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Abstract

Nanocomposite thin films consisting of titanium oxide (TiO;) nanoparticles (NPs) and
graphene oxide (GO) platelets were deposited by spin-coating technique. The obtained films
were submitted to direct laser irradiation using a frequency quadrupled Nd:YAG (A = 266 nm,
Trwnam = 3 ns, v = 10 Hz) laser source. The effect of the laser processing conditions, as laser
fluence value and number of subsequent laser pulses incident onto the same target location, on
the surface morphology, crystalline structure, and chemical composition of the TiO, / GO
nanocomposite thin films was systematically investigated. The laser fluence values were
maintained below the vaporisation threshold of the irradiated composite material. With the
increase of the laser fluence and number of incident laser pulses melting and coalescence of
the TiO, NPs into inter-connected aggregates as well as rippling of the GO platelets take
place. The gradual reduction of GO platelets and the onset of anatase to rutile phase transition

were observed at high laser fluence values.
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1. Introduction

Titanium dioxide (TiO,) is widely investigated due to its unique properties as high optical
transmittance in the visible and IR spectral regions, high refractive index, good corrosion
resistance, high hardness, nontoxicity, chemical as well as mechanical stability [1]. During the
last years, a number of effective approaches have been developed to further improve the
functional properties of TiO,, through modification with metal and nonmetal elements and
structures, surface sensitization by dye molecules, as well as coupling with other
semiconductor or carbon-based materials [2]. Among these, creation of hybrid composites
through the addition of carbon nanomaterials represents one of the most promising
approaches, largely motivated by the unique functional properties of carbon nanostructures.
Indeed, carbon-based structures are key building blocks for many novel technological
applications. In particular, graphene, a two-dimensional single atomic layer of sp? bonded
carbon atoms [3], is a promising material because of its unique and exceptional electrical [3,
4], thermal [5], and optical properties [6]. Graphene oxide (GO), a graphene derivative with
oxygen groups on the carbon bone scaffold of graphene, is also a widely investigated valuable
novel material [7, 8]. GO exhibits outstanding functional properties such as hydrophilicity [9],
mechanical strength [10, 11], and chemical stability [12]. Moreover, through an accurate
control of the O/C ratio, tuning of the functional properties can be achieved. Fully oxidized
GO is an insulator and hydrophilic while partially reduced GO (rGO) has semiconducting
properties with band gap determined by its O/C ratio [13]. The hydrophilic to hydrophobic
transition process is also governed by the amount of oxygen containing functional groups of
GO [13, 14]. As known, chemical reduction is the most used method to obtain rGO [15, 16].
However, most reducing agents, such as hydrazine hydrate [15] or sodium borohydrate [16]
are toxic and/or explosive. Thus, continuous endeavors are directed towards the development
and optimization of eco-friendly reducing methods, ensuring an accurate control over the O/C
ratio of the obtained rGO.

In form of surface coatings, TiO, / GO and TiO, / rGO hybrid composites are of great
scientific interest for various applications such as photocatalytic decomposition of organic
pollutants, generation of hydrogen gas through water splitting, self-cleaning surfaces, CO,
reduction, gas sensors, solar cells, laser diodes, photodetectors, or energy-harvesting devices
[17-19]. Our previous investigations revealed that both photocatalytic efficiency as well as

surface wetting properties of TiO, / GO composite layers deposited by laser-based technique
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are improved as compared to the pure TiO, counterparts [20, 21]. Moreover, direct laser
irradiation of drop-casted ZnO / GO composites in nitrogen atmosphere lead to doping of rGO
and to the reduction of the water contact angle, the surface becoming super-hydrophilic under
UV light irradiation [22]. In addition, one of the major requirements for the implementation of
the layers in all mentioned application fields is their good adhesion to the underlying surface.
Our previous results on laser irradiation of drop-casted ZnO / GO composite films showed
that both their stability as well as adhesion properties improved after laser treatment [22].

