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A B S T R A C T

Smooth and optically transparent titania (TiO2) and TiO2-reduced graphene oxide (RGO) composite films were
successfully prepared here. A nanocrystalline anatase suspension was initially prepared by combining the sol-gel
process and hydrothermal treatment. Graphene oxide (GO) nanosheets were prepared following a route similar
to the Hummers method. Glass slides were then dip-coated using mixtures of TiO2 and GO suspensions. The
concentration of GO in the prepared coatings ranged from 1 to 5 wt%. The coated samples were air-dried, and
then either calcined or irradiated with UVA light. It was observed that UVA light promoted the reduction of GO
to RGO, which increased both the electrical conductivity and hydrophilicity of the composites. The heat
treatment of as-prepared coatings also decreased the water contact angle (WCA) with its surface, which is related
to the removal of organics residues, graphene burning, and the increase in surface energy. The super-
hydrophilicity of the prepared samples was investigated after keeping them in air for up to 60 days, followed by
UVA illumination. It was also demonstrated that a hydrophilic behavior can be induced in the samples prepared
here by applying a direct current (DC) voltage, which could allow their use as smart materials in several ap-
plications.

1. Introduction

Titania (TiO2) is a semiconductor with relevant environmental and
biomedical applications, widely used in the photocatalytic degradation
of pollutants [1-3], production of H2 [4], and fabrication of biosensors
[5] and batteries [6,7]. It is well known as a powerful oxidizing agent,
displaying low cost, good chemical stability, and nontoxicity [8]. TiO2

has also been used as a superhydrophilic self-cleaning coating, allowing
different substrates such as glass, plastic, tiles, building linings, and
wood to eliminate bacteria and grime [9]. Such coatings find important
applications in many industrial fields, reducing the use of water and
chemicals in addition to contributing to the maintenance of the eco-
system [10].

A superhydrophilic behavior can be induced in TiO2 by exposing it

to ultraviolet (UV) light, which is related to the formation of electron-
hole pairs (e−/h+). This process is associated with the promotion of
electrons from the valence band to the conduction band, leading to the
creation of holes in the former band. The photogenerated conduction-
band electrons can reduce Ti4+ to Ti3+, which may form surface defects
at bridging oxygen sites. It has been reported that when these surface-
defects are generated, water and oxygen compete with each other to
chemically adsorb onto it [11,12]. The wetting behavior of such a
surface is related to an equilibrium condition of the adsorption process
of water and oxygen [13]. Holes generated by the UV illumination of
TiO2 may give rise to oxygen vacancies. Such defects play a key role in
the process of water adsorption on TiO2 [14]. Oxygen vacancies that
did not react with previously-adsorbed water and organic molecules
may become trapped in the TiO2 network [15]. The as-created defects
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can increase the affinity of TiO2 for hydroxyl ions (OH−) arising from
the dissociation of chemisorbed water and the creation of hydrophilic
areas [9].

Although hydrophilicity and hydrophobicity correspond to two
opposite properties of wettability, the behavior of a surface can be
switched between these two states by an external stimulus. It is pos-
sible, for instance, to change the wetting behavior of TiO2 from hy-
drophobic to superhydrophilic by photo-induction [16,17]. As dis-
cussed before, the photogenerated charge carriers play an important
role in the superhydrophilic behavior of this material. Nonetheless, it is
well established that the light-induced superhydrophilicity of TiO2 does
not persist in the absence of UV light, which limits its application be-
cause surfaces may not be permanently exposed to UV radiation such as
in indoor environments [18]. This time-dependent loss of super-
hydrophilicity in the absence of an external stimulus may be associated
with the recombination of photogenerated electron-hole pairs and
surface exposure to air pollution. Many researchers have already sug-
gested different approaches to overcome this limitation. Although the
doping of TiO2 has shown good results [19-21], the high cost and low
availability of the commonly used elements are limiting factors for
large-scale production of these materials. TiO2-SiO2 composites also
showed good results on super hydrophilicity [22]. However, the addi-
tion of SiO2 may impair the photocatalytic behavior of the composite
[23]. The association between TiO2 and graphene is a promising ap-
proach [24-26]. This behavior is related to an efficient charge transfer
between these materials that occurs during the UV illumination of the
composite, which promotes an effective separation of the photo-
generated electron-hole pairs and slows down the recombination of
these charge carriers. It has also been reported that the combination of
TiO2 and graphene may narrow the bandgap of the former [27].
Moreover, the presence of graphene increases the electrical con-
ductivity of TiO2 and inhibits the adsorption of pollutants on its surface
by an antistatic effect [28]. Liu et al. [29] investigated the electro-
chemical behavior of TiO2 nanorods loaded in graphene oxide and
observed that these materials have an enhanced electrochemical per-
formance, which is another attractive property of this composite.

