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VIS-active TiO2 films decorated by expanded graphite: impact of the exfoliation
time on the photocatalytic behaviour
Rodrigo Teixeira Bento a, Olandir Vercino Correaa, Pedro Lana Gasteloisb and Marina Fuser Pillisa

aNuclear and Energy Research Institute, IPEN–CNEN/SP, University of São Paulo, São Paulo, Brazil; bNuclear Technology Development Center,
CDTN-CNEN/MG, Federal University of Minas Gerais, Belo Horizonte, Brazil

ABSTRACT
TiO2/C nanocomposite films were applied on water treatment. Expanded graphite nanosheets (EG)
were obtained by UVC-assisted liquid-phase exfoliation technique, without the addition of acids,
surfactants, or aggressive oxidizing agents, which characterizes the process as an eco-friendly
method. The carbon nanosheets were synthesized directly from graphite bulk at different times
and deposited on TiO2 films surface by airbrush spray coating method, forming a TiO2/C
heterojunction. The increase in the exfoliation time promoted a more efficient photocatalytic
dye removal under visible light. Morphological modifications, changes in the electronic
structure, and wide range of light absorption were observed from the TiO2/C heterojunction
formation. The results showed that hybrid TiO2/C supported photocatalyst is a promise
alternative for practical photocatalytic applications under sunlight.
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Highlights

. Expanded graphite (EG) was obtained at room temp-
erature by an efficient novel green method.

. TiO2/C hybrid films were successfully deposited by
the facile airbrush spray coating technique.

. Morphological modifications and changes in the elec-
tronic structure were observed from the TiO2/C het-
erojunction formation.

. Carbon exfoliation time have great influence on the
photocatalytic behaviour of the nanocomposite films.

. TiO2/C hybrid film presented 50% of dye removal
under visible light.

1. Introduction

Water pollution due to improperly disposed organic
compounds is currently a major public health concern

[1,2]. Among the main residues that cause pollution of
water reserves and springs, pharmaceutical products,
pesticides and herbicides, hormones, fats, dyes, and per-
sonal care products stand out [3,4]. Conventional water
treatments, in addition to using several processing
steps, are not able to eliminate such substances. The het-
erogeneous photocatalysis process is a promising green
technology for the removal of many organic and inor-
ganic pollutants from water and air [5,6]. Such a
process is characterized by the action of radiation – UV
or visible – in the presence of a catalysing material,
which absorbs light (hυ) and promotes the chemical
transformation of products by oxidation–reduction reac-
tions containing hydroxyl radicals (HO•) generated from
water [7].

Among the semiconductor materials most used in
photocatalytic processes, titanium dioxide (TiO2) has
been widely investigated as a promising photocatalyst
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in the removal and treatment of organic contaminants
from water and air [3,8]. TiO2 crystalline structure has a
great influence on its photocatalytic properties.
Anatase and rutile phases present photoactivity [9].
However, the anatase-TiO2 phase is the most efficient
due to the lower rate of recombination of the electron
(e–)/hole (h+) pairs [10].

Nevertheless, the photocatalytic activity of TiO2 is
limited to UV radiation (band gap energy = 3.26 eV for
anatase-TiO2) [3,11]. Thus, its structural and morphologi-
cal modification, such as heterojunction formation [12–
14], can be a favourable way to increase its efficiency,
and allow its use under visible light.

Recent research highlights show that the integration
of TiO2 with graphite, carbon nitride (C3N4), graphene
and other carbonaceous materials can increase the
photocatalytic activity of the semiconductor for remov-
ing dyes from water, due to the additional carbon prop-
erties [15–18].

Recently, expanded graphite (EG), obtained from
liquid-phase exfoliation (LPE) techniques, has been
investigated as an important modifier for heterostruc-
tured semiconductor-carbon photocatalysts. Jia et al.
[19] suggested that the incorporation of C atoms into
the TiO2 crystal lattice can be facilitated by the use of
graphite, positive replacing graphene, carbon nano-
tubes, and reduced graphene oxide – commonly used
in photocatalytic processes. Jiang et al. [20] observed
that the photocatalytic behaviour of hybrids was opti-
mized by the semiconductor-carbon (S–C) heterojunc-
tion formation between TiO2 and graphite, reaching an
efficiency of approximately 81% in phenol degradation.
Zhang et al. [21] prepared TiO2/EG nanosheets photoca-
talysts by sol–gel method to degrade diesel under visible
light, with an efficiency of 88%.

