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ABSTRACT

In this work, graphene oxide (GO) was prepared by the Tour method from graphite powder
employing a microwave pre-treatment, which was used to modify TiO, (P25). A composite
of reduced graphene oxide (RGO) and P25 was prepared (RGO/P25) by UV assisted
anchoring of P25 on RGO. The structure, morphology, textural and optical properties were
studied by XRD, SEM, BET and UV-Vis techniques, respectively. Water splitting
photocatalytic evaluation used an aqueous methanol solution of the suspended composite
material and a 250 W mercury lamp as light irradiation source. Results indicate a bandgap
value of 2.57 eV for the RGO/P25 composite, while this material exhibited a H, production
rate greater than either P25 or graphene oxide alone. A significant enhancement in the
hydrogen production rate was achieved by RGO/P25 as photocatalyst obtaining ~400
pmol H,/gh. This can be presumably attributed to graphene oxide acting as an electron
collector and transporter in the RGO/P25 composite.

Keywords: graphene oxide, anchorage UV-assisted, Photocatalysis, hydrogen production.
Introduction

Globally, the demand for energy in the coming years will considerably increase. An ideal
alternative, already considered, is solar energy becoming the most powerful, accessible as
far as "cost" is concerned, as well as the richest source of renewable and sustainable
energy [1].

Furthermore, hydrogen has a high specific energy density and its combustion generates
only water as a by-product, which makes H, an attractive carbon free fuel. Despite the fact
that hydrogen in its elemental form is not very abundant in the environment, this is offset
by its abundant natural source (water molecule) the obtaining of this fuel and the
combination of the use of solar technologies, makes it possible to cover the global demand
for energy in an environmentally friendly manner.

Nowadays, there is a variety of methods used to produce hydrogen by water splitting using
solar radiation [2], [3]; photovoltaic electrolysis of water by proton exchange membranes
[4] and alkaline electrolytes [5], which is costly, the thermochemical method that needs
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very high temperatures 700-1000°C [6] and the photo-electrochemical process, which is
very interesting due to its simplicity and potential for development in the future [7].

Since water splitting by photo-electrochemical processes with a TiO, electrode was
reported[2] photocatalytic production of H, has been of great interest. A wide variety of
semiconductor materials with photocatalytic properties have been studied, for example:
C3N4[3], TiO,[10, 11], BiVO,[6], CdS[7], WO;[8]and ZnO [15, 16]. Not to mentionthe use of
the Pt as dopantforthesematerials, itisworthmentioningthat Pt ishighcostelement and
thisrepresentsa greatdisadvantageas a massivetechnologyforhydrogenproduction.

The tendency to use semiconductor nanomaterials for the development of photon energy
storage technologies, has paved the way for novel techniques to use renewable
resources. All this as a consequence of their large surface areas and different
morphologies [11]. In order to solve the different issues arising in TiO, lack of photoactivity
under visible light irradiation, several proposals have been implemented as doping with
metal ions [12], carbon or nitrogen [13], as well as addition of sacrifice elements, as
either electron donors or holes scavengers [14].

Among the range of materials that can be selected to synthetize composites with TiO, and
improve its photocatalytic efficiency is the introduction of nanostructured carbon materials
(carbon nanotubes, fullerenes, graphene single layers) [21-23], which offer unique
benefits, such as chemical stability in both basic and acidic environments and flexible
textural properties. Recently, these materials and, in particular, graphene have awaken
great interest in this context because of its unusual structural and electronic
properties [18].

RGO/TiO, as photocatalyst

) , CHsOH + ()
TiO, + hv - TiO,(h + e) —— Ti0,(e) + C;H,OH + H
TiO,(e) + GO — Ti0, + RGO )

RGOI/TiO, composites have achieved great popularity because of their complementary
properties, and can be synthesized by different techniques. One of them is by photo-
assistedreduction, which consist in the use of the photocatalytic nature of TiO,. Through
the use of reducing agents such as hydrazine, glucose andseveral solvents including
water [19]. Using mixing or sonication, which is the most simple method, however the
interaction between the two materials is weak because a chemical bond is expected [20].
Another popular technique is by Sol-gel, that is the most used to obtain a chemical
interaction between the GO and the TiO,, generally the GO layers are available to interact
with the precursors of the TiO, due to the solubility of the GO, however,GO in aqueous
solutions are not adequate for the reason that induces the precipitation of TiO,, therefore,
the use of ethanol[21]. Other techniques include hydrothermal and solvothermal methods
that involve controlled pressure and temperature during its synthesis, however, these are
not highly recommended because the TiO,crystalline phase may change and sometimes
the reduction of graphene oxide is not adequate[18].
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The first researchperformed about RGO/TiO, synthesisby UV-assisted photo reduction
was reported by Williams et al, where GO was reduced by accepting electrons generated
from TiO, at the time of being irradiated. The following reaction equations describe
thismechanism[22].