The control of wettability is essential for the development of smart
surfaces, such as smart windows. Although several studies have in-
vestigated the photoinduced properties of TiO2 in recent years, its use,
when combined with graphene for the preparation of coatings, has been
little explored. We recently reported the preparation by the sol-gel
process and hydrothermal treatment of titania/reduced graphene oxide
(RGO) composites with an improved photodegradation capacity of or-
ganic dyes [30,31]. It was observed that under UVA light such materials
give rise to reactive oxygen species with a high ability to degrade
pollutants. The promising results reported in the literature for TiO2/
RGO composites, along with the expertise of our research group on the
preparation of self-cleaning surfaces by the deposition of sol-gel derived
titania [22,23,32,33], were the main motivations for this study. In this
work, TiO2 coatings were prepared by hydrothermal treatment and sol-
gel dip-coating. Graphene-containing composite films were also pre-
pared to evaluate the effect of this addition on the structural, electrical,
and wetting properties of the composites. UV irradiation and calcina-
tion in air were tested to investigate their influence on the properties of
the obtained coatings. The samples prepared in this study were ex-
amined by several techniques such as X-ray diffraction (XRD), Raman
spectroscopy, UV–Vis spectroscopy, scanning electron microscopy
(SEM), and atomic force microscopy (AFM). The wetting behavior of
the prepared samples was evaluated by measuring the contact angle of
deionized water with the substrate as a function of aging time, UV il-
lumination, or direct current (DC) voltage application.

2. Materials and methods

2.1. Synthesis of graphene oxide (go) nanosheets

Graphene oxide (GO) nanosheets were obtained after the ultrasonic
exfoliation of graphitic oxide (GrO), as described in detail elsewhere
[34]. Briefly, a solution of sulfuric acid (H2SO4 / Synth / 98%) and
potassium permanganate (KMnO4 / Neon / 99%) was initially prepared
under stirring in an ice bath. Graphite powder (CBG Mining) was then
added to this solution. The suspension was kept under stirring in a
microwave digestion system (Milestone Start D) at 250 W and 70 °C for
10 min. The as-prepared slurry was dispersed in cold deionized water,
followed by the addition of hydrogen peroxide (H2O2 / Dinâmica /
35 vol%) to remove manganese impurities. The slurry was filtered and
the remaining solid (GrO) was continuously washed with deionized
Milli-Q water until reaching pH 7. GO was obtained after the ultrasonic
exfoliation of GrO in water for 30 min. The as-prepared suspension was
then centrifuged at 4000 rpm for 20 min and GO was collected as su-
pernatant. The concentration of GO in the obtained suspension was kept
constant at 1.0 g/L. It was observed in a previous study that this pro-
cedure gives rise to highly-dispersed GO nanosheets about 0.9 nm thick
[30].

2.2. Synthesis of titania

A combination of sol-gel processing and hydrothermal treatment
was used to obtain a crystalline TiO2 suspension. A solution of titanium
tetraisopropoxide (TTIP / Aldrich / 97%) and absolute ethyl alcohol
(EtOH / Aldrich / ≥ 98%) was initially prepared at room temperature.
In another flask, EtOH, hydrochloric acid (HCl / Aldrich / 37%), and
deionized Milli-Q water were also mixed. After the homogenization of
both solutions, they were mixed under vigorous stirring at room tem-
perature. The as-obtained solution was aged at room temperature for at
least three days. The molar ratio of TTIP: EtOH: HCl: H2O was 1: 35:
0.3: 0.3. Deionized water was then added to the solution for adjusting
the molar ratio of H2O: TTIP to 90: 1. A crystalline suspension was
obtained after pouring the previously-prepared sol into a Teflon-lined
stainless-steel autoclave and heat-treating it at 180 °C for 6 h. It is well
established that this hydrothermal treatment promotes the crystal-
lization of TiO2 into anatase [35]. After this step, particle agglomerate
with a gelatin-like texture immersed in a liquid phase was obtained. An
exchange procedure was subsequently conducted to replace the acidic
liquid phase with absolute EtOH. The liquid phase of the final sus-
pension should be free of H+ ions and have a pH close to 7. The sus-
pension was then stirred at room temperature for 30 min and sonicated
for 1 h to promote the redispersion of anatase crystallites.

2.3. Production of coatings and powdered samples

The previously-prepared aqueous suspension of GO was mixed with
the TiO2 crystalline suspension under stirring at room temperature for
1 h and under sonication for another 1 h. Different amounts of GO were
used to prepare suspensions with GO concentrations ranging from 1 to
5 wt%. It was observed that suspensions with concentrations of GO
above 5 wt% did not give rise to uniform coatings, which negatively
affected the optical transparency of the obtained films.

Soda-lime glass slides (2.5 cm × 2.5 cm × 1 mm) were used as
substrates in this work. These slides were initially washed with water
and soap. Next, they were soaked in a Piranha solution (sulfuric acid
(Synth / 98%) and hydrogen peroxide (Neon / 38 vol%) at a volume
ratio of 3:1) at room temperature for 2 h. The slides were then carefully
washed with deionized water and air-dried at room temperature. They
were subsequently sonicated in EtOH and dried in air again. The
coating step was conducted by dip-coating at a withdrawal speed of
2.7 mm/s. The glass slides were dipped into the previously-prepared
TiO2 and TiO2-GO suspensions. The number of layers deposited on the
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substrates was 1, 5, or 10 layers. A drying step was performed in air at
70 °C for 10 min after the deposition of each layer. It was observed that
such coatings showed a satisfactory adherence to the glass substrate as
they could be handled and cleaned with soft paper and alcohol without
peeling. Powdered materials were also obtained to evaluate the
bandgap energy (Eg) of the prepared materials by UV–Vis diffuse re-
flectance spectroscopy (UV–Vis DRS). These specimens were prepared
after drying the TiO2 and TiO2-GO solutions in air at 70 °C overnight.