In this paper, we propose the synthesis and character-
ization of TiO2 films decorated by expanded graphite
nanosheets. The films were applied by a simple cold
spray coating method, and the EG was obtained in a
single step by UVC-assisted liquid-phase exfoliation
method using an aqueous solution of ordinary solvents
as acetone and isopropanol. The effects of the exfolia-
tion time on the morphological characteristics, structural
properties, and photocatalytic efficiency of the compo-
site films are presented and discussed.

2. Methods

2.1. Synthesis of expanded graphite

The present method comprises the mechanical milling
and sieving steps of the graphite until obtaining a
mean particle size less than 38 μm. Nuclear grade

graphite currently employed in nuclear reactors was
used as a carbon precursor. The graphite (0.6 g) is dis-
persed in a solution (60 mL, ratio 1:1:1) containing deio-
nized water, isopropyl alcohol (Dinâmica Química
Contemporânea LTDA, C3H8O, molecular weight 60.1,
99.5%) and acetone (Dinâmica Química Contemporânea
LTDA, CH3(CO)CH3, molecular weight 58.08, 99.5%),
under constant agitation with synthetic air (N2 / 20%
O2). The dispersion was irradiated with UVC light (λ =
253.7 nm, OSRAM Licht AG, Puritec 9W) at room temp-
erature for 2, 8, and 24 h. Lastly, the expanded graphite
(EG) was dried in an oven at 50°C for 24 h.

2.2. TiO2 films

300 nm-thick TiO2 films were obtained by sol–gel
method. 5 mL of titanium(IV) isopropoxide (TTiP, Ti
(OCH(CH3)2)4, 97%, Sigma-Aldrich) dissolved in 50 mL
of isopropanol, and followed by 1.5 mL of sulphuric
acid (H2SO4) adding to control the pH (pH∼3). The sol-
ution was stirred at 75°C for 60 min. Then, the films
were supported on borosilicate glass substrates (25 ×
76 × 1 mm) by the versatile and low-cost cold spray
coating technique using an airbrush. The speed feed
rate was set around 17 mm s-1. The samples were dried
for 60 min at 100°C, and then calcined at 550°C for
30 min.

2.3. TiO2/C films

TiO2 films decorated by EG nanosheets were obtained by
spraying the graphite suspension on the TiO2 layer. The
suspension consisted of 0.6 mg of EG in 60 mL of isopro-
panol and was sonicated for 10 min before being
applied on the top the TiO2 film at room temperature.
The influence of graphite exfoliation time on the
visible-light photocatalytic efficiency was evaluated.
After spraying the EG on the TiO2 films surface, the nano-
composite photocatalysts were dried at 100°C for
60 min.

2.4. Characterization

The morphological, structural, chemical, and thermal
characteristics of the samples were evaluated by scan-
ning electron microscopy (FE-SEM, JEOL JSM-6701F),
Raman spectroscopy (WITEC Raman Microscope
Alpha300 R, λ = 532 nm, 1000–3500 cm–1), X-ray diffrac-
tion (XRD, Rigaku Multiflex, CuKα radiation, θ2θ mode),
Fourier Transform infrared spectra (FT-IR, Nicolet spec-
trometer, frequency range of 3000 cm−1–600 cm−1 at
room temperature), and atomic force microscopy
(AFM, SPM Bruker NanoScope IIIA, scan frequency of
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0.601 Hz, scan size of 3 × 3 μm). X-ray photoelectron
spectroscopy (XPS) experiments were conducted on a
SPECS system (SPECS, Berlin, Germany) equipped with
a PHOIBOS 150 MCD analyzer, and a monochromatic
Al Kα X-ray radiation source of 1486.6 eV. The survey
spectra were acquired using pass energy of 100 eV and
an energy step of 1 eV. The high-resolution spectra
were acquired using pass energy of 20 eV and an
energy step of 0.1 eV. The experimental data were
fitted with CasaXPS software using a combination of
Gaussian/Lorentzian curves on a Shirley background.
The UV-Vis absorption spectra of the TiO2 and TiO2/C
films were obtained using a Shimadzu UV-Vis spectro-
photometer equipment, model UV-1650PC, in the
range of 300 nm≤ λ≤ 1100 nm, with a step of 1 nm.
The band gap energy values of the samples were esti-
mated using the Tauc method (Equation (1)) [22]:

(a · hn)
1
n = B(hn− Eg) (1)

where h is Planck’s constant; ν is the photon frequency; B
is a constant; and Eg is the band gap energy. The 1/n
factor depends on the nature of the electron transition
and is equal to 1/2 for direct transition band gaps, as
in the case of TiO2, and 2 for indirect transition band
gaps [22].

