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Abstract

In this paper, we demonstrate pulsed laser ablation (PLA) in supercritical CO2 (scCO2) as a promising2

method to synthesize multiphase TixOy nanoparticles from a titanium target. These results are

compared against PLA of titanium in H2O. By means of transmission electron microscopy, we4

observed spherical-shaped, well-dispersed non-agglomerate crystalline nanoparticles by PLA in

scCO2 while PLA in H2O produced spherical-shaped as well as randomly shaped nanoparticles that6

joined to form web-like networks. Raman spectroscopy and x-ray diffraction showed nanoparticles

synthesized in scCO2 consisted of anatase-TiO2, Ti2O3 and TiO0.89 while nanoparticles synthesized in8

H2O were mainly rutile-TiO2, with possibility of presence of brookite-TiO2. This indicates PLA in scCO2

favours formation of metastable phases (anatase-TiO2, Ti2O3 and TiO0.89) while PLA in H2O results in10

mostly stable phase (rutile-TiO2).

Keywords: pulsed laser ablation, supercritical fluids, multiphase titanium oxides, non-stoichiometric12

compounds, metastable phases

1. Introduction14

Titanium dioxide (TiO2) has been a material of great interest in the scientific community as well as

industry after its excellent photocatalytic properties were reported by Fujushima and Honda in 197216

[1]. It is now one of the most commonly used photocatalysts with numerous applications such as

dye-sensitized solar cells [2], lithium ion batteries [3],water purification [4], and air purification [5].18

TiO2 has a band gap at approximately 3 eV, and thus requires blue or UV light to be active. There

have been significant efforts to increase the absorption in the visible range by doping TiO2 with non-20

metals (such as N, C) [6,7] and transition metals (such as Co, Rh, V, Fe, Cr, and Mn) [8]. Thakur et al.

[9,10] reported production of nanomaterials of dopant free multiphase titanium oxides with22

increased absorption in vis-NIR region and average band gap of 2.39 eV. This behaviour of enhanced

absorption spectrum of these nanomaterials was reportedly due to (i) presence of multiple titanium24



oxide phases absorbing at different wavelengths, (ii) synthesized by a “unique fusion of plume

formation and vapour condensation mechanism”, and  (iii) brought about by “interaction of ultra-2

short laser pulses and titanium substrate” using femtosecond laser ablation [10].

Amongst the nanoparticle synthesis methods, as evident from the increase in the publications in last4

decade by a factor of 15 [11], pulsed laser ablation in liquids (PLAL) has been extensively explored as

a simple, versatile and green method [12,13]. Significant efforts have been made specially to6

understand plasma and cavitation dynamics in PLAL [14–16]. A shortcoming of this method has been

low nanoparticle productivity, however, the latest demonstrations have shown production rates of8

up to 4 g/h [17] for Au, Ag, Ti, Cu, Al and Pt. With the production of nanoparticles of metals,

ceramics, alloys, and semi-conductors, PLAL has been demonstrated to be a promising method for10

production of variety of nanoparticles [18,19].

In PLAL, the liquid surrounding the target has a significant role on the morphology, structure and12

phase of the synthesized nanoparticles [13]. Kuwahara et al. reported that during PLA of copper in

pressurized CO2, the ablation efficiency was several tens of times higher at elevated pressure [20]. In14

supercritical fluids, such as supercritical CO2 (scCO2), the PLA-induced plasma has been reported to

be dense consisting of highly active species, allowing the synthesis of exotic nanomaterials [21]. As a16

typical supercritical fluid, scCO2, it is possible to change its solvent power just by changing the

temperature and pressure. Owing to its zero surface tension, it penetrates and leaves18

nanostructures unharmed. Additionally, particle synthesis with scCO2 is a green process because CO2

is non-toxic, rather inert, and recyclable in process and owing to its low critical point (7.4 MPa, 31.120

°C) [22], it is a low energy process especially compared to supercritical H2O (22.1 MPa, 374 °C) [23].

