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Titanium dioxide has been extensively investigated as a photocatalyst for water purification, presenting limitations such as the recombination

of electron-hole pairs generated by photons. The titania/graphene nanocomposites are promising materials to overcome these limitations due
to the high specific area of graphene and unique electronic properties. In this work, an anatase-graphene nanocomposite was synthesized by
a simple mixture assisted by ultrasound. Graphene was obtained by electrochemical exfoliation of graphite using the electrolysis technique.
On the other hand, anatase was synthesized using the sol-gel method. The obtained graphene, anatase and the nanocomposite material,
were characterized with the X-ray diffraction technique (DRX), scanning electron microscopy (MEB) and transmission electron microscopy
(MET). Using Raman spectroscopy, it was possible to verify that the graphite exfoliated correctly producing few layer-graphene. The lamellar
nanostructure of the exfoliated graphite has crystallographic planes characteristic of graphite, graphene, and graphene oxide. The presence
of the anatase phase is shown in the diffraction spectrum of titania. The images obtained with SEM and TEM of the graphene sample show

a layered lamellar structure, and the Fiftnages show agglomerates of ellipsoidal nanoparticles. Obtained titania nanoparticles have a size

of about 6 nm. Bandgap value for such extremely low particle size nanocomposite is around 3.6 eV and presumably corresponds to the TiO
(anatase) phase that surrounds the graphene. A nanocomposite model based on HRTEM observations is proposed. Considering the graphene
electrical properties and the photocatalytic properties o TtBis nanocomposite promises to have applications in photocatalysis.
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El dibxido de titanio ha sido extensamente investigado como fotocatalizador para la puanifidacagua; ete presenta limitantes como

la recombinadn de pares eledin-hueco generados por fotones. Los nanodsitps titania/grafeno han resultado prometedores para
superar estas limitaciones debido a la @ltea espéfica del grafeno y sus propiedades eléntcastnicas. En este trabajo se sintétiz

un nanocomgsito anatasa-grafeno mediante una mezcla simple asistida por ultrasonido. El grafeno se obtuvo mediante lanexfoliaci
electrogimica de grafito (electrolisis) y la anatasa se sinéetizando el ratodo sol-gel. El material nanocoigito, el grafeno y la anatasa
obtenidos se caracterizaron con lasrticas de difracon de rayos X (DRX), microscopia elettica de barrido (MEB) y microscopia
electibnica de transmién (MET). Mediante espectroscopia Raman se confpepie el grafito se exfdicorrectamente produciendo grafeno

de unas cuantas capas. La estructura n&tdca laminar capeada del grafito exfoliado presenta planos crisifitagy caractésticos del
grafito, grafeno yoxido de grafeno. En el espectro de difra@ccde la titania se observa la presencia de la fase de anatasa. dgenigs
obtenidas con el MEB y MET de la muestra de grafeno permiten observar una estructura laminar capeada yagarlas el dixido de

titanio se pueden distinguir aglomerados formados de nanoplag elipsoidales. Las nanogattias de titania obtenidas tienen un tfima

de aproximadamente 6 nm. El valor de banda prohibida para un nanésibonde tamio de paficula tan extremadamente bajo es de
alrededor de 3.6 eV y probablemente corresponde a la fase(@i@tasa) que rodea completamente al grafeno. Se propone un modelo de
nanocompsito basado en observaciones HRTEM. Al considerar las propieddsasazls de grafeno y las propiedades fotottidak de

TiO4, este nanocongsito promete tener aplicaciones en la fotatais.

Descriptores:Grafeno; titania; nanomateriales; foto@lais; comsitos.
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1. Introduction also, the high speed of recombination of electron-hole pairs.
Due to these deficiencies, many studies have been dedicated

Titanium dioxide (T|Q) has been investigated with a spe- to the construction of Composite materials with Ij(partic-

cial interest in recent decades because it is considered théarly with graphene. It is considered an excellent base ma-
most promising material among semiconductors used in phderial for conversion applications and energy storage since it
tocatalysis, due to its high photocatalytic performance, lowhas very favorable properties for this type of application, such
cost, controllable structure and morphology, chemical stabil2s good electrical conductivity, flexible and ultra-thin nature,
ity, and its non-toxicity [1-3]. However, it has two main lim- chemical stability, and a high theoretical surface area of 2,600
itations: its high bandgap that is approximately 3.05 eV, andn’/g [5-7] Consequently, it is an ideal candidate for the de-
3.20 eV for the rutile and anatase phases, respectively. As\¢lopment of graphene-metal oxide composite nanomateri-
consequence of this relatively high bandgap, the titania caals for energy-related applications. When titania is combined
only absorb the UV light from the solar spectrum, which car-With graphene, there is the possibility of improving absorp-
ries 0n|y about 4% of the incident solar energy, which Con_tion in the visible region, as has been confirmed in theoret-
siderably limits its overall photocatalytic efficiency [4] and ical studies [8]. Therefore, multiple efforts have been made
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to obtain anatase-graphene nanocomposites with application Synthesis of TiO, / Graphene

in photocatalysis. A strategy to grow graphene on a,TiO nanocomposites

(anatase) nanosheet via an ambient pressure chemical vap( ferochsmics exofationof  Sol-gel method to obtain Ti0;
deposition method using acetylene as a precursor was develLlMWmdmm L e
oped [9]. Sandwich structures of mesoporous anatase sheet,, . . . i s aceticacid (91).