2.5. Photocatalytic experiments

Photocatalytic behaviour of the TiO2/C hybrid films was
evaluated by the methyl orange dye (MO) decolorization
under visible light irradiation (Royal Philips Electronics;
four tubular LED lamps with 3 W each; λ =
400∼700 nm). Each test consisted of 5 h under con-
trolled temperature (19–20°C). The experiments were
carried out in a homemade photocatalytic reactor
setup previously described [5,9]. MO dye was used as
pollutant model (0.005 g L−1), at pH = 2, and volume of
40 mL. All films and dye solution remained in the dark
for one hour to achieve the adsorption-desorption equi-
librium of the dye molecules on the photocatalyst
surface. Dye removal changes were investigated by
UV-Vis spectroscopy (Global Trade Technology, λ =
464 nm), and the measurements were taken every
30 min. The photocatalytic parameters were defined
according to previous works [7,23,24].

The apparent rate constant (kap) was estimated from
the ln(C0/C ) graph, in order to evaluate the methyl
orange dye removal rate from exposure to photocata-
lysts as a function of time, assuming a reaction
pseudo-first order, according to the model proposed
by Langmuir Hinshelwood [7,23] (Equation (2)), in

which kap is the apparent rate constant, t is the time,
C0 is the initial concentration of the dye, and C is the con-
centration in each time instant:

ln(C0/C) = kapt (2)

3. Results and discussion

3.1. Characterization of expanded graphite
nanosheets

3.1.1. Morphological evaluation
From Figure 1(a) it can be observed that graphite flakes
are thick and formed by compacted sheets with mean
size of 6.5 μm, and thickness of 2.7 μm approximately.
After the liquid-phase exfoliation the samples exhibited
some spaced layers of carbon (Figure 2(b–d)), in the form
of nanosheets that show mean thickness values around
5.95 and 1.68 nm, respectively, for the samples obtained
between 2 and 24 h.

The liquid-phase exfoliation (LPE) technique is a
simple method that allows to get few defects graphite
nanosheets at room temperature, and without using
acids or oxidizing agents as in conventional tech-
niques, so the formation of hazardous toxic waste,
and damage to environment and human health are
avoided [25].

In the LPE process, the graphite layers were exfoliated
by breaking the van der Waals bonds [26,27]. The UVC-
assisted LPE mechanisms of graphite are still little dis-
cussed. However, based on the results obtained and
data presented in the literature [28,29] it can be con-
sidered that a hydrolysis reaction of the solution
occurs during the UVC irradiation. This process promotes
the formation of H+ and HO– ions, hydrated electrons
(eaq

– ) and new oxidizing compounds [29]. The eaq
– are

the dominant species in the reduction stage, with high
reducing potential (E0 = 2.67 V) [30]. The increase in
the entropy of the system induces an exothermic reac-
tion that releases a large amount of energy capable of
fragmenting the graphite structure, and consequently
promote the liquid-phase exfoliation.

3.1.2. Chemical structure
FT-IR analysis was performed to characterize the func-
tional groups present on the carbon chemical structure
(Figure 2(a)). Graphite clean spectrum did not show
any significant peak, however presented three low-
intensity bands at 2372, 2046, and 1975 cm−1. The
observed few absorption signals can be associated to
the graphite chemical inertness, and to the different
charge states of the C=C bonds [31,32]. After the UVC-
assisted LPE process, peaks of oxygenated functional
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groups appeared, which suggests the partial formation
of oxygen functional groups. The EG exhibited a long
absorption band in the 600–900 cm−1 range. The
bands at 2158, 2930, and 2855 cm−1 correspond,
respectively, to the symmetric and asymmetric stretch-
ing vibration of C–H bond in sp3-bonded carbon
network [32–34]. The very weak band at 2372 cm−1 is
related to CO2 residual molecules formed during the
process [35,36]. An absorption peak at 1726 cm−1 is
related to the n–π⍰ transition of the carbonyl group
(C=O stretching vibration) [32,33]. The bands observed

at 1624, 1574, and 1557 cm−1 correspond to aromatic
C=C bonds, associated to the stretch mode of character-
istic sp2 hybridization, and can be attributed to π–π⍰

transition [31,32]. O–H was identified at 1410 cm−1.
The two peaks around 1026 and 671 cm−1 refer to the
C–O and C–OH stretching vibrations of oxygen func-
tional groups [31,32,34].

