in reflectance mode. The absorbance spectra were measured
for the wavelength range 300-900 nm. The plotted Tauc-plots were used to estimate the band-gap

energy of the material.
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Figure 2 (a) Experimental parameters used in this study are plotted on CO, phase diagram, (b) CO. densities corresponding

to the experimental parameters used are plotted against the standard CO, curves at 30, 40 and 50° C.
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Results and discussion

The visual appearance of the nanoparticles was bluish-white when the autoclave was opened and did
not change during several months of storage. The nanoparticles were in the form of dry and loose
powder. The results and discussion is divided into two sections. First section deals with the analysis of
nanoparticles synthesized at 10 MPa, 50 °C, while the second section deals with the effect of CO,

pressure and temperature on the nanoparticle size, size distribution and phase.

Section 1: Morphology, composition, phase analysis and band-gap measurement of

nanoparticles synthesized at 10 MPa, 50 °C.

Morphology and composition of nanoparticles

The (S)TEM images (Figure 3 (a—f)) showed presence of round nanoparticles that formed clusters or
networks. Such nano-networks formed by ablation in scCO. have been previously reported [19].
Electron diffraction patterns indicated crystallinity of these nanoparticles (figure 3(a) inset). Based on
the lattice fringes, some particles were single crystals while others were polycrystalline. On the basis
of (S)TEM images, the nanoparticles can be classified into two types: (i) core-shell nanoparticles
(Figure 3(a, b, ¢)), and (ii) nanoparticles surrounded by thick layer (Figure 3(d, e)). In case of core-shell
nanoparticles, the shell surface was smooth and the thickness of the shell varied from particle to
particle. Jung et al. [28] also reported varying shell thickness and observed increase in the carbon shell
thickness with the increase in the core-shell nanoparticles size.. For clusters with thicker carbon layer,
the nanoparticles did not appear to be typical core-shell structures as the layer surrounded several
nanoparticles (figure 3(d)). This is further elucidated from the backscattered electron (BSE) image
(topographical mode) in figure 3(e) where particles seemed to be buried under thick layer. In such
cases, the particles seemed to form clusters first after which carbon layer may grow on top of them.
The nanoparticles, in figure 3(d), with a thick surface layer were rarer than the core-shell structures
on the TEM grid, making the core-shell nanoparticles to be the dominant species. This has been

previously reported in pulsed laser ablation of iron-gold where over 90% of nanoparticles consisted of
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a core-shell morphology [29]. In our study, samples from each test condition consisted of two
populations of nanoparticles covered with either thin or thick carbon layer. We did not observe a
significant change in the shell thickness in either population nor any change in the relative amount of
the two populations as the process parameters were varied. STEM-EDS line analysis (figure 3f) and
spot analysis indicated that nanoparticle core consisted of mostly titanium and oxygen, while the
shell/surface layer consisted of carbon. A drop in the titanium, oxygen peak intensities and a surge in
the carbon peak intensity was observed between 80-100 nm (figure 3f). A dramatic change in carbon
peak intensity at the center of particles is not observed as it is a cluster of nanoparticles. They can be
considered as 3D spheres with surface shell and the electron beam interacts with them orthogonally.
This implies that there will always be some carbon intensity in the STEM-EDS spectra, higher than for
titanium and oxygen. In addition, the TEM grid also has a holey carbon film, as mentioned earlier in

the experimental section.
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Figure 3 Nanoparticles with thin carbon layer: (a) TEM images of core-shell type nanoparticles and electron diffraction

pattern (inset) indicating crystalline particles, (b) high-resolution TEM image of the single crystal particle (marked by an
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arrow) with lattice fringes corresponding to anatase (101), (c) STEM BSE image (topographical mode) of core-shell

nanoparticles. Nanoparticles with thick carbon layer: (d) TEM image of nanoparticles covered with a thick carbon layer,

marked by an arrow, (e) STEM BSE image (topographical mode) of nanoparticles with a thick carbon layer, and (f) STEM-

EDS line analysis of nanoparticles showing intensity variation of Ti, O and C.