Coated samples were calcined in air at 400 °C for 2 h with a heating
rate of 5 °C/min to evaluate the influence of this step on their proper-
ties. It was also investigated the effect of UV radiation on the reduction
of GO to RGO. For this purpose, as-prepared samples were illuminated
to UV light for 3 h using an 18 W UVA lamp (Osram Dulux S Blue /
maximum emission at 354 nm) and kept at 5 cm away from the sam-
ples. The irradiation chamber was air-ventilated to keep samples at
room temperature during this step. As will be addressed further on, this
irradiation step promoted the reduction of Go to RGO and gave rise to
the TiO2/RGO composites studied in this work. As-prepared samples
were designated as TiO2-GO/X, where X represents the concentration of
GO in wt.%. Coatings exposed to UV radiation were labeled as TiO2-
GO/X/UV, while those heat-treated were identified as TiO2–GO/X/HT.
Fig. 1 displays a scheme of the experimental work performed in this
study.

2.4. Characterization of the synthesized materials

A Philips-PANalytical PW 1710 diffractometer was employed to
conduct XRD tests at a step size of 0.06°, within the 2-theta range of
20–70°, and using an acquisition time of 3 s. CuKα radiation
(λ = 1.54 Å) was used in these tests. A WiTec Alpha 300 system with
excitation radiation of 632.82 nm (He-Ne laser / 1 mW) was used to
conduct Raman spectroscopy under ambient conditions. The spectra
were taken from 154 to 2735 cm−1 and considering 6 acquisitions per
min. A Shimadzu UV-2600 spectrometer was used to evaluate the op-
tical transparency and Eg of the prepared materials. The optical trans-
parency was assessed after the positioning of the glass slides in the
spectrometer and the measurement of the transmitted beam intensity.
Eg was determined using powdered samples dispersed in barium sulfate
(Shimadzu). It was used a diffuse reflectance accessory at a resolution

of 1 cm−1. The Kubelka-Munk and Tauc methods were used in these
calculations [36]. The morphology of the prepared coatings was eval-
uated by SEM and AFM. AFM was conducted on Asylum Research MFP-
3D and Park Systems XE-70 microscopes operating in the tapping and
non-contact modes, respectively. Silicon cantilevers with spring con-
stants of 26 or 130 N/m and resonance frequencies of 30 or 330 kHz
were employed in these tests. The collected images were examined in
the XEI software® provided by Park Systems. SEM was performed on an
FEI Quanta 200 field emission gun (FEG) microscope at an accelerating
voltage of 15 kV. The electrical conductivity measurements by a DC
four-probe method were performed using a Jandel Universal Probe
(Engineering ltd. Leighton Buzzard) coupled with a Keithley 238 high
current measuring unit. In these tests, four probes were arranged in a
line and at a distance of 1.0 mm from each other. To determine the
electrical resistance values, films with different thicknesses were pre-
pared. The data were collected at 3 different points on each film. The
calculations of the electrical conductivity values were obtained using
the mathematical treatment described elsewhere [37]. The thickness of
each film was measured in 5 different regions with a Mitutoyo Absolute
system. Such thicknesses were also measured by SEM microscopy, using
the aforementioned electron microscope. The thickness values used in
the calculations to determine the conductivity were the average value
obtained. The current flowing through the examined specimens was
monitored as a function of the applied voltage.

2.5. Wettability tests

The wetting behavior of the prepared films was evaluated by mea-
suring the water contact angle (WCA). WCA was evaluated at room
temperature using a Dino-Lite AM2111 digital microscope. A photo-
graph was taken about 10 s after dripping water on the substrate. WCA
was measured taking into account at least three sessile droplets with
3 μL. This property was initially evaluated over time for assessing the
effect of the aging step on the wettability behavior of the fabricated
materials. For this purpose, samples were kept in dark conditions to
avoid the influence of natural UV radiation on these experiments. Next,
WCA was measured after illuminating samples with UVA light for in-
vestigating the so-called photoinduced superhydrophilicity. Such tests
were conducted using the aforementioned UV chamber. The electrically

Fig. 1. Scheme of the experimental work performed in this study.
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induced superhydrophilicity was measured by applying a DC voltage on
indium tin oxide (ITO) substrates coated with TiO2-GO composites.
WCA was evaluated as described before.

3. Results and discussion

Fig. 2 shows the XRD patterns collected in this work for powdered
samples in the as-prepared condition, as well as the crystallite size es-
timated after applying the Scherrer equation to the crystal plane (001).
It can be noted that TiO2 shows a crystallite size below 8 nm. The
diffraction lines highlighted in this Figure are all associated with ana-
tase (JCPDS file number 21-1272). This result reveals that the hydro-
thermal treatment was effectively crystallized TiO2 into anatase nano-
particles, which is in line with previous studies [30,31]. Fig. 3 displays
the Raman spectra of as-prepared and UVA-illuminated composite
coatings. The spectrum of a TiO2 coating is also displayed for reference
purposes. Eg, B1g, B1g + A1g, and Eg vibration modes of anatase are
observed at 145, 405, 520, and 640 cm−1, respectively [38]. The D and
G bands of graphene are noted at about 1330 and 1600 cm−1. Such
bands have been ascribed to defects in the graphene network and in-
plane vibration of sp2-bonded carbon atoms [39,40]. The observation of
Raman bands ascribed to graphene reveals that it was successfully in-
corporated into the TiO2-based films. It can also be noted that the larger
the concentration of GO in the composite, the more intense are the
graphene-related absorption bands and the less intense are the features
due to titania. Furthermore, the D and G bands of graphene are no
longer observed after the heat treatment in air, revealing that GO could
be burned during this step. Table 1 gives the intensity ratio between the
D and G bands for the composites prepared in this study. It can be noted
that this ratio is larger the higher the GO loading, which reveals a
greater disorder in the composite structure [41]. Moreover, ID/IG
tended to increase after the UV-irradiation of the coatings, indicating an
increase in the concentration of defects or edge areas from GO to RGO
[42]. This behavior was not observed for TiO2-GO/5.0, which experi-
enced a decrease of the ID/IG ratio from 1.84 to 1.56 when it was ex-
posed to UVA light for 3 h. This may be due to a fast photocatalytic
reduction of GO by TiO2 during the composite illumination with UVA
light, which was also reported by Akhavan et al. [43].