The FT-IR results showed that the intensity of the
graphite absorption bands increases significantly with
its oxidation, followed by a reduction on the peaks inten-
sity with the increasing of UVC exposure time, which

Figure 1. FE-SEM images of (a) bulk graphite, and expanded graphite (EG) obtained by UVC-assisted liquid-phase exfoliation (LPE)
technique at room temperature for (b) 2 h, (c) 8 h, and (d) 24 h.

Figure 2. (a) FT-IR spectra of the bulk and expanded graphite synthesized by UVC-assisted liquid-phase exfoliation method; (b) Details
of the FT-IR spectra treatment from the exfoliated samples and deconvolution to obtain the ORB:total ratio areas for quantification.
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suggest that the samples were highly reduced as the
UVC exposition time arises. The results corroborate the
FE-SEM images, and suggest the efficiency in the
process of the layers separation and subsequent
reduction of the functional groups [27,30].

Figure 2(b) exhibits the FT-IR quantitative analysis of
the EG sample to estimate the oxygen related bands
ratio (ORB:total ratio), according to Equation (3) [37].
Firstly, the baseline spectrum was subtracted from the
original FT-IR data of all samples. The resulting spectra
was multiplied by −1, and then all oxygen related
bands were deconvoluted into Gaussian peaks to
obtain its areas (Atotal). The 1557 cm−1 peak (aromatic
C=C bonds) was also deconvoluted (AC=C). The calcu-
lation method allows to evaluate the functionalization
degree of the nanosheets.

ORB:total ratio = Atotal − AC=C

Atotal
(3)

ORB:total ratios values between 0.3 and 0.7 were found
(Table 1). Previous research demonstrated a similar trend
[37,38]. The results suggested the effect of the prep-
aration conditions on the ORB:total ratio variation. The
residence time under UVC radiation largely influences
the molecular structure of the expanded graphite

nanosheets. Increasing the UVC time, there was a
reduction in the O/C ratio present in the samples. The
present results are satisfactory, nevertheless further
detailed studies will be conducted to assess the concen-
tration variations effects.

The chemical state in EG samples, its functional
groups, and the C:O (carbon to oxygen) atomic ratio
have been investigated by XPS, as shown in survey
scans (Figure 3). Peaks of C and O were found in all
samples. The bulk graphite also presented peaks of Si
(5.6 at%), Al (4.9 at%), and Fe (0.2 at%) – possibly as con-
tamination from the mechanical milling process, before
the sieving step. After the liquid-phase exfoliation
process under UVC irradiation, a higher C:O ratio is
observed, and as consequence a lower number of oxy-
genated groups (Table 1). After 2 h of treatment, the O
content decreased from 17.3% to 3.7%, and after 24 h
of UVC irradiation the maximum C:O ratio around 40.7
was achieved. The respective behaviour corroborates
the FT-IR results for the ORB: total ratio, suggesting a
removal of the oxygenated groups.

The high-resolution C1s XPS core-level spectra have
also been realized (Figure 4). In the C1s region, peaks
attributed to C–C/C=C (284.6 eV), C–O (286.4 eV),
COOH (289.1 eV) groups, and π-π (290.9 eV) bonding
were clearly founded in all samples [29,37], which was
also identified by the FT-IR signals. The bulk graphite
spectra (Figure 4(a)) showed an additional peak at
287.5 eV, corresponding to C=O bonding. The contri-
bution of C–C bonding (carbon with sp2 hybridization)
[39], to the total C1s signal was about 85% for graphite,
and increased to 98%, approximately, after 2 h of UVC
irradiation (Figure 4(b)), until it stabilizes around 95%
with increasing the process time (Figure 4(c–d)). This
behaviour suggests that the sp2 domains into the struc-
tural network was partially restored after the liquid-exfo-
liation process [27,40], which corroborates the XRD and
Raman results. After the UVC irradiation process, it was
notably observed that the C=O bonding disappears
from the nanosheets, and the COOH intensity enhances.
Xue et al. [41] and Tang et al. [42] exhibited similar
results. The C=O reduction mechanism can be mainly
attributed to reaction between the C=O bonds with
hydrogen molecules to yield hydroxyl groups [40,43] –

Table 1. Surface elemental quantitative analyses of expanded graphite nanosheets: C 1s region, O 1s region, O/C ratio, and ORB:total
ratio summary results from XPS and FT-IR.