Combination of plasma and supercritical fluids is sometimes advantageous also because of the22

synergic effect of highly reactive plasma species and superior transport properties of supercritical

fluids [24]. Saitow et al. first reported synthesis of silicon nanoclusters [25], as well as, gold24

nanospheres and nanonecklaces [26] by PLA in scCO2. Nakahara et al. demonstrated PLA in scCO2 as



a promising method for synthesizing higher diamondoids, that are typically difficult to synthesize

[27].2

In our study, a titanium target was ablated in scCO2 at 10 MPa and 50 °C using a 250 ns 1064 nm

pulsed fiber laser at 101 kHz. To the best of our knowledge, this is the first study that demonstrates4

production of multiphase TixOy nanoparticles from titanium by PLA in scCO2. The synthesized

nanoparticles were studied by transmission electron microscope (TEM), x-ray diffraction (XRD), and6

Raman spectroscopy. By discussing the key results from (i) TEM, XRD and Raman for the

nanoparticles and their phases formed from titanium by PLA in scCO2, as well as (ii) their comparison8

with similar analysis from PLA of titanium in H2O, this study demonstrates the potential of PLA in

scCO2 for synthesis of well-dispersed metastable multiphase nanomaterials without the use of liquid.10

2. Experimental

2.1. Materials12

A titanium sheet  (99.99% pure), obtained from Goodfellow Cambridge Ltd, 3.2 mm thick and 50 x 50

mm, was cut into 15 x 15 mm sized target for the experiment. Carbon dioxide (≥ 99.8 % pure with O214

≤ 20 ppm, H2O ≤ 100 ppm) was obtained from Oy AGA Ab.

2.2. Pulsed laser ablation in scCO2 and H2O: Setup and nanoparticle synthesis16

The schematic in Figure 1 shows the experimental setup for PLA in scCO2. The experimental set-up

consisted of a 70W fiber laser (λ = 1064 nm) with a pulse duration of 250 ns and a repetition rate of18

101 kHz. An 80 mm F-theta lens was used to focus the laser beam on the titanium target fixed inside

the reaction chamber. The target was fixed using two neodymium magnets on a magnetic steel plate20

attached to the target holder and placed inside the chamber so that laser irradiates the target

surface perpendicularly. The laser irradiated the titanium target for a 30-minute ablation period. The22

PLA in scCO2 experiment was performed using a Thar Technologies Inc. RESS 250 system (Pittsburg,

USA). The reaction chamber, made of 316SS steel, was suitable for pressures up to 60 MPa and24



temperatures up to 150 °C. It consisted of heating rods built into the walls and two sapphire

windows, one of which was used to introduce the laser pulses into the chamber. There was no2

cooling system installed with the high-pressure chamber. The PC-controlled automatic back-pressure

regulator (ABPR) meticulously governed the depressurization rate of the CO2 after the ablation4

process ended. BPR was used only to depressurize at the end of ablation process, so not to avoid

pressure increase. CO2 (gas) was flushed through the reaction chamber prior to ablation in order to6

reduce the amount of ambient atmospheric gases inside the chamber, in particular to alleviate the

effects of O2 and N2. CO2 was pumped into the chamber using a high-pressure piston-pump at a8

constant rate of 20g/min until the pressure stabilized at 10 MPa. The temperature of the reaction

chamber was set to 50 °C. After the chamber pressure and temperature stabilized at 10 MPa and 5010

°C respectively, laser beam scanned an area of 6 x 6 mm at a scanning rate of 2 m/s. After 30

minutes of laser ablation followed by depressurisation, the nanoparticles were collected from the12

chamber as a powder. The pressure and temperature sensors had an accuracy of 0.05 MPa and 1.1

°C respectively, as guaranteed by the supplier of the CO2 system. The pressure sensor was just14

before the inlet valve of BPR while the temperature sensor was fitted inside the vessel. As the end of

30 minutes ablation, the pressure and temperature inside the chamber soared to 10.7 MPa and 59.416

°C respectively.

For PLA in H2O, the schematic and set-up of equipment is explained in our previous publication [28].18

However, the laser and its parameters used were same as in the aforementioned PLA in scCO2

experiment and ablation time was 30 minutes. The water film thickness above the target was 4 mm.20

The loss in laser transmission was measured to be same for 13 mm thick sapphire window (PLA in

scCO2) and 4 mm thick water film above target (PLA in H2O). After the experiment, the nanoparticles22

were collected in the form of nanoparticle suspension.



Figure 1 Schematic of PLA in scCO22

2.3. Characterization methods

Jeol JEM-2010 TEM was used for imaging the nanoparticles to characterize the shape and size of4

nanoparticles. A high resolution TEM (Jeol, JEM-2200FS HRTEM) was used for high resolution

imaging of nanoparticles. The TEM samples for nanoparticles obtained from PLA in scCO2 were6

prepared by directly touching the TEM copper grids with a holey carbon film on dry nanoparticles

from reaction chamber. TEM samples for nanoparticle suspensions from PLA in H2O were made by8

dropping the suspension on copper grid with holey carbon film and allowing them to dry. Selected

area electron diffraction (SAED) patterns were also obtained from the same TEM samples to study10

the crystallinity of samples.