In the present work we investigated the effect of UV laser irradiation on the surface
morphology, crystalline structure, and chemical composition of TiO, / GO nanocomposite
layers previously deposited by spin-coating, using TiO, / GO aqueous solutions. The laser
irradiations experiments were performed in vacuum. The dependence of the surface
morphology, crystalline structure, and chemical composition of the layers on the laser
parameters as incident laser fluence and number of subsequent laser pulses was investigated.
Our results showed that controlled and gradual reduction of the GO platelets in the TiO,/ GO
hybrid composites can be obtained through eco-friendly direct laser irradiation technique

whereas the stoichiometry of the TiO, NPs remains unaltered.

2. Experimental

Dispersions consisting of 1 wt.% anatase phase TiO, nanoparticles (Aldrich, 99.5%) and 0.5
wt. % GO platelets (Nanolnnova Technologies,Madrid, Spain) in distilled water were
prepared for the deposition of the initial TiO, / GO composite thin films by spin-coating
technique. For the deposition of each film 50 ul dispersions were dropped on the surface of
the substrates in 5 x 10 pl steps. The substrates consisted of 10 x 10 mm? (001) SiO, quartz
plates. The rotational frequency of the substrates was fixed at 800 rpm. Each deposition was
performed by spinning the substrates during 1 s. After deposition the samples were dried in
air at normal atmospheric conditions. The laser irradiation experiments were performed in a
vacuum chamber, evacuated down to a residual pressure of 10* Pa. A Nd:YAG Qantel
Brilliant B (A = 266 nm, tpwum = 3 ns, v = 10 Hz) laser source was used for the laser
irradiation experiments. The number of subsequent laser pulses was chosen in the range (100

—1000). The incident laser fluence on the surface of the samples was set at values in the range



(20 - 80) J/cm®. A non-irradiated TiO, / GO composite thin film obtained by spin-coating,
using the same experimental conditions as for the samples submitted to laser irradiation, was

used as reference.

The surface morphology of the reference and laser irradiated thin films was investigated by
field emission scanning electron microscopy (FE-SEM) with the aid of a QUANTA FEI 200
FEG-ESEM system. The micro-Raman measurements were performed in backscattering
configuration, with a Jobin-Yvon T6400 spectrometer equipped with an optical microscope.
For excitation, the 532 nm laser beam was focused with a 50x objective over a 2 um diameter
spot area on the sample surface. The laser power on the sample was 0.8 mW, avoiding
thermal heating during the measurements. Three spectra with 10 s integration time were

registered for each analised surface area.

3. Results and discussion

The FE-SEM image of the non-irradiated TiO,/ GO nanocomposite thin film obtained by spin
coating technique from a solution containing 1 wt.% TiO, NPs and 0.5 wt.% GO platelets in
distilled water is shown in Fig. 1. As can be observed, the GO platelets are partially covered
by TiO, NPs. The TiO, NPs have a homogeneous size distribution with an average diameter

around 20 nm.

The spin-coated TiO, / GO thin films were submitted to laser irradiation in vacuum at a
residual pressure of 10 Pa. At the lowest laser fluence value 20 mJ/cm? no significant
changes of the surface morphology were observed in the studied range (100-1000) of number
of subsequent laser pulses. At 1000 subsequent laser pulses (Fig. 2a) the surface morphology
is similar to that of the reference non-irradiated sample (Fig. 1). Indeed, the single pulse
melting threshold of TiO, thin films processed by an UV KrF* excimer laser source (A = 248
nm, tewnm = 25 ns) was reported to be around 0.25 J/cm?, corresponding to a laser intensity
value of 10 MW/cm? [23], well above our lowest, 20 mJ/cm? laser fluence value, equivalent
to a laser intensity value of 6.6 MW/cm?. However, at the same number of pulses, the increase
of the laser fluence to 40 mJ/cm? (13.3 MW/cm?) leads to the onset of local melting and
coalescence of TiO, NPs (Fig. 2b). With the further increase of the laser fluence to 60 and 80
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mJ/cm? the molten NPs were found to merge into inter-connected aggregates, leading to the
formation of a network-like structure (Fig. 2c,d). At this high fluence values the melting and
coalescence of the TiO, NPs takes place even at low, 100 number of subsequent laser pulses
(Fig. 3a,b). We would like to note that at the same number of pulses, but lower, 40 mJ/cm?
laser fluence values the irradiated surface morphology is identical to that of the reference non-
irradiated sample (Fig. 1). However, with the further accumulation of the laser pulses, surface
melting and coalescence of the molten particles takes place (Fig. 2b). As known, laser-
induced melting threshold is reduced under multi-pulse irradiation conditions [22, 24-28].
This phenomenon, can be explained by enhanced absorption on existing defect sites [26-28],
lattice defects or dislocations on the surface of the nanoparticles. Moreover, the creation of
radiation-induced defects, frequently denoted in the scientific literature as incubation centers,
are local alterations of the crystalline structure and changes in the chemical composition
(metallization) owing that the experiments were carried out in high vacuum, enhances the
absorption of the incident laser radiation [26-28]. Successive laser pulses increase the number
of defects leading to the formation of new absorption bands and thereby enhance the
absorptivity within the irradiated volume. The increase in the laser energy absorption, known
in the literature as incubation effect, leads to the diminishment of the melting threshold under