Fig. 4 displays the transmittance spectra of samples coated with
either TiO2 or TiO2-GO. The spectrum collected for a bare glass sub-
strate is also shown for comparison purposes. One notices that all
samples exhibited a significant decrease in the amount of light trans-
mitted in the UV region, which is related to the jump of electrons across

the forbidden band. Indeed, as it will be demonstrated further on, the
films prepared here have Eg varying from 3.20 to 3.12 eV, which cor-
responds to photons with wavelengths from about 387 to 397 nm. This
means that photons with these wavelengths can be absorbed by va-
lence-band electrons, which promotes them to the conduction band.
The bare glass substrate showed a similar behavior because it also has
Eg within the UV region [44]. It is worth highlighting the high optical
transparency of the films prepared in this work within the visible region
(around 70% at 600 nm). This behavior is mandatory for the use of
coatings in many applications, for instance, in the fabrication of self-
cleaning windows [24]. The digital photography provided in Fig. 4
reinforces the optical transparency of these films, in which it is possible
to read what is written below the glass slides. The glass slides in-
tentionally show coated and uncoated regions due to a partial dip of the
substrates into the prepared suspensions. It was observed that the
higher the concentration of GO, the lower was the optical transparency
within the visible region. We noticed that the increase of the GO
loading gave rise to dark coatings, which justifies the smaller trans-
mittance displayed by composites containing high concentrations of
this material. As aforementioned, films prepared with GO loadings
above 5 wt% were inhomogeneous and showed low optical transpar-
ency.

Fig. 5a exhibits AFM images taken for the coatings obtained in this
work. An image obtained for a bare glass substrate is also displayed.
The glass slide has a smooth surface, which is why it was chosen as the
substrate in this work. The way GO sheets are deposited on a substrate
can greatly influence the thickness and roughness of the coatings ob-
tained. During the dip-coating process, viscous forces drag the solution
upwards due to the withdrawal of the substrate from the solution,
leading to the formation of a meniscus. Such a viscous drag is propor-
tional to both the liquid viscosity and withdrawal speed of the substrate
[45]. A high withdrawal speed can cause the GO sheets to lose or-
ientation, giving rise to an irregular surface with a high concentration
defects and causing an increase in film thickness and roughness [46]. As
the withdrawal speed used in this study was kept as low as 2.7 mm/s,
the difference in the AFM images exhibited in Fig. 1 may be related to
the different viscosities of the TiO2-GO suspensions prepared. More-
over, the solvent (EtOH) evaporation could also affect the organization
of GO sheets in the obtained films.

Fig. 5b shows the roughness of these coatings as a function of the
GO concentration. Two different parameters of surface roughness are
displayed in this Figure, namely Ra and RMS. Ra is the average
roughness of a surface, evaluated taking into account peaks and valleys.
RMS, on the other hand, is the root mean square of this roughness. Ra
and RMS are based on the same height measurements of surface peaks
and valleys, but the calculation procedure is different [47]. The bare
glass substrate showed Ra and RMS of 0.25 and 0.32 nm, which re-
inforces the smoothness of this surface. It can be observed that Ra and
RMS became larger when the GO loading was increased. This behavior
can be associated with the stacking of GO sheets as its concentration is
increased. Moreover, GO sheets have micrometers-long wrinkles and
oxygenated groups at their edges where the agglomeration of TiO2

nanoparticles may take place [48], which can also increase the surface
roughness [49]. However, it is worth highlighting that the films pre-
pared in this work exhibited a roughness of a few nanometers. Ac-
cording to Busscher et al. [50], the wettability of surfaces with Ra below
100 nm is not affected by their roughness. Thus, this property was not
taken into account when investigating the wettability behavior of ma-
terials containing different concentrations of GO.