XRD measurements were performed on a Panalytical Empyrean Multipurpose Diffractometer with a12

Cu Kα x-ray source (λ = 0.15418 nm) and a solid-state pixel detector, PIXcel3D, which measured the

scattered intensities as a function of scattering angle (2θ). The x-ray generator was powered at 45 kV14

and 40 mA.  For XRD measurements, the scan range was 20.00°-80.95° with a 0.05° step size. It used

a soller slit with 0.04 radian opening. The phase identification of the peaks in the XRD pattern was16



performed with Panalytical HighScore Plus software (version 3.0.5) from the database PDF-4+ of the

International Centre for Diffraction data (Database version 4.1065). For further phase analysis, the2

Raman spectra were measured using Renishaw inVia Qontor Raman microscope. A 532 nm

wavelength laser was used for excitation. For both XRD and Raman, the sample was as-deposited4

nanoparticle powders (from PLA in scCO2) on the non-ablated part of the target. So, we can expect

high peaks for titanium metal in the XRD pattern, however, not in the Raman plot since metals are6

not Raman active. The nanoparticle suspension from PLA in H2O was dried to obtain powder of

nanoparticles upon which XRD and Raman was performed.8

3. Results and discussion

3.1. Comparative TEM analysis for PLA in scCO2 and PLA in H2O:10

Figure 2a and 2b show the TEM micrographs for nanoparticles synthesized by PLA of titanium in

scCO2. The TEM images show uniformly dispersed spherical nanoparticles (Fig. 2a). The formation of12

round nanoparticles with PLA is well reported and is attributed to the diffusion of hot surface atoms

on nanoparticles as well as melting of already synthesized nanoparticles because of laser processing14

in order to decrease interfacial energy [10]. In the SAED pattern (Fig. 2a inset), crystalline rings were

observed indicating the presence of mainly nanocrystalline particles. It is noteworthy to mention we16

did not observe any large nanospheres in this study such as the ones reported in a study by Saitow

et al. where they observed 400 nm large gold nanospheres as a result of PLA in scCO2 at relatively18

higher CO2 densities (1.7 g/cm3) [26]. In our study, the CO2 density varies between 0.34 – 0.38 g/cm3

for pressures and temperatures mentioned in the experimental section. At smaller densities, PLA in20

supercritical fluids such as CO2 and trifluoromethane (CHF3) leads to formation of nanoparticles few

tens of nanometers in diameter, while at higher densities, it leads to formation of large nanospheres22

and nanonecklaces [26,29].



Figure 2 TEM micrographs (a and b) and SAED pattern (as inset in a) from nanoparticles synthesized by PLA in2
scCO2

Figure 3a and 3b show the TEM micrographs of the nanoparticles synthesized by PLA of titanium in4

H2O. In the TEM images, round nanoparticles were observed to form web-like structures. Others

have reported formation of similar web-like structure upon PLA in H2O [30]. In addition, with higher6

magnification (Fig. 3b), randomly shaped nanoparticles were observed that joined with each other as

well as with the spherical bigger nanoparticle indicating agglomeration. SAED pattern taken from8

this region (Fig. 3a inset) showed crystalline rings and spots and maybe also diffuse rings, indicating

presence of crystalline and possibly some amorphous forms.10



Figure 3 TEM micrographs (a and b) and SAED pattern (as inset in a) from nanoparticles synthesized by PLA in
H2O.2

In PLA in scCO2, the nanoparticles were uniformly dispersed and non-agglomerated.  This may occur

due to the polar nature of synthesized nanoparticles surrounded by scCO2, which is non-polar and4

has zero surface tension. For PLA in scCO2 (Fig. 2a and 2b), randomly shaped nanoparticles observed

for PLA in H2O (Fig. 3a and 3b), were not observed. In case of PLA in scCO2, in theory, the electrical6

double layer, that usually surrounds the nanoparticles in aqueous medium, should be absent. In

addition, no hydrogen is involved in the process, so the possibility of firstly hydrogen bonding of the8

particles and secondly presence of OH-, H3O+, and H+ ions can be eliminated due to which no

agglomeration was observed. This suggests PLA in scCO2 in a promising method for synthesis of well-10

dispersed non-agglomerated spherical-shaped nanoparticles via a dry process. Later after the

process is finished, it is however possible that H2O (moisture) adsorbs on the nanoparticles when12

exposed to the ambient environment outside the reaction chamber causing some agglomeration.