Elemental
composition (at%)

C1s peak deconvolution (%) C:O ratio ORB: total ratio

O C C–C C–O O–C=O C=O π–π

Graphite 17.3 72.0 85.5 2.3 2.5 7.6 2.1 4.16 –
EG 2h 3.7 96.3 97.9 0.9 0.7 – 0.5 26.03 0.75
EG 8h 3.0 97.0 94.4 1.6 1.1 – 2.9 32.33 0.57
EG 24h 2.4 97.6 95.2 1.3 0.9 – 2.6 40.67 0.31

Figure 3. XPS survey spectra of bulk and expanded graphite
nanosheets obtained by UVC-assisted liquid-phase exfoliation
method irradiated under UVC light at different times.
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effect that justifies the increase of the COOH amount
(Table 1). The decrease in the oxygen-containing
groups is indicative of a new reduction mechanism pro-
vided by UVC irradiation [40].

3.2. Characterization of TiO2/C heterojunctions

Anatase-TiO2 films synthetized by sol–gel technique,
deposited on borosilicate glass substrates, and heat
treated at 550°C were coated with graphite UVC liquid-
phase exfoliated at 2, 8, and 24 h, respectively.
Figure 5 presents the AFM images of surface mor-
phology of the pure anatase-TiO2 film and TiO2/C com-
posite films. The anatase-TiO2 film (Figure 5(a)) shows a
homogeneous aspect of the surface, formed by spherical
and small grains without visible cracks or pores. On the
other hand, when EG is added, the surface is quite
modified compared to pure anatase-TiO2. The presence
of dispersed exfoliated graphite on the film’s surface is
evident. The TiO2/C film decorated by EG nanosheets
obtained at 24 h (Figure 5(d)) exhibited the formation
of porous and a rough morphology probably resulted
from agglomeration. The variation in root mean square
(RMS) roughness with the different graphite exfoliation
time was not linear due to the heterogeneity of the com-
posites. The surface roughness of anatase-TiO2 and TiO2/
C films have increased from, approximately, 12 to 14 and
23 nm, respectively, for EG synthetized at 8 and 24 h. The

composite film coated with EG obtained at 2 h did not
show significant changes in the surface height profile.

Figure 6(a) exhibits the Raman spectra of TiO2/C films.
The Raman spectra of films heat treated at 550°C indicate
signal peaks at 144, 197, 397, 515 e 639 cm−1, which can
be attributed to Eg, Eg, B1g, A1g, or B2g, and Eg vibration
modes of anatase-TiO2 phase, respectively [44,45]. No
peaks related to rutile phase or other TiO2 polymorphs
were observed in the films. Figure 6(b) shows the XRD
patterns of the TiO2 and TiO2/C films. All films presented
good crystallinity, and the XRD spectra suggest the
characteristic peaks corresponding to the anatase-TiO2

crystalline phase (JCPDS 21-1272) [7,17,46]. Graphite
peaks between 23°∼26° corresponding to (002) crystallo-
graphic plane, were also found on the decorated films. No
diffraction peaks were observed for other carbon species,
such as graphene or graphite oxides. The results also
demonstrate that the main diffraction peaks of pure
anatase-TiO2 and TiO2/C films are similar.

The comparison of G-band Raman spectra of EG
nanosheets before (Figure 7(a)) and after the deposition
on the TiO2 film’s surface (Figure 7(b)) showed that, for
graphite, the G-band peak is symmetric and can be
fitted with a single Gaussian curve at 1578 cm−1. Never-
theless, the G-band after the graphite deposition on TiO2

two displaced peaks at 1569 and 1607 cm−1can be seen.
According to the first-order Raman process [47], the
results suggest that the two phonon energies of the

Figure 4. C1s core-level XPS spectra of (a) bulk graphite, and expanded graphite samples obtained by UVC-assisted liquid-phase exfo-
liation method at (b) 2 h, (c) 8 h, and (d) 24 h.
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interaction between TiO2 and carbon nanosheets pro-
moted changes of electron density distribution of the
graphite – electron(e–)/hole (h+) p-doping observed in
G-band splitting – which may have induced the TiO2/C
heterojunction formation, and consequently extended
the light absorption range of photocatalyst to visible
light [44,47,48].