Raman and XRD analysis of nanoparticles

Raman measurements of the synthesized nanoparticles indicated presence of mostly anatase-TiO-
with small amounts of rutile-TiO> (figure 4(a)). The strongest peaks in Raman spectra at around 144,
400, 520, and 636 cm™ corresponded to anatase-TiO,. The peaks corresponding to rutile at around
447 and 610 cm™ can be observed as small features and shoulders in the anatase spectrum. XRD
supports Raman results indicating presence of mostly anatase-TiO,. Sharp distinct peaks of anatase
were observed at 25.3, 48.1, 54.1 and 55.2 26 degrees (figure 4(b)). The other remaining peaks of
anatase observed are marked in the figure. Other peaks in the XRD spectrum could be explained by
rutile-TiO; at 27.4, titanium oxide carbide Ti)O.5Cio.5)at 42.1 and 36.2 26 degrees, and brookite-TiO:
at 30.8 26 degrees. No graphitic-carbon peaks at 26.1 and 42.3 26 degrees could be disticntly
observed; however, amorphous nature of carbon may have caused the broad pedestal starting from
under the anatase peak at 25.3 until the peak for brookite at 30.8. As reported by Marzum et al. in a
study of core-shell nanoparticles synthesized by PLA in liquids, it is difficult to observe amorphous
carbon on nanoparticles by XRD technique as it is more suitable for crystalline materials [30]. Thus,
Raman and XRD spectra suggest anatase-TiO, as the main phase of nanoparticles with small amount
of rutile-TiO2, and in addition XRD suggests presence of brookite-TiO, and carbon containing phase
Ti1)Ow5)Cpos). Further, the peaks for TiC were missing from both Raman and XRD spectra, suggesting
carbon may not be chemically bonded to titanium. Additionally, for wide spectrum measurement
(figure 4(a) inset), Raman spectra showed a broad feature centered at about 1100 cm™ and near 1450
cm™. As the D and G bands are not observed, this suggests that the carbon on top of the samples is
possibly due to hydrocarbons rather than pure carbon. The peak at 1100 cm™ can be attributed to C-

C bond stretching whereas the feature at 1450 cm™ can be attributed to CH. twists and bends.
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Figure 4 (a) Raman spectra and (b) XRD spectra of the nanoparticles synthesized at 10 MPa, 50 °C.

XPS analysis of nanoparticles

In the XPS spectra of the sample (figure 5(a)), peaks for Ti2p, O1s and C1s were observed. In figure
5(b), C1s peak between 284 eV and 286 eV indicated presence of carbon in sp? hybridization, C=C. The
broadening of this peak around 286-287 may indicate presence of also sp® carbon. Peak between 288
eV and 290 eV was likely from O-C=0. Carbon-titanium bonds would cause peaks at 281.5 eV, 454.7
eV, and 460.9 eV, which were not observed. The peak in XPS spectra figure 5(c) corresponds to the
O1s peak at 530 nm. The shoulder to this peak at 532 nm likely comes from organic C=0 (531.5-532
nm) indicating possible presence of organic carbonyl, ketones or it may likely be from the H-O-C bond.
Metal carbonate, such as TiCOs (531.5-532 nm) may possibly add to this feature at 532 nm. Ti 2p1 and
Ti 2p3 peaks at 464.3 eV and 458.5 eV respectively observed in the XPS spectra (figure 5d) indicated
presence of titanium in +4 oxidation state Ti(IV) and the band energies corresponded to anatase-TiO:
and rutile-TiO,. XPS results were in accordance with Raman and XRD results to indicate presence of
anatase and rutile and further suggested presence of carbon on the nanoparticles, which was not

observed to be bonded to titanium.
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Figure 5 (a) XPS spectra of nanoparticles synthesized at 10 MPa, 50 °C, (b) carbon C1s peak, (c) O1s peak, (d) Ti2p doublet

peaks in high resolution XPS spectra

Band-gap measurement

The band gap of the nanoparticles was calculated to be 3.32 eV from the reflectance spectra using the
Tauc plot (figure 6). The bulk value for anatase is reported as 3.2 eV [31], but thin films and
nanoparticles are reported to have higher band gaps due to surface states and quantum size effect