3. Heated 10 90 C and agitated for 12 h
4. Filtration to obtain colloid.

and reduced graphene oxide have been obtained to be applie
as electrodes in lithium-ion batteries [10]. These nanocom-

3. Graphite layer separation, producing
graphene layers.

posites were easily synthesized from tetrabutyl titanate by Uttrasonic dispersi
acid-assisted hydrolysis and a subsequent thermal reductiol mm...m.ta,mm.mm
process. TiQ (anatase)/graphene nanocomposites were alsc . -
synthesized by thermal plasma, dielectric barrier discharge, Transmision electron microscopy

X-ray diffraction

and heat treatment [11]. This method allowed to obtain well
dispersed anatase nanoparticles below 50 nm and few-laye.
graphene nanosheets. Titania/graphene hybrids were synth&sure 1. The experimental diagram to obtain graphene4TiO
sized by self-assembly and gas reduction in a hydrothermajanocomposites.
system [12]. The method was based on electrostatic attrac-
tion between positively charged titanium glycolic acid and50/50 wt % ratio inside a cylindrical vial. After mixing, son-
negatively charged graphene oxide in an aqueous mediunsation was performed for one hour to disperse the respective
The ultrathin and flexible graphene layers were diStribUterhases_ Figure 1 shows the complete methodology followed
around the surface of titania nanospheres, resulting in a ney obtain and characterize the Ti@raphene nanocomposite.
interface between titania and graphene.

In this work, the synthesis of an anatase-graphene o
nanocomposite is proposed, having as its main characterig:2- Sample characterization

tic, the extremely small size of the TiGhanoparticles syn- ) ) ) )
thesized by the sol-gel method, the production of few-layer! "€ €quipment used to identify the crystalline phases of
the precursors was the X-ray diffraction system model D8

graphene by electrochemical exfoliation and the simplicity

of the synthesis of the nanocomposite with ultrasonic mix*DVANCE DAVINCI. The samples were analyzed with the

ing. A fixed 50/50 wt% graphene/TiOphase ratio was conventional technique (Bragg-Brentano geometry). In gen-

used in an attempt to understand how both phases intera&@ the samples were run in a range éffeom 5° to 80,
Due to the combination of the electrical properties of zeroWith @ 0.2 increase in the reading angle, every 0.5 sec-
bandgap graphene and the photocatalytic properties of, TiO onds. For the analysis of the morphology of the samples,

this nanocomposite promises to have applications in photcs€veral types of equipment were used: a JEOL brand Field
Emission Scanning Electron Microscope (FESEM), model

Raman spectroscopy

catalysis. - ]
JSM 7600F in the secondary electron modes and topographic
mode, a Transmission Electron Microscope (TEM), Tecnai
Supertwin model with field emission. The instrument used

2. Methodology to obtain the Raman spectrum of the graphene sample is a
Bruker Optics Senterra Dispersive Microscope equipped with

2.1. Synthesis of graphene/Ti@ nanocomposite 532 nm, 785 nm and 633 nm laser. The configuration used

was: 532 nm laser, 5 mW power, and 5 seconds of acquisition
Graphene (G) was synthesized by the electrochemicdime. UV-vis spectroscopy was carried out on a Perkin Elmer
graphite exfoliation method. First, a 1 M sulfuric acid so- (Lambda 25) spectrophotometer at wavelengths of 300-1100
lution was prepared to subsequently place the electrodes tham to determine the bandgap energy of Ji@anoparticles.
constitute the electrochemical array in a beaker. A graphite
bar was used as a working electrode and a copper wire as a
counter electrode. The operating voltage used was 12 Volts3, Results and Discussion