The bandgap energy (Eg) for a semiconductor can be evaluated by
plotting [F(R)hν]n as a function of hν, where F(R) represents the so-
called extinction coefficient, h the Planck constant (4.14 × 10−15

eV.s), and ν the photon frequency (Hz). F(R) can be calculated from
Equation (1), where R (%) is the reflectance measured by UV–Vis DRS:

Fig. 2. XRD patterns of powdered samples in the as-prepared condition. The
highlighted diffraction peaks are related to anatase. The crystallite size eval-
uated by the Scherrer equation is also exhibited.
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=F(R) (1 R)
2R

2

(1)

The index n is related to the transition experienced by an electron
when it is promoted from the valence band to the conduction band. It
has been reported that n = ½ for an indirect allowed transition, n = 2
for a direct allowed transition, n = 3 for an indirect forbidden transi-
tion, and n = ⅔ for a direct forbidden transition [51]. Direct allowed
transitions occur when the electron is directly promoted to the con-
duction band with no absorption or emission of phonons. Direct for-
bidden transitions require the participation of phonons to conserve
system momentum and are less likely to occur. Indirect transitions are
observed when at least one phonon participates in the absorption or
emission of another phonon to conserve momentum. Both direct and
indirect transitions can take place in semiconductors [52]. TiO2 has a
direct forbidden gap, which is also degenerated in an indirect allowed
transition. As a consequence, we considered n = ½ in our calculations
as recommended elsewhere [36]. Eg is given by intercepting with the x-

axis the line tangent to the inflection point of [F(R)hν]1/2 versus hν.
Fig. 6a and 6b exhibit, respectively, the plot of [F(R)hν]1/2 versus hν

and Eg as a function of the graphene concentration. TiO2 showed Eg
around 3.20 eV, which is the value commonly reported for anatase
[53,54]. Eg became smaller when the concentration of GO was in-
creased. The illumination of the coated samples with UVA light for 3 h

Fig. 3. Raman spectra of samples coated after 5 dipping cycles. The spectrum of a TiO2 coating is also exhibited for reference purposes.

Table 1
Intensity ratio between the D and G bands (ID/IG)
observed in the Raman spectra of composite coat-
ings prepared in this work.

Sample ID/IG

TiO2-GO/1.0 1.45
TiO2-GO /1.0/UV 1.71
TiO2-GO /2.5 1.80
TiO2-GO /2.5/UV 1.85
TiO2-GO/5.0 1.84
TiO2-GO/5.0/UV 1.56

Fig. 4. Transmittance spectra of glass substrates coated with either TiO2 or
TiO2-GO films. The spectrum taken for a bare substrate is also exhibited for
comparison purposes. The coated samples were obtained after 1 dipping cycle.
Inset: digital photograph of the samples prepared in this study.
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led to a further decrease in Eg. This behavior can be related to the re-
duction of GO to RGO during the UV irradiation [42,55,56], which gave
rise to TiO2-RGO composites with narrower bandgaps than TiO2 and
TiO2-GO. It is well established that highly-reduced GO is a good con-
ductor and shows no gap [57]. Due to these properties, the reduction of
GO to RGO is essential for the preparation of self-cleaning TiO2-based
coatings. The decrease of Eg with the increase of GO concentration is
related to the narrow bandgap displayed by this material in its reduced
state, which tends to decrease the composite bandgap. As highly-re-
duced GO has no bandgap, it is plausible to expect Eg to decrease as the
GO loading in the prepared samples increases. Moreover, the decrease
in the composite bandgap energy when GO was reduced to RGO may

reveal the formation of Ti-O-C interfacial bonds [58]. These chemical
bonds can give rise to a pathway for charge transfer, which slows down
the recombination of electron-hole pairs generated during UVA illu-
mination [59]. The presence of RGO in UV-irradiated samples has
motivated the electrical characterization of these materials and an in-
vestigation of how their wettability can be controlled by applying a DC
voltage on them.

Fig. 7a exhibits the electrical current flowing through the samples as
a function of the applied voltage. All samples displayed a linear increase
of current (i) with voltage (V), revealing that they follow Ohm’s law in
the examined voltage range. One can infer the resistivity (ρ – Ω.m) of
the tested materials from the curves shown in Fig. 7a and Equation (2),
where w is the coating thickness (m) and F is a dimensionless correction
factor related to the shape, length/width ratio, and arrangement of the
samples used in the electrical tests. In this work, F was evaluated fol-
lowing a procedure described elsewhere [37], which gave rise to a
value of 4.45.

= V
i

wF (2)

Fig. 7b depicts the thickness, resistivity, and sheet resistance (RS –
Ω/Sq) of the obtained films. RS is given by the ratio between ρ and w.
We observed that the film becomes thicker when the number of layers
deposited on the glass slide is increased. For instance, TiO2 and TiO2-
GO/1.0/UV samples obtained after 5 dipping cycles were
0.48 ± 0.05 μm and 0.19 ± 0.06 μm thick, whereas coatings pre-
pared after 10 cycles were 1.86 ± 0.25 μm and 1.11 ± 0.25 μm thick,
respectively. This finding can also be noticed in the cross-sectional SEM
micrographs displayed in Fig. 7b. This increase in thickness was ac-
companied by a decrease in RS. In particular, the increase in the number
of dipping cycles from 5 to 10 decreased RS from 7.4 × 108 to
2.0 × 108 Ω/Sq for TiO2, and from 3.8 × 108 to 5.3 × 107 Ω/Sq for
TiO2-GO/1.0/UV. As Rs is inversely proportional to the film thickness, it
is reasonable to expect that thicker films have lower RS. It can also be
noticed that the addition of GO decreased the electrical resistivity of
TiO2. For instance, the value of ρ evaluated for TiO2 and TiO2-GO/5.0/

Fig. 5. (a) AFM images and (b) roughness measured for the coatings obtained in this work. Coatings obtained after 1 dipping cycle. Inset: AFM image collected for a
bare glass substrate.