[32,33]. Thus, the measured band gap agrees with Raman and XRD results suggesting the particles are

mostly anatase TiO.
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Figure 6 Absorbance spectra from 300 to 900 nm and band-gap (in inset) of the nanoparticles synthesized at 10 MPa, 50 °C

Discussion on synthesis of nanoparticle by PLA in pressurized CO>, their composition and

phase analysis:

During PLA, the laser irradiates the target, ionized target species are ejected and trapped inside laser
induced high temperature plasma plume which occurs over a timescale of hundreds of nanoseconds
followed by formation of clusters and their growth inside the plasma [34-36]. Kato et al. reported
formation of plasma and breakdown of CO; in PLA in scCO; over a short timescale of few hundred
nanoseconds after the laser pulse hit the target and observed generation of cavitation bubble at 5 ps
and its collapse at around 100 ps [37]. The plasma temperature depending on the CO. pressure has
been reported to be 3873-4873 °C by Maehara et al. [38] and 8273-12273 °C by Furusato et al. [39].
The high temperature of plasma decomposes CO; into atomic oxygen [37,39], carbon ions and radicals
[37] and carbon monoxide positive ions CO* [39]. Kato et al. reported presence of atomic oxygen and
atomic carbon in addition to atomic target metal species in the optical emission spectra of PLA plasmas
in scCO; [37]. The presence of plasma plume formation is followed by formation of a cavitation bubble
wherein species originating from the target and the solvent combine to form the clusters and
nanoparticles, which are released to the ambient solvent upon the collapse of the cavitation bubble.

Lam et al. reported that the cavitation bubble consists mostly of solvent species rather than the

12
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ablated material for PLA in liquids at normal pressure [40]. The cavitation bubble in scCO; has been
reported to expand like in liquid but collapse like in gas with the bubble boundary being ragged having
higher surface area compared to PLA in liquid CO; [37]. Then the reaction for nanoparticle formation
inside the cavitation bubble begins between the ablated target species i.e. Tiions and solvent species
from previously plasma decomposed CO, molecules to form titanium oxides. Upon the collapse of the
cavitation bubble, the hot nanoparticles are released into the surrounding pressurized CO,. DFT
simulations show that oxygen vacancies in Anatase TiO, can act as efficient catalyst to dissociate CO;
and the oxygen from CO; heals the vacancy [41]. Simulations show that this occurs at relatively low
temperatures (400 K). This mechanism likely plays a role in the formation and further oxidation of
titanium oxide nanoparticles. The produced CO has tendency to stay adsorbed and may further
dissociate to carbon according to Boudouard reaction (2CO =C + CO,) and initiate the formation of

the carbon shell.

In cases where the nanoparticles are individual particles, the carbon forms as a shell on top of the
particles (such as in Figure 3a, b), whereas for the coalesced clusters of nanoparticles the carbon
coating is formed over the whole cluster rather (such as in figure 3d, e) than on the individual particles.
Salminen et al. suggested laser-induced heating of the nanoparticles to be crucial for shell formation
[42]. Marzum et al. attributed formation of graphitic carbon shell to be catalysed by copper in their

study on synthesis of copper-carbon core-shell nanoparticles [30].

While rutile-TiO; is a more thermodynamically stable phase than anatase-TiO- [43], and is a dominant
phase in PLA in water [44], in this study, as a result of PLA in pressurized CO; (in gaseous, liquid and
supercritical states), anatase-TiO, was the predominant phase as observed in the Raman and XRD
spectra (figure 9, 13). Metastable anatase-TiO, once formed does not transform to rutile because of

strong binding energy of Ti-O ionic covalent bond, unless melting-like processes are involved [45].