Figure 8 describes the variation between (αhν)1/2 and
the photon energy, in eV, used to estimate the band gap
energies of the anatase-TiO2 film and the heterostruc-
tured TiO2/C nanocomposite films. The value of 3.23 eV
found for the pure TiO2 film is reported in the literature
for the anatase phase [49]. In the presence of expanded

graphite, it was observed that the Eg values reduced to
approximately 3 eV. The results suggest that the
addition of carbon effectively promoted the formation
of the C-semiconductor heterojunction, as observed in
the Raman spectroscopy results (Figure 7(b)), providing
structural alterations that favoured the reduction of
the Eg, and consequent absorption of lower energy
photons to activate the photocatalyst under visible light.

3.3. Dye removal photocatalytic efficiency

Figure 9(a) shows the efficiency of TiO2 and TiO2/C films
in the photocatalytic removal of MO dye under visible

Figure 5. Surface AFM images of the (a) TiO2 film, and TiO2/C decorated films at different exfoliated graphite time (b) 2 h, (c) 8 h, and
(d) 24 h. The anatase-TiO2 films were synthetized by sol–gel technique, deposited on borosilicate glass substrates by a facile airbrush
spray coating method at room temperature, and heat treated at 550°C. Then, the films were coated with EG nanosheets by spray
coating at room temperature, and heat treated at 100°C.

Figure 6. (a) Raman spectra and of the TiO2 and TiO2/C films, (b) XRD patterns of the TiO2 and TiO2/C films obtained by spray coating
at 550°C.
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light irradiation. The dye solution was left in the dark for
60 min to reach the equilibrium between the desorption
of dye molecules and the ionic adsorption on the films.
The increase in the adsorption capacity of the hetero-
junctions after 20 min, followed by its saturation, can
be attributed to the increase in the specific surface
area of the films from the carbon addition [43,44].

The MO photolysis curve shows that, without the
presence of the photocatalyst, there was no dye
removal under visible light. The pure anatase-TiO2 film
did not exhibit photoactivity under the same conditions,
which agrees with results of other studies [5,9]. The
measurements also suggest that the dye did not sensi-
tize the film surface – an important condition for its prac-
tical use in photocatalytic applications. Previous studies
show that the films have good stability, without present-
ing structural changes or delamination with their use
[7,23].

The results demonstrate that the photocatalytic
activity of films improved considerably under visible
light due to the formation of the TiO2/C heterojunction.

After 300 min of irradiation, approximately 49% of the
MO dye was removed from the water by employing
the TiO2/C film. The photocatalytic efficiency can be
influenced by several factors. Such superficial modifi-
cation can be observed in the morphological AFM
results.

Figure 9(b) shows the kinetic curves from which the
rate constants (kap) values for the TiO2/C hybrid films
were estimated. The increase in the kap value from
6.35 × 10−5 min−1, corresponding to the film coated
with EG exfoliated in 24 h, to 6.18 × 10−4 min−1, referring
to the film coated with EG exfoliated in 2 h – indicates an
increase in the dye removal rate under visible light with
a reduction in the exfoliation time of C.

It was observed that the EG that best activated the
photocatalytic properties of TiO2 was the one exfoliated
by 2 h. The decorated-films using EG obtained for 8 and
24 h exhibited efficiency of 34% and 10%, respectively.
This behaviour suggests that the photocatalytic activity
of decorated films is strongly dependent on the syn-
thesis time. The longer the exfoliation time and conse-
quent exposure to UVC light, the lower the
concentration of oxygenated groups present between
the layers of the graphite, as shown in FT-IR and XPS
results. The photocatalysts performance may indicate
that the presence of these oxygenated functional
groups – such as hydroxyls, carboxyls, carbonyls and
epoxies – can promote the efficient formation of
highly active radicals (O2

• , HO•), contributing to the
improvement of the photocatalytic activity of TiO2

[15,17,50].
TiO2 have a band gap value of 3.2 eV (Figure 8) [3,10].

The work function of exfoliated carbon at 4.5 eV pro-
motes the maximum harvesting of sunlight and acts as
an electron shuttle [44,45] – thus improving the photo-
catalytic behaviour of the composite and reducing the
charge recombination rate.