Fig. 6. (a) [F(R)hν]1/2 as a function of the photon energy and (b) Eg as a
function of the graphene concentration in the prepared nanocomposites.
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UV were, respectively, 1639 and 220 Ω.m, which represents a decrease
of over 7 times. As discussed before, the UV irradiation of GO-con-
taining samples causes the reduction of GO to RGO. As RGO is a good
conductor, it is plausible to expect that the higher its concentration in
the prepared coatings, the better their electric conduction should be.
The RGO-containing films prepared herein show good electric con-
ducting properties, which could be interesting in many applications
such as in the preparation of coatings with antistatic properties to in-
hibit the adhesion of pollutants on coated surfaces [24].

Table 2 brings the values of Rs reported in this work and the lit-
erature for graphene-based coatings. Becerril et al. [60] investigated the
electrical and optical properties of GO and RGO thin films prepared by
spin coating. As already expected, they observed that the reduction of
GO to RGO greatly decreased RS. The treatment with hydrazine vapor
followed by a heat treatment under argon flow at 400 °C was effective
to promote the reduction of GO to RGO, leading to films with RS of
about 105 Ω/Sq. Yin et al. [61] prepared RGO films by the chemical
reduction of GO on polyethylene terephthalate substrates. The mate-
rials prepared by them displayed RS around 103 Ω/Sq, which, according
to the authors, could allow their use in the preparation of flexible or-
ganic photovoltaic devices. Wang et al. [62] obtained highly-

conducting (RS around 103 Ω/Sq) and optically transparent RGO films
by transfer printing on quartz substrates, followed by annealing and
graphitization at 400 and 1100 °C. The authors report that the prop-
erties displayed by the prepared materials could allow their application
in transparent conductors for touch panels. Huang et al. [63] fabricated
RGO/single-wall carbon nanotubes (SWCNTs) composite films. As both
materials are good conductors, the prepared films displayed RS as low
as 102 Ω/Sq. Similar values of RS were also reported by Park et al. [64]
for thin SWCNTs films. Although these materials have a greater con-
duction capacity than the films prepared here, the coatings investigated
in this study may also show photocatalytic properties due to the pre-
sence of TiO2, which can be interesting in many applications including
the photodegradation of pollutants and living microorganisms such as
bacteria and fungi [65]. Akhavan et al. [43] obtained TiO2-RGO coat-
ings after anchoring TiO2 nanoparticles on RGO sheets. Thin layers
were deposited between gold electrodes to evaluate the electrical con-
ductivity of the prepared materials. The fabricated coatings showed RS
around 106 Ω/Sq, a value below those obtained in this work. None-
theless, the experimental work followed by the authors is more complex
than that suggested here since multi-steps are needed, which can be
time-consuming and expensive.

Fig. 7. (a) Electrical current flowing through samples as a function of the applied voltage. (b) Thickness, resistivity, and sheet resistance of films prepared in this
study. Cross-sectional SEM micrographs of coated samples are also shown.

Table 2
Sheet resistance reported in this work and the literature for graphene-based coatings.

Sample Sheet resistance (Ω/Sq) Reference

TiO2 7.4 × 108 This work
TiO2-GO/1.0/UV 3.8 × 108 This work
TiO2-GO/2.5/UV 1.2 × 108 This work
TiO2-GO/5.0/UV 1.4 × 108 This work
GO 1.0 × 1012 [60]
RGO (Hydrazine) 1.0 × 108 [60]
RGO (Hydrazine + annealing at 400 °C under argon flow) 1.0 × 105 [60]
RGO (Thermal reduction at 1000 °C under argon / hydrogen flow (1:1)) 3.2 × 103 [61]
RGO (Hydrazine and ammonium hydroxide solutions + annealing at 400 and 1100 °C under vacuum and argon flow) 2.0 × 103 [62]
RGO-SWCNT (Hydrazine) 2.5 × 102 [63]
Carbon nanotube (Annealing at 400 °C + acid treatment) 3.0 × 102 [64]
TiO2-RGO (Photocatalytic reduction with UV light) 4.6 × 106 [43]
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Fig. 8 exhibits WCA as a function of the aging time for as-prepared,
UV-irradiated, and heat-treated samples. One observes that WCA ra-
pidly increased over time, reaching a plateau after about 15 days for as-
prepared and UV-irradiated specimens [32]. The heat treatment step
had a great effect on WCA, leading to smaller contact angles. The heat
treatment promotes the removal of residual alkoxy groups derived from
the sol-gel synthesis of TiO2. It is worth remembering that the as-pre-
pared samples were only air-dried at 70 °C for 10 min. As carbon-
containing compounds are hydrophobic, the removal of organic re-
sidues increases the wettability of the heat-treated coatings. Besides, it
has been reported that the heat-treatment of sol-gel TiO2 increases both
the strength of Ti-O-Ti bonds and the surface energy of titania with the
atmosphere [14]. The wetting angle (θ) of a surface is given by a bal-
ance of the interfacial energies at the solid-vapor (γsv), solid-liquid (γsl),
and liquid-vapor (γlv) interfaces. This relation is expressed by Young’s
equation. From Equation (3), it is clear that the higher γsv, the smaller θ
should be.