multipulse laser irradiation [27, 28].

Moreover, wrinkles and resonant ripple-like surface features formation on the surface of the
GO sheets can be observed at the highest, 80 mJ/cm? laser fluence value (Fig. 3c). Similar
surface features were observed on the surface of GO platelets in case of pure GO [29] as well
as ZnO / GO [22] and Fe304 / GO [29] composite films irradiated with the fourth-harmonic of
a Nd:YAG laser, identical to that used in the experiments described in this work. Until certain
extent similar surface modifications were observed in case of multiwall carbon nanotubes
submitted to UV laser irradiation [30]. A stress driven process was suggested for wrinkle
formation during repetitive heating and cooling down of graphene layers from temperatures of
1100-1300 K to room temperature [31]. The first wrinkles were found to appear after a cool
down of around 400 K. Upon heating and cooling cycles a hysteresis was observed in the
appearance and disappearance of the wrinkles. Moreover, wrinkle patterns on the same
surface location were similar during repeated heating and cooling cycles. This feature
suggests that wrinkles nucleate at pre-existing features, defects of carbon rings, inducing local
stress in the graphene lattice [31]. Under the action of the laser pulses, the creation of

additional structural defects and variation of the chemical composition of GO platelets takes
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place. The locations with high enough density of defects would probably act as preferential
absorption sites leading to local heating with the further accumulation of the laser pulses. The
developed temperature gradients could contribute to stress-induced bending and the formation

of wrinkles and ripple-like resonant surface features [31-33].

The micro-Raman spectra of the reference and laser irradiated TiO,/ GO composite thin films
are presented in Fig. 4. The spectrum of the reference TiO, / GO film is composed by the
lines situated at 145, 199, 397, 513, 519, and 635 cm™ corresponding to the Egq), Ege),
Blgw), Alg+Blg(), and Eg) Raman vibrational modes of anatase phase TiO, [34, 35] as well
as the lines at 1348 and 1594 cm™ belonging to the well known D and G vibrational modes of
carbon materials [36]. The G mode is related to the first-order scattering of E,q phonon from
sp?-bonded carbon atoms constituting the graphite lattice, while the D mode is associated with
structural imperfections and vibrations of carbon atoms with sp® electronic configuration of
C-0 bonds [36, 37]. The intensity ratio of the D and G bands (Ip/lg) is shown in the inset of
Fig. 4. The ratio is a measure of disorder degree and is inversely proportional to the average
size of the sp® clusters [37]. As can be observed, the calculated Ip/lg ratio does not vary
significantly in case of the samples irradiated with low, 20 and 40 mJ/cm? laser fluence values
as compared to that corresponding to the reference sample. However, the further increase of
the laser fluence to 60 and 80 mJ/cm? lead to the gradual diminishment of the 1o/l ratio. This
feature can be attributed to the decrease of the number of oxygen containing functional groups

containing sp® hybridised C atoms [36, 38] and formation of rGO at high laser fluence values.