The synthesis of titanium dioxide (anatase) was per-
formed using the sol-gel method [13], and it is described be3.1. Raman spectroscopy to confirm the exfoliation of
low: To start, 20 ml of titanium butoxide was added to 200 ml the graphite layers
of distilled water in a beaker, which generated a white pre-
cipitate that was separated from the liquid by decantationThe Raman spectrums of the exfoliated graphene sample and
Then, the precipitate was redispersed in distilled water conthe graphite precursor are shown in Fig. 2. The peaks ob-
taining a 0.1 M solution of nitric acid and glacial acetic acid tained in the graphene sample correspond to the character-
in a 9/1 molar ratio (acetic acid/titanium butoxide). Sub-istic bands of graphene: D (1344), G (1569) D’ (2689) G’
sequently, the graphene/Ti®anocomposite was generated (3220). Band D indicates the presence of defects or edges in
from the above-mentioned precursors through mixing with agraphene samples [14], which could be observed by SEM
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G at26 = 26.4° (002) is characteristic of graphite [16,17], and
it may also be attributed to graphene or reduced graphene ox-
] ide. In the latter case, the peak is much wider, resembling an

Graphene amorphous signal [18,19].
The most relevant peak in the TiGample obtained with
1 - Graphite the sol-gel method appears at around 25&hd it is char-
acteristic of the crystalline phase of anatase [20]. Other
D’ peaks are also attributed to anatase and can be observed in

| the resulting diffractogram: 3729103), 47.7 (200), 54.8
- i ' (211) and 62.5(213). Both characteristic peaks of graphite
1 ‘\ J G and graphene, as well as the different Ji@natase peaks,
] ||l | }|\"‘W‘--w are still present in the diffractogram of the anatase/graphene
A £ | nanocomposite. Such nanocomposite corresponds to a mix-
ture of anatase and graphene phases, and no chemical reac-
tion has taken place that would have ended up in an addi-
tional phase. The average crystallite size of Ji@nopar-
ticles was calculated to be around 6.14 nm by applying the
FIGURE 2. Raman spectrum of the graphene and graphite samplesScherrer equation:

"
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and TEM. The intensity of the G peak is relatively high, com- D= Feosd’ (1)

pared to the intensity that occurs in monolayer graphene sam-

ples, which is much lower. A slight shift to the left of the where K is a dimensionless constant with a value close to
D’ band after exfoliation can be observed. The D’ band ofunity, A is the X-ray wavelengthg is the full width at half-
monolayer graphene does not have sub-peaks, unlike bilaystaximum (FWHM) of the diffraction peak, anf is the
graphene that has 4 sub-peaks and few-layer graphene afdifraction angle [21].

graphite that both have 2 sub-peaks [15]. The band D’ in the

graphene sample spectrum resembles that of graphene of8a3. Morphology of the graphene/TiG, nanocomposite

few layers, indicating the proper exfoliation of graphite lay-

ers. Figure 4 shows the images obtained with the SEM of the

synthesized composite. With high amplification (Fig. 4a),
3.2. Identification of crystalline phases present in the & graphene base with some TiParticles deposited on the
graphene/TiO, nanocomposite surface can be observed, and some titania partlclgs are below
the graphene layers. The observed morphology is similar to
The graph in Fig. 3 shows a comparison of the diffrac-that reported in the literature and corresponds to the physical
tograms obtained from anatase, graphene, and the G/TiOnixture between the graphene and titania phases [22,23]. The
nanocomposite. In the graphene precursor sample, the pe&DS analysis with elemental mapping mode allows to distin-
guish the areas where each element is located. In Fig. 4b, the
carbon is colored in red and titanium in green, the resulting
(002) mixture of both elements and, consequently, of both colors is
shown in yellow. It can be noted that the most present color

1 «on) R, in the sample is yellow (a mixture of titanium and carbon),
Graghnne followed by areas where only green (titanium) is seen, and fi-
— TiO, (anatase) nally, some red dots (carbon). Besides a measurement of the
i green (titanium) and red (carbon) zones areas was carried out
%‘ & (103) and nanometric particles of titanium (42 nm) and carbon (31
S (200) 211) (213) nm) were measured.
[= "

The titania-graphene composite mixed by agitation and
ultrasound was also analyzed with a Transmission Elec-
tron Microscope to observe the interaction between the
crystalline phases of the precursors. In Fig. 5a an im-
age is presented at very high amplification of the titania-
graphene composite, where different crystalline planes can

20 30 40 50 60 70 80 be seen, as well as some amorphous areas. By performing

26 a Fourier transform to this image, the pattern of dots and

FIGURE 3. Comparison of the DRX patterns of graphene, anatase,lings showed in Fig. 5b is obtained, from which the different
and G/TiG nanocomposite. crystalline planes of the sample are indexed. From the rings

Rev. Mex. Fis66 (5) 610-616
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FIGURE 4. FESEM images showing (a) the obtained G/Ji@anocomposite at low magnification and (b) EDS maping of the same area
showing the nano-scale dispersion and mixing of the,Ta@d graphene phases that constitute de nanocomposite.
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FIGURE 5. TEM images of the anatase and graphene composite mixed with ultrasound (a) general view of the nanocomposite at very high
magnifications (b) ring pattern of the anatase crystalline planes, (c) point pattern corresponding to the graphene(andtdg®) phases.

displayed in the image and determining the interplanar disgraphite according to the literature [24,25], that is to say, dis-
tance to later compare with the databases, the presence efdered graphite product of the electrochemical exfoliation
the planes (101), (103), (200), and (211), which correspongrocess, which has an interplanar spacing greater than that
to the TiG, (anatase) precursor is confirmed. The JiO of the ordered graphite (0.335 nm). This means than in the
nanoparticles have an average length of 6 nm and an avehighlighted zone, few-layer graphene is present, alongside a
age width of 4 nm according to measurements. The graphenBO, (anatase) nanoparticle with an interplanar spacing of
diffraction points highlighted in the Fourier transform of 0.351 nm (101).