=cos sv sl

lv (3)

From Fig. 8, one notes that both TiO2 and TiO2-GO/1.0 reached
similar values of WCA in the as-prepared condition, around 80° after
about 60 days of aging. Further additions of GO led to smaller WCAs;
the values observed for as-prepared TiO2-GO/2.5 and TiO2-GO/5.0
were 67 and 64°, respectively. In a general way, the irradiation of the
coatings with UVA light decreased the WCA measured after 60 days.
This behavior was most dramatic for TiO2, TiO2-GO/1.0, and TiO2-GO/
2.5. It can be related to the creation of electron-hole pairs upon UV
illumination, which could change the surface energy of the composite
materials [9,24,66]. Moreover, UV irradiation also promotes the re-
moval of organic pollutants adsorbed on the coating surface due to the
occurrence of photocatalytic reactions [24].

The photoinduced superhydrophilicity of samples previously aged
in air for about 60 days was evaluated after their illumination with UVA
light. Fig. 9a displays WCA as a function of the irradiation time. All
samples exhibited a sharp decrease in WCA when they were exposed to
UVA light. Several samples showed WCAs below 10° after 90 min of
irradiation, which is within the angle range typically reported for su-
perhydrophilic materials [67]. The so-called Israelachvili-Gee model
[68] describes the wetting behavior of biphasic heterogeneous surfaces.
It is associated with Equations (4) and (5), where θ is the contact angle
measured for a liquid dripped on a heterogeneous surface, f1 and f2 are
the volume fractions of phases 1 and 2, θ1 and θ2 are the contact angles
measured on homogeneous surfaces of these phases.

+ =f f 11 2 (4)

+ = + + +(1 cos ) f (1 cos ) f (1 cos )2
1 1

2
2 2

2 (5)

If we consider that θ1 represents the contact angle measured on an
uncontaminated TiO2 surface, θ2 the angle evaluated on a surface
contaminated with organic pollutants after keeping it exposed to air,
and both θ1 and θ2 are known, it is possible to calculate f2 from
Equations (4) and (5). In this work, we considered θ1 = 4° and θ2 = 90°
as suggested elsewhere [69].

The photoinduced superhydrophilicity can be described by a
Langmuir-Hinshelwood-based kinetic model expressed in Equation (6),
where k (min−1) is a pseudo-first-order rate constant, (f2)t=0 is the
surface fraction covered by organic pollutants at the initial time, and
(f2)t is the surface coverage after illumination with UV light for a time t.

= =ln(f ) ln(f ) kt2 t 2 t 0 (6)

Thus, k can be evaluated by plotting ln(f2) as a function of t, in
which this rate constant is given by the slope of the obtained straight
line. Fig. 9b shows the values of k calculated for the tested samples. The
addition of GO caused an increase in k for as-prepared and UV-irra-
diated samples. Nonetheless, UV-illuminated materials showed larger
values of k than the as-prepared ones when 2.5 and 5.0 wt% GO
loadings are taken into account. The increase of the GO concentration
from 2.5 to 5.0 wt% decreased k for as-prepared and UV-irradiated
samples, which can be related to the stacking of GO sheets. The stacking
of these sheets may prevent UV light from reaching TiO2 particles,
negatively impacting both the generation of electrons and holes by UV
light and the photoinduced superhydrophilicity of the composite
[1,70]. Besides, TiO2/GO/5.0 and TiO2/GO/5.0/UV may show a
highly-negative surface, which may decrease the separation of the
electron-hole pairs and lead to fast recombination of these charge car-
riers [28].

As discussed before, the UV irradiation of GO causes its reduction to
RGO [42,55,56]. RGO can act as an accessible migration pathway for
electrons and holes photogenerated in TiO2, which extends the life of
these charge carriers. In the absence of RGO, the recombination of
electrons and holes in TiO2 is more likely, which adversely affects its
superhydrophilicity. As a consequence, RGO plays a key role in the
photoinduced superhydrophilicity of TiO2-RGO composites. The dif-
ference in the rate constant k measured for TiO2/GO/2.5, TiO2/GO/5.0,
TiO2/GO/2.5/UV, and TiO2/GO/5.0/UV is ascribed to the previous

Fig. 8. WCA as a function of the aging time for as-prepared, UV-irradiated, and
heat-treated samples. Samples obtained after 1 dipping cycle. The dashed lines
connecting the data points are used as a guide to the eyes only. Fig. 9. (a) WCA as a function of the irradiation time with UVA light of samples

previously aged in air for about 60 days. (b) Values of k assessed for the tested
materials. The lines connecting the data points are used as a guide to the eyes
only. Samples obtained after 1 dipping cycle.
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formation of RGO in UV-irradiated samples. Nonetheless, this differ-
ence is not evident for TiO2/GO/1.0 and TiO2/GO/1.0/UV because
perhaps the GO concentration in these materials is too small. Anadan
et al. [24] also reported that the value of k for composite TiO2-RGO
films was higher than that evaluated for pure TiO2 films. It was ob-
served that WCA reached values of about 5° after 180 min of exposure
of TiO2-RGO films to UV light. Similarly, Zhu et al. [25] reported that
TiO2-RGO hetero-structured films showed electrical conductivity,
transparent properties, and photoinduced superhydrophilicity, showing
WCA around 4.2° after UV illumination. Sakai et al. [56] observed a
higher hydrophilic conversion rate for TiO2-RGO films when compared
to TiO2 coatings. Moreover, a reversible hydrophilic/hydrophobic
conversion was observed in at least 7 cycles, without dramatic changes
in the obtained absorption spectra. Prabhu et al. [26] showed that the
photoinduced superhydrophilicity of TiO2-RGO composites tends to be
more pronounced when the concentration of RGO is increased.