As concerns anatase phase TiO, NPs, no structural changes can be observed after direct laser
processing at low, 20 and 40 mJ/cm? laser fluence values (Fig. 4a,b). However, the onset of
anatase to rutile phase transition can be observed at higher laser fluencies (Fig. 4c,d). Besides
the Raman bands assigned to anatase phase TiO,, the spectra of the TiO, / GO samples
irradiated at 60 and 80 mJ/cm? laser fluences contain new bands at 436 and 612 cm™, assigned
to the Eg and Alg Raman vibrational modes of rutile phase TiO; [39]. The intensity of the
Raman bands increases with the increase of the laser fluence from 60 (Fig. 4c) to 80 mJ/cm?
(Fig. 4d) under the accumulation of the laser pulses. As known, rutile is the
thermodynamically stable phase of TiO, and it can be obtained by thermal annealing of
amorphous titanium oxide which transforms into anatase, while the bulk phase transition from
anatase to rutile takes place in air at around 600 °C [1]. However, the transition temperatures
reported in the literature vary in the range 400-1200 °C [40]. According to our FE-SEM
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investigations, the melting temperature is reached locally even at lower, 40 mJ/cm? laser
fluence (Fig. 2b) surpassing the phase transition temperature. However, homogeneous surface
melting takes place only at laser fluencies higher than 60 mJ/cm? (Fig. 2c). On the other hand,
the position and width of the Raman bands belonging to TiO, NPs remain very similar for all
samples indicating that the [O]/[Ti] ratio is not changed under multipulse laser irradiation
[39].

Conclusions

TiO, / GO nanocomposite layers were deposited by spin-coating technique. The layers were
submitted to direct laser irradiation using a frequency quadrupled Nd:YAG (A = 266 nm,
TrwnMm = 3 NS, v = 10 Hz) laser source. The effect of the incident laser fluence value as well as
number of subsequent laser pulses on the surface morphology, crystalline structure, and
chemical composition of the layers was investigated. Surpassing a laser fluence threshold
value the TiO, NPs were melted. The molten NPs were found to merge into inter-connected
aggregates, leading to the formation of a network-like structure. Resonant ripple-like surface
features formation on the surface of the GO platelets was observed at the highest laser fluence
value. Moreover, direct laser irradiation lead to the decrease of the number of oxygen
containing functional groups and formation of rGO as well as the onset of anatase to rutile
phase transition at high fluence values. The stoichiometry of the TiO, NPs did not change

under multipulse laser irradiation.
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Figure caption

Fig. 1. FE-SEM image of nanocomposite reference TiO, / GO nanocomposite thin film
obtained by spin coating from 50 ul dispersions consisting of 1 wt.% TiO, NPs and 0.5 wt. %
GO platelets.

Fig. 2. FE-SEM images of TiO, / GO nanocomposite thin films obtained by spin coating from
50 ul dispersions consisting of 1 wt.% TiO, NPs and 0.5 wt. % GO platelets irradiated in
vacuum at a pressure of 10 Pa with 1000 laser pulses and (a) 20, (b) 40, (c) 60, and (d) 80

mJ/cm? laser fluence.

Fig. 3. FE-SEM images of TiO,/ GO nanocomposite thin films obtained by spin coating from
50 ul dispersions consisting of 1 wt.% TiO, NPs and 0.5 wt. % GO platelets irradiated in
vacuum at a pressure of 10™ Pa with 100 laser pulses and (a) 60, as well as (b, ¢) 80 mJ/cm?

laser fluence.

Fig. 4. Micro-Raman spectra of TiO,/ GO nanocomposite thin film obtained by spin coating
from 50 pl dispersions consisting of 1 wt.% TiO, NPs and 0.5 wt. % GO platelets, (a) as
deposited reference sample and (b-d) irradiated in vacuum at a pressure of 10 Pa with 1000
laser pulses and 20 mJ/cm?, 40 mJ/cm?, 60 mJ/cm? and 80 mJd/cm? laser fluence. The graph in
the inset corresponds to the dependence of the Ip/lg intensity ratio of the D and G bands as a

function of the laser fluence.
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