Methodology
Oxidation of graphite

Graphite oxide was synthesized from graphite powder using a modification of
Hummers method [30, 31]. 1 g of graphite was subjected to a microwave pretreatment
[25] during 15s, immediately after the sample was added to a concentrated solution
of H,SO,4 /H3PO,4 with 9:1 ratio (43.2 mL and 4.8 mL, respectively), this mixture is kept
under magnetic stirringin an ice bath (4°C) for 3 h. After this time 6 g of KMnO, were added
by shaking for 2 h, finally a solution of H,O, (12 mL) and HCI 10% (13 mL) was added by
drip irrigation keeping the mixture with stirring for 0.5 h; even in ice due to the exothermic
nature of the reaction [26]; Next step was washing and filtering with trice distillated water,
assisted by a vacuum pump until the remains of acid and potassium permanganate
present in the mixture are removed, once completed this step GO is taken to dryness in a
muffle furnace at 65°C.

Composite of TiO,anchored in reduced graphene oxide

For this study a commercial titanium dioxide Evonik P25was utilized. To synthesize the
compositeof reduced graphene oxide/titanium dioxide (RGO/ TiO,) a certain amount of
microwaved graphene oxide (MWGO) and TiO,(as required to obtain 10 % by weight of
graphene oxide) was suspended in an aqueous solution at 30% ethanolusing an ultrasonic
bath (Branson 2510) at a frequency of 40 kHz for 15 min, separately. Additionally, the GO
to the P25 is also subjected to ultrasound to obtain a homogeneous suspension. After 15
min, the MWGO suspension is poured into the suspension of TiO,, continuing exposure to
sonication until 40 min. The sample is then placed within a
photoreaction systemunder visible radiation of a mercurial lamp (250 W) and stirring
continues for 24 h, the resulting solution was dried on a hot plate at 80°C for 12h.

Characterization

X-ray diffraction
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Crystalline phases present in each of the synthesized materials in this study were
determined by the x-ray diffraction technique by making use of a Phillips Xpert Pro
diffractometer, which used a copper Cu ka radiation (A = 1.54056 A). Diffraction patterns
were obtained with a 26 sweep angleof 5° to 90°, with a step of 0.05.

Diffuse reflectance spectroscopy

Absorption and diffuse reflectance spectra of the synthesized samples were analyzed in a
UV-Visible Evolution 220 Thermo UV spectrophotometer equipped with integration sphere,
the range used in this technique were visible and near UV (adjacent to and part of the near
IR) 190-1100 nm wavelengths, the band gap values can be estimated using the Tauc
technique by plotting KubelkaMunk units against energy in electron volts (eV) considering
the following equation:

_ B(hv—Ej"™n

% hv

(3)

where a, is the absorption coefficient, hv is the absorbed energy, B is the absorption
constant and n takes values of ¥ or 2 if director indirect transition occur, respectively.

In order to determine the band gap energy value of the samples the Kubelka-Munk
approach was used, which estimates this value by extrapolation where a= 0 [27].

Field emission scanning electron microscopy

Synthesized sample was analyzed by field emission scanning electronic
microscopy(FESEM) in aJEM-2200FS Field Emission Transmission Electron Microscope,
where the sample will be exposed to a beam of electrons generated from a tungsten
filament, to minimize energy losses or deviations of the beam, the column must operate
under a ultra-high vacuum of 10°® Torr[28].

Photocatalytic Evaluation

The photocatalytic activity was evaluated based on the performance of the material
towards the production of hydrogen for the dissociation of the water molecule, using a
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250W mercurial lamp as a source of energy, 2% methanol aqueous solution as
ansacrificeagent. Monitoring  of the reaction was followed by (gas
chromatography using a gas chromatograph Perking EImer Clarus 580, taking aliquots at
1h time intervals with 8 repetitions.

Results and discussion
X-ray diffraction

Phase and crystalline structure of the samples were analyzed by X-ray diffraction.

Fig. 1 shows the diffraction pattern of graphite (GR), as well as MWGO, P25 and
RGO/P25samples. GR shows the major intensity peak stake at an angle 26= 28°~3.184,
which belongs to typical graphite. The diffraction pattern of MWGO presents a signal at
20=17°=5.02 A, corresponding to graphene oxide, the peak in 26= 44° which is associated
with RGO forming a crystal block according to Hontoria et al. [29] may be a highly
oriented graphene oxide. However, an increase in the amorphous phase is
observed, which is mainly associated with the partial decomposition of the oxygenated
groups of graphene oxide, while the increase in the width of the peak is attributed to the
generation of a more separated laminar structure, which allows physical and chemical
intercalation [30].