High adsorption of contaminants, wide range of light
absorption, and photogenerated charge separation are

Figure 7. G-bands of Raman spectra of graphite. (a) before and (b) after the TiO2/C heterojunction formation.

Figure 8. Band gap energy measurements of TiO2 and TiO2/C
films estimated using the Tauc method.
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important parameters to define high photocatalytic
activity [1,7,10]. EG nanosheets can promote the
efficient charge separation, restrict the electron–hole
pairs recombination, and increase the specific surface
area, which results in increased photocatalytic activity.
In the TiO2/C heterojunction, when the photocatalyst is
illuminated by visible light, electrons (e–) are excited
from the valence band (VB) of TiO2 to the conduction
band (CB), forming electron–hole pairs: responsible for
the photocatalytic activity [45,47,51]. Then, the photo-
generated electron (e–) tends to be transferred from
TiO2 to EG nanosheets, and thus eliminated by dissolved
oxygen, which facilitates the charges separation [17,44].
Oxygen vacancies are formed into the photocatalyst,
promoting new energy levels, and displacement of the
absorption band gap to longer wavelengths [18,43,46].
The photocatalytic reaction steps in a TiO2/C heterojunc-
tion mechanism can be expressed as shown below:

TiO2 + hn � TiO2(e
− + h+) (2)

TiO2(e−)+ expanded graphite � TiO2 + EG(e−) (3)

EG(e−)+ O2 � EG+ O†−
2 (4)

TiO2(h
+)+ HO− � TiO2 + HO† (5)

HO† +MO dye � final products+ CO2 + H2O (6)

The results suggest the promising character of TiO2/C
nanostructured heterojunctions for practical photocata-
lytic applications. The airbrush spray coating technique
showed to be efficient for the synthesis of films, which
exhibited good dye removal values under visible light
– favourable for its practical use in the treatment and
purification of water under sunlight.

4. Conclusions

Expanded graphite (EG) nanosheets were obtained by
UVC-assisted liquid-phase exfoliation method. EG
nanosheets were synthesized directly from graphite
bulk. The results suggest that the proposed technique
is a promising method to produce exfoliated carbon
with high crystallinity, good thermal stability, low cost,
simplicity of materials and equipment, without any
addition of acids, surfactants, or aggressive oxidizing
agents, which characterizes the process as an eco-
friendly method. TiO2 films were obtained by sol–gel
process and deposited on borosilicate glass by spray
coating technique at room temperature. The films
were heat treated at 550°C. All films presented only
anatase phase. When the EG nanosheets are deposited
on TiO2 films surface they promoted morphological
modifications, changes in the electronic structure, and
the TiO2/C heterojunction formation – which improved
the photocatalytic activity under visible light. The com-
parison of the G-band Raman spectra of the EG
nanosheets before and after the junction with TiO2

suggests the interaction between the materials, which
promoted the formation of the semiconductor-C hetero-
junction and favoured the reduction of the photocata-
lyst band gap energy by 3.2 to 3.0 eV. The results of
the methyl orange dye removal showed that the TiO2/
C composite films present good photocatalytic behav-
iour, with an efficiency around 49%. This efficiency is
strongly dependent on the EG UVC-assisted exfoliation
time. The analysis of the influence of graphite exfoliation
time on the photocatalytic activity of the nanocompo-
site films indicated the existence of an ideal time in
which the hybrid photocatalyst exhibits better photoca-
talytic performance: 2 h of graphite exfoliation. This
effect may be associated with the greater presence of

Figure 9. (a) Photocatalytic decolorization of methyl orange dye (MO) by TiO2 and TiO2/C films under visible light irradiation. The
pollutant model reaction medium is MO in deionized water, concentration of 0.005 mg L−1, pH = 2. C0 is the initial concentration
of MO in water, and C is the concentration after t min. All samples were heat treated at 550°C. As highlighted on the graph, the
films and dye solution were remained into the dark for 60 min to achieve the adsorption-desorption equilibrium of the dye molecules
on the photocatalyst surface; (b) Pseudo-first order kinetic curves of TiO2/C films for dye removal under visible light.
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oxygenated groups. Hybrid TiO2/C supported photoca-
talysts obtained by spray coating are a promising
alternative for practical photocatalytic applications in
the water treatment under sunlight. Future plans aim
to study the reuse and durability of TiO2/C nanocompo-
site films after several photocatalytic cycles under visible
light, and evaluate the effect of reactive species on the
photocatalytic performance from the use of scavengers.
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