Titanium dioxide phases are observed in Raman, XPS and XRD, however, presence of other meta-

stable phases, such as TizOs and Ti)O.5C0.5), was also indicated by the XRD spectra. CO, above 760
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°C may undergo Boudouard reaction with carbon to form CO which may reduce TiO to form titanium
oxides with lower degree of oxygen such as TizOs and further substitution of oxygen with carbon to
form TixCyO, [46]. Another possibility is that if the temperatures is above 2273 °C, in an environment
of excess carbon, TiO, and its other oxides are not stable and reduce to Ti(C,Oy) or TiC, however, a
direct conversion from TiO- to to Ti(C«Oy) is not possible without the synthesis of TizOs and Ti»Os in
between the pathway of this transformation [47]. Observation of TizOs and Ti1)0O@s5)C5) in the XRD
spectra (figure 9) could either be an indication of oxidation of titanium in insufficient oxygen
environment or carbothermal reduction of TiO, [47]. The absence of high amounts of rutile-TiO, and
no observation of TiC may indicate that such high temperatures may not be reached by the
synthesized particles to cause phase transformations, however, to some extent transformation may
be possible when the nanoparticle size is small enough. Additionally, rutile may form directly without
the need of transformation from anatase. The absence of TiC phase could be explained based on
thermodynamic calculations. TiO, formation from titanium is thermodynamically more favourable
than TiC, based on Ellingham diagram. Solving Gibbs free energy equations for TiO, and TiC,

calculations show TiO, formation stays highly favourable until 4529 K.

With PLA in pressurized CO,, we synthesized nanoparticles of metastable anatase-TiO. core with
carbon layer. However, it is not yet fully understood whether carbon shells on nanoparticles already
appear inside the cavitation bubble and whether the particles undergo several coatings of carbon if
the ablation durations are long. In-situ studies with small-angle x-ray scattering (SAXS), wide-angle X-
ray scattering (WAXS), infrared (IR) and Raman spectroscopy will make good future scope of work to

provide insight on this topic.
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Section 2: Effect of CO, pressure and temperature on particle size and phase

Effect of CO. pressure on nanoparticles

The average particle size when plotted for nanoparticles synthesized at 5-40 MPa CO; pressures at 50
°C temperature showed a decreasing trend from 19 nm to 14.5-15 nm with increasing pressures
(figure 7). Thisisin agreement with the reduction in size of Sn [48], ZnO [49], and Au [26] nanoparticles
with an increase in ambient fluid pressure (CO2, H20) as reported in literature by PLA in pressurized
fluids. This was attributed to smaller volume and shorter lifetimes of the cavitation bubbles at higher

solvent (CO., H20) pressures [49,50].
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Figure 7 Variation in nanoparticle size with increase in CO, pressure. The inset shows the variation in standard deviation

with CO; pressure.

The size distribution of the synthesized nanoparticles (figure 8) slightly decreased with the increase in

pressure. This is observable from the lognormal fitted curves for each size distribution and decreasing
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trend in the variation of the standard deviation (figure 7 inset). This is in agreement with the narrowing

of size distribution with increasing pressures reported for ablation of gold in pressurized CO, [26].
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Figure 8 Size distribution of nanoparticles produced from 5-40 MPa at 50 °C.

Regarding effect of CO, pressure variation on nanoparticle phase, the Raman spectra (figure 9(a))
indicated that anatase-TiO- is the main phase of the nanoparticles for all samples. Based on the area
of the fitted peaks, the rutile content seems to increase with the CO; pressure (figure 10(a)). Similarly,
the XRD measurements (figure 9(b)) show that the samples are mostly anatase. The area of the fitted
peaks in XRD (figure 10(b)) corroborated Raman results and showed an increasing trend. The peak at
21.2 26 degrees corresponding to the high-temperature metastable phase TisOs was observed only
for 15 MPa CO- pressure. XRD and Raman indicated synthesis of mostly anatase-TiO, nanoparticles
within the range of pressures tested as well as a slight increase in rutile-TiO, content as pressure

increased.
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Effect of CO, temperature on nanoparticles

The influence of CO; pressure on cavitation bubble dynamics has been reported in literature [50,51],

however, however, the effect of CO, temperature has not been studied as much. A clear trend of

decreasing nanoparticle size and narrower size distribution was observed with the increase in CO;

temperature from 30 to 50 °C (figure 11 and figure 12). Although the experimental parameters at 30