P25 diffraction pattern denotes the presence of Anatase and Rutile crystalline phases.
From the Rietveld plot of the composite, it can be clearly seen a fading signal attributed to
graphene oxide showing mainly the characteristic P25peaks, while maintaining the
amorphous phase associated with graphene oxide.

This behavior can be mainly attributed to two processes; reduction of graphene oxide by
TiO, photo anchorage and to the exfoliation of graphene oxide during sonication.
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Fig. 1 Rietveld plot belonging to Graphite (GR) TiO, (P25), MWGO and RGO/P25 10% wt.

UV-Vis Spectroscopy diffuse reflectance

Fig. 2 a) shows the plot of the percentage of absorption of GRO/P25 obtained using the
diffuse reflectance in a wavelength range from 190 to 1100 nm, showing the limit of its
range of absorption at 460nm, which means a maximum absorbance in the visible
range [27]. In order to estimate the band gap value of the sample a Tauc graph was
generated by plotting the Kubelka-Munk function against the light energy, which produced
an estimated value of the indirect band gap of 2.57 e.V.
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Fig. 2 a) UV-Vis spectrometry to determinate the band gap using the absorbance
pattern of the RGO/P25 sample. b) Estimation of the indirect band gap by the Tauc plot
through the approximation of the Kubelka-Munk coefficient (Comparison Chart).

Fig. 2 b) shows a comparison betweenRGO/P25 and P25 behavior, where RGO/P25
presentsits maximum absorption shifted to a visible range. These results are consistent
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whitobservations by Cheng et al., in addition to being similar to the values achieved when
P25 is doped with carbon[31] with values reported in the literature ranging from 2.66 eV to
3.18 eV.

This decrease in band gap energy can be attributed to the change in the bands structure,
which is widely associated with the improvement ofP25interaction with RGO [20].

Scanning electron microscopy (SEM)

Morphology of the RGO/P25 was investigated through scanning electron microscopy, as
revealed in the micrograph of Fig. 3. In this Figure, it can be seen that P25 is supported in
the leaves of RGO, and that the length of the RGO is in the order of microns. This is
morphology is associated with the microwave pretreatment during the synthesis of
graphene oxide [25]. This unique morphology allows a greater amount of P25 particles to
be physisorbedby RGO, which may lead to small agglomerates, it is difficult to assess
groups of less than 5 sheets of RGO or a monolayer of RGO, because they are often
confused with the membrane of the grid used for the analysis. However, in the MWGO
image a) it can be seen that exfoliation is poor. The images (b) and (c) confirms the
existence of fixed single layers along with P25. Images (d) and (e) are groups of less than
5 sheets of RGO andin image f) it can be observed that P25 nanoparticles arealternately
anchored on the layers of RGO, such as in sandwich structure [32], [33], which shows a

SF SFM SEl KK

Fig. 3 a) MWGO, b) and c) RGO/P25 monolayer, d) and €) RGO/P25 <5 layers, f) RGO/P25 type
sandwich.

successful RGO exfoliation by sonication, as well as the P25 photo anchorage.
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Photocatalytic Evaluation

Incorporation of RGO to P25 has unique advantages;iError! No se encuentra el origen de la
referencia. shows the hydrogen evolution produced by P25, MWGO, RGO/P25materials,
which were evaluated as photocatalysts under the standards for hydrogen generation with
a production of 187,150 and 400umol/gh, respectively. From these results it can be
concluded that the RGO/P25 exhibits an enhanced performance than their precursors,
since it is evident that the photocatalytic properties of P25 were improved. This
improvement is related to the RGO electrical properties as electrons collector and to its
great charge mobility, a feature that is attributed to its two-dimensional structure [30]. In
addition to this the unpaired nelectrons of RGO, make the surface interaction of P25 with
the RGO to extend the range of absorption of P25. Even though there was not a significant
change in the specific area of 60 m?g for the P25 and 52m?/g for RGO [34]. This change
in TiO, photocatalytic activity cannot be attributed to the specific surface area
enhancement. Otherwise, this effect can be ascribedto the increase in charge transfer
triggered by RGO, due to its two-dimensional structure and the conjugation of the pi
bond [35], which makes to extend the absorption of light, so the electrons in the P25 are
transferred to the RGO, thus allowing a reduction in the recombination time of charges.

Conclusions

Microwavepretreatment of the Graphite favors the intercalation of the oxygenated
functional groups and its sonic exfoliation.

These oxygenated functional groups facilitatethe photo anchoring of the TiO,P25 and the
formation of sandwich-type structures.

The shifting of the band gap value toward the visible spectrum of the P25 is associated to
the addition of small amounts of RGO.

Improvement of the P25 photocatalytic activity for hydrogen production under visible light
can be attributed to reduction of its band gap energy value by doping with RGO.
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