3.2. Comparative Phase analysis – Raman and XRD of the nanoparticles14

Raman measurements from the nanoparticle powder on the target surface (Fig. 4a) synthesized by

PLA in scCO2 indicated presence of mainly anatase –TiO2 with the possibility of minor amounts of16

titanium(III) oxide (Ti2O3). The broad features might belong to smaller peaks of anatase, titanium(III)

oxide (Ti2O3) or other titanium oxides. Raman analysis did not show peaks at 222, 420 or 605 cm-118

corresponding to TiC indicating absence of titanium carbides. The Raman spectra for nanoparticles

synthesized by PLA in H2O (Fig.4b) showed two prominent peaks at 440 cm-1 and 610 cm-1 indicating20

presence of mostly rutile-TiO2. The peak at around 150 cm-1 suggests presence of anatase, brookite

or a combination of both. In addition to those, the broad pedestal up to 900 cm-1 may signify22

presence of disordered or amorphous material.



Figure 4 Raman spectra of nanoparticles formed by (a) PLA in scCO2 and (b) PLA in H2O2

XRD results for PLA in scCO2 synthesized nanoparticles (Fig. 5a) corroborated the presence of

anatase-TiO2 and titanium(III) oxide (Ti2O3). Additionally, XRD, indicated presence of a non-4

stoichiometric oxide of titanium - TiO0.89, which is a high-temperature phase. XRD from the samples

prepared in H2O (Fig. 5b) strongly indicate that the material is mostly rutile-TiO2. There were four6

prominent peaks observed for rutile-TiO2 at 27.4, 36.0, 41.2, and 54.3 degrees. The broadened peak

at 54.3 also has a shoulder due to another rutile peak at 56.6 degrees. The peaks in XRD pattern are8

broadened due to small size of nanoparticles. The small peak at 25.3 degrees may correspond to

brookite-TiO2. The broadened small peaks between 62 and 70 degrees correspond to rutile-TiO2 or a10

combination of rutile-TiO2 and brookite-TiO2 phase. This agrees with the Raman results that rutile

was the main phase and along with trace amounts of brookite. Interestingly, from the Raman and12

XRD investigation, we observe formation of mostly metastable phases in PLA in scCO2 – anatase TiO2,

Ti2O3 and TiO.89, while PLA in H2O resulted in mostly stable phase – rutile TiO2.14



Figure 5 XRD pattern of nanoparticles formed by (a) PLA in scCO2 and (b) PLA in H2O2

3.3. Comparative analysis of source of oxidation

CO2 has low reactivity; however, in the presence of high-temperature high-pressure plasma, its4

dissociation forms O¯/O2, with which the ablated plasma species can react.  The minimum energy

path for the dissociation of CO2 leads to CO and O-, which can further combine to form CO2 and O2.6

Under extreme conditions, CO2 can dissociate directly to carbon and molecular oxygen through

vacuum ultraviolet photodissociation [31] or dissociative electron attachment [32]. For PLA in H2O,8

the laser ablated materials react with oxygen [33], that is either dissolved in water [34] or bound to

water molecule which can be made available by plasma-induced water splitting [35].10

According to Ellingham diagram [36], CO2 is more oxidizing than H2O at temperatures below 1000 K.

However, in our experiments the samples prepared in H2O were completely oxidised which can be12

explained if the oxygen, that is dissolved in the water, is responsible for the oxidation. Thorough

thermodynamic analysis of this process is beyond the scope of this study.14

Although carbide compounds were not observed in this study, PLA in scCO2 at higher CO2 pressures

will make an interesting future scope of work to reveal the consequential effect of variation in16

plasma and cavitation bubble dynamics (or dynamics of the bubble-like hollow) on nanoparticle size,

morphology, and phase.18



4. Conclusion

In summary, production of well-dispersed non-agglomerated TixOy nanoparticles by PLA of titanium2

in scCO2 was successfully demonstrated via green synthesis using only supercritical CO2 as the

solvent. The results from this technique were compared against results from PLA of titanium in H2O.4

The nanoparticles were studied by TEM, Raman microscopy and XRD. TEM showed spherical-shaped,

well-dispersed crystalline nanoparticles. By PLA in scCO2, we also report absence of any web-like6

networks or unwanted randomly shaped nanoparticles that were observed for nanoparticles

synthesized in PLA in H2O. Raman and XRD indicated nanoparticles synthesized by PLA in scCO2 were8

anatase-TiO2, Ti2O3, and TiO0.89. For nanoparticles synthesized by PLA in H2O, Raman and XRD

indicated presence of mostly rutile-TiO2 along with trace amounts of brookite-TiO2. This suggests10

that PLA in scCO2 favours formation of metastable phases and forms with crystallographic defects

and vacancies such as TiO0.89, while PLA in H2O favours formation of mostly stable phase such as12

rutile-TiO2.
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