After 60 aging days, the heat-treated samples reached WCAs be-
tween 40 and 50°, corresponding to high hydrophilicity. The kinetic
constant k ascribed to the photoinduced superhydrophilicity of these
materials decreased when the GO concentration was increased
(Fig. 9b). This behavior can be associated with partial combustion of
GO when these samples were calcined in air at 400 °C for 2 h [71]. One
could expect that the higher the loading of GO, the smaller the con-
centration of TiO2 in the composite. As a consequence, the burning of
GO led to poorer coatings in TiO2, which may justify the decrease of k
when the GO concentration was increased. Indeed, Raman tests re-
vealed that GO burning occurred when the composites were heat-
treated in air (Fig. 3). The larger k displayed by the heat-treated TiO2

when compared to either as-prepared or UV-irradiated TiO2 samples
can be ascribed to the aforementioned removal of residual alkoxy
groups from it during the heat treatment.

Aiming to investigate how the wettability of the composites pre-
pared in this study is influenced by the flow of an electrical current, a
DC potential difference was applied to these materials. This procedure
was conducted as schematically exhibited in Fig. 10a. The coatings
were initially deposited on an indium tin oxide (ITO) substrate, which is
a good electrical conductor and an optically transparent material [72].
The dipping step was performed as previously described and 5 layers

were deposited on each ITO substrate. A voltage was then applied on
the substrate, while WCA was monitored over time. The electrical
current flowing through the examined samples was initially kept con-
stant at 0.2 A, whereas the voltage needed to reach this current value
varied from one sample to another. From Fig. 10b, it can be observed
that the bare ITO substrate showed a WCA nearly constant at about 80°
up to 45 s when it suddenly decreased to 0°. This behavior is ascribed to
the evaporation of the water droplet. It can be shown from Joule’s and
Ohm’s laws that a current of 0.2 A at a potential of 10 V for 40 s gives an
electric power of 80 J, which is high enough to evaporate a 3 μL water
droplet. The composite films displayed a different behavior, where a
continuous decrease of WCA was observed over time. The final reduc-
tion of WCA to 0° is also due to the evaporation of water, but this
phenomenon is preceded by the spreading of the water droplet on the
coating surface. Moreover, it can be noticed that the time required for
the complete removal of water is shorter for the composite films than
for the ITO substrate. TiO2-GO/2.5/UV took less time than TiO2-GO/
1.0/UV to the complete spreading of water, which can be related to the
smaller resistivity of the former (Fig. 7).

To avoid the evaporation of the water droplet due to the Joule’s
effect, further tests were performed keeping the current fixed at 0.01 A,
a value theoretically insufficient to evaporate a 3 μL droplet. The
composite films exhibited similar behavior, in which there was a con-
tinuous decrease in WCA over time until the water droplet was com-
pletely spread on the ITO surface. On the other hand, WCA remained
nearly constant over time for the bare ITO substrate since there was no
evaporation or spreading of water. Electrons and holes that flow
through the composite film by the action of the applied voltage play an
important role in the spreading of water on it. Fig. 10c shows photo-
graphs of the spreading of a water droplet on an ITO substrate as a
function of time when a DC voltage is applied on the latter.

The electrically-induced hydrophilicity of the samples prepared in
this study can be of great importance in several applications. It has been
reported that changes in surface wetting have a significant effect on
surface properties and can influence interfacial interactions with liquids
and gases. Moreover, these surface changes alter interactions with
biomolecules such as DNA, RNA, and proteins, and change the response
of cells and tissues that come into contact with the surface [73]. The

Fig. 10. (a) Schematic of the setup used for
evaluating the electrically-induced super-
hydrophilicity in TiO2-GO composite films. (b)
WCA as a function of time during the application
of a DC potential difference on the ITO substrate.
(c) Photographs taken at different times from an
ITO coated sample during the application of a
DC voltage. ITO was coated with TiO2-GO/2.5/
UV.
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hydrophilic behavior triggered by the application of a small potential
difference represents an essential feature of the specimens prepared
herein, which makes them promising candidates for the preparation of
smart materials [74]. This property will be further explored in the next
work.

4. Conclusions

In this work, TiO2 and TiO2-RGO films were successfully prepared.
It was investigated the structural, electrical, and wetting properties of
these materials. The prepared samples displayed high optical trans-
parency in the visible region of the electromagnetic spectrum, typically
above 60%. The irradiation of GO-containing samples with UVA light
caused the reduction of GO to RGO. This reduction was accompanied by
a decrease in the Eg and electrical resistivity of the composite films. The
increase in the GO concentration led to films with higher roughness and
lower electrical resistivity. The UV irradiation and air-calcination of as-
prepared films increased their hydrophilicity, which is related to the
removal of residual organic groups. WCA increased over time when
these samples were kept in air for about 60 days due to air pollution.
The calcined samples showed the smallest values of WCA after this
time, followed by UV-irradiated and as-prepared materials. The pho-
toinduced superhydrophilicity of these samples was evaluated after ir-
radiation with UVA light. WCA reduction kinetics was faster for UV-
irradiated samples, especially for those containing either 2.5 or 5.0 wt%
GO. However, the sample with a GO loading of 2.5 wt% and previously
illuminated with UVA light was the one with the fastest kinetics. We
also demonstrated that a superhydrophilic behavior could also be in-
duced by applying a small DC voltage to the samples prepared here,
which opens up new possibilities for the development of smart surfaces
for several applications.
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