Fig. 5c corresponds to an interplanar distance of approxi- TiO, nanoparticles were also measured from several
mately 0.344 nm, which can be attributed to turbostrophicTEM micrographs, and the average crystallite size was calcu-

Rev. Mex. Fis66 (5) 610-616
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Average = 6.61 nm

@z o,
he 1240

6] . hy =52 = == eV. 0

The value ofhv extrapolated tax = 0 gives and ab-
sorbs energy, which corresponds to a bandgap. For the TiO
Loy nanoparticles, the bandgap was calculated to be 3.54 eV,
which is higher than 3.2 eV for bulk TiD(anatase) [28].
This increase in the bandgap value occurs because the synthe-
sized TiG, nanoparticles have a relatively smaller size com-
pared to bulk TiQ, and it is known that the decrease in par-
ticle size produces a larger bandgap [29]. The bandgap en-
ergy of G/TiO, nanocomposite was calculated to be 3.6 eV,

2 18 7 & which is practically the same bandgap value of the anatase
Particle size (nanometers) . e
phase. This similarity in bandgap values occurs presumably
FIGURE 6. TiO, statistical particle size distribution from TEM im-  due to the high concentration of Ti@anoparticles surround-
ages measurements. ing the graphene flakes caused by electrostatic interactions.
However it can be expected that in future studies, different
lated to be 6.61 nm, as shown in Flg 6, which is close to th%oncentraﬁon ratios of TiQand graphene in the nanocom-
value obtained from the Scherrer equation (6.14 nm). Thigosite will significantly decrease the combined bandgap, as
extremely small TiQ particle size, coupled with an enhanced thjs concentration ratio dependence on the bandgap value has

transport of electrons on the highly conductive graphengeen demonstrated in other grapheneTi@nocomposites
phase, is expected to halt the recombination process of ele30-32].

trons and holes.

Frequency

) . ] 3.5. Atheoretical model of graphene/TiQ nanocompos-
3.4. Bandgap energies of Ti@ and graphene/TiO, ite

nanocomposite

) ] ) . Figure 8 shows a graphene/Ti@anocomposite model that
The bandgap energies of Tithanoparticles and G/TO  \yas developed from the TEM images. Anatase nanoparticles
nanocomposite were calculated using Tauc-relation [26,27hpnear to aggregate around graphene flakes and also on the
as shown in Fig. 7, where is the absorption coefficient, and g rface. This attraction between the two phases may be due
hv is the photon energy, which is calculated with Eq. (2).1 the positive charge in graphene and the negative charge
In this equation\ is the wavelength in nanpmeters, his thejp TiO, particles, generating a weak bond, possibly Van der
Planck’s constant(626 x 107%% Js), andc is the speed of  \yaqls, that does not generate a chemical reaction but does
light (3 x 10% m/s). produce an aggregation of both nanomaterials.

TiO2
(Anatase) <$> <$> <$> {%
o '

ho (eV)

FIGURE 7. Bandgap energies of TiOnanoparticles and G/TiO FIGURE 8. Graphene/Ti@ nanocomposite model developed from
nanocomposite calculated using Tauc-relation. TEM data.
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obtained nanocomposite structure led to the development of

a conceptual model that includes a two-phase composite held
The obtained graphene/TiOcomposite structure corre- ggether by Vander Waals electrostatic forces in which the
sponds to the mechanical mixing of the graphene and tipnegative oxygen charges are attracted to the positive carbon
tania phases on a nanometric scale, which was confirmegces of the graphene network. This nanocomposite con-
by electronic diffraction (MET), X-ray diffraction and high- figyration is expected to favor the energy collection by the
resolution field emission microscopy in chemical analysisanatase phase and the subsequent injection of generated elec-
mode. The Raman spectrum of the electrochemically exfoliyrons into the graphene network. Therefore, this nanomaterial
ated graphene sample allowed to confirm that the separaticmay be promising in applications related to photocatalysis.

the graphite layers was performed properly and few-layer

graphene was obtained. The producedsli@s an extremely
small particle size of around 6 nm which even though renderdcknowledgments

high bandgap energy, has a high specific surface area and pro-
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