°C correspond to liquid CO,, it is highly likely that the heating due to the laser pulse leads to local

conditions corresponding to supercritical CO,. The trend in the nanoparticle size is somewhat

surprising considering that increasing the temperature while keeping the pressure constant leads to a
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drop in CO; density (figure 2), whereas when keeping the temperature constant, the simultaneously
increasing pressure and density leads to production of smaller nanoparticles. Cavitation bubble
dynamics and its influence on the formed particles has been thoroughly studied in liquids using SAXS
[52,53]. To really understand the complex dynamics, a similar comprehensive study for supercritical
fluids would be very interesting. Increasing CO, temperature showed a slight narrowing of the
nanoparticle size distribution (figure 12) corresponding to the decreasing standard deviation (figure

11 inset). In this case, the widest size distribution was observed for CO; in liquid state i.e. at 30 °C.
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Figure 11 Effect of CO, Temperature on nanoparticle size; in the inset is reported the varation of standard deviation with

CO, temperature.
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XRD and Raman indicated the main phase of nanoparticles was anatase-TiO, and remained unchanged
despite the change in CO, temperature from 30-50 °C (figure 13(a, b)). Unlike in CO, pressure

variation, in case of CO, temperature variation, a conclusive trend on variation in rutile amount could

not be observed.
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Figure 13 (a) Raman and (b) XRD spectra for nanoparticles synthesized at 10 MPa and temperatures 30, 40, and 50 °C.

Amongst the tested process conditions, the lowest temperature and the lowest pressure test
conditions i.e. 30 °C, 10 MPa (gaseous CO) and 50 °C, 5 MPa (liquid CO;) respectively, are interesting
as they are both not supercritical conditions for CO,. When compared these two extreme test
conditions to all other test conditions, the nanoparticle sizes were the highest and size distributions
among the widest in non-supercritical conditions. This may imply that PLA in CO; in supercritical

conditions produced nanoparticles with smaller size and slightly narrower size distribution than in
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liquid (at same temperature) or gaseous state (at same pressure). In addition, regarding the minor

phase, the rutile content was among the least for the tests in non-supercritical conditions.

Conclusions

To the best of our knowledge, this is the first study that demonstrates PLA in liquid, gaseous and
supercritical CO, for production of TiO.-carbon core-shell nanoparticles. STEM-EDS showed the
nanoparticles were mostly round with either carbon layers on them individually like a shell or
coalesced nanoparticles collectively covered with carbon layers. STEM backscatter topography mode
elucidated this observation. XPS, Raman and XRD indicated anatase-TiO, as the main phase of
nanoparticles with minor amounts of rutile-TiO,, and possibility of presence of brookite-TiO-,
Ti1)O(05Co5), and TizOs. Although, Ti1)O.5C5) phase was detected in XRD, XPS indicated that carbon
was not bonded to titanium. This was further corroborated by XRD and Raman results. The bandgap

energy of these nanoparticles was calculated to be 3.32 eV.

Increase in CO, pressure from 5 to 40 MPa at 50 °C led to decrease in the nanoparticle size and
narrowing of the size distribution. The mechanism of size refinement was attributed to shorter
cavitation bubble lifetime and smaller volume at higher pressures. From Raman and XRD spectra, we
observed that anatase-TiO, was the main phase of nanoparticles in all CO, pressures 5-40 MPa tested
at 50 °C. The ratio of area of the fitted rutile-anatase peaks indicated increase in rutile content with
increase in pressure in both Raman and XRD. Further, when the CO, temperature was varied from 30-
50 °C at 10 MPa pressure, we observed decreasing trend in particle size and narrowing of size
distribution. In this case, we observed anatase-TiO, as the main phase of nanoparticles at all
temperatures, however, the variation in the amount of rutile-TiO, could not be conclusively

determined based on peaks in Raman and XRD spectra.

For future work, in-situ studies with SAXS, WAXS, IR and Raman microscopy would be crucial to give

insight on the process dynamics, nanoparticle nucleation, and breakdown of CO, with variation in CO>
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parameters. For this, the autoclave will have to be modified to accommodate the measurement

systems.
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