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Abstract. In this study, titanium dioxide-reduced graphene oxide (TiO,-rGO(TGOQ))
nanocomposite was synthesized via hydrothermal pathway. The characterization of the
fabricated material revealed an efficient incorporation of the two constituents, as well as a
notable decrease in the band gap energy of TGO compared to that of pristine TiO, (2.62 versus
3.15 eV, respectively), which can expand the absorption spectrum of the catalyst towards the
visible region. Electrochemical studies also elucidated the contribution of the rGO substrate in
prolonging the recombination rate of charge carriers, signifying a noticeable enhancement in the
photocatalytic capability of the TGO composite. Meanwhile, the hydrogen peroxide evolution
performance of the synthesized photocatalyst was relatively promising with a concentration of
up to 158.34 uM after 180 min. Along with further examinations additionally showing the
plausible formation and participation of reactive oxygen radicals during the photocatalytic
scheme, the TGO material indicates a good potential for several practical applications, especially
the generation of hydrogen peroxide under light irradiation.
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1. INTRODUCTION

Nowadays, the tremendous advances in technology over the past centuries have remarkably
accelerated civilization growth as well as triggered vast industrialization worldwide. Such
phenomena resulted in a notable increase in total energy demand and consumption. Thus, the
need to discover alternative energy sources is highly essential [1], not only to provide high-
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performance energy sinks for the production sector and human life but also to reduce numerous
detrimental impacts on the environment due to the exploitation of fossil-derived resources [2]. In
recent years, solar light has been reported to be a prominent candidate, which is green and an
infinite energy source. It is estimated that the accumulated amount of energy that the sun emits is
3.10%* Jannually, which is incredibly a thousand-fold higher than the total human energy
consumption [3]. The immense amount of solar energy can currently be utilized as thermal and
photovoltaic power plants via some modern devices, which can be remarkably impeded by
various factors, namely geological location, time, and local climate [4]. Therefore, the utilization
of an excellent photocatalyst to facilely convert solar energy can be suggested as an effective
pathway to effectively exploit this renewable power source.

Hydrogen peroxide (H,O,), a well-known oxidant that ranks among the most important
chemicals in the world [5], is an eco-friendly chemical that can perform favorable oxidation and
generate highly active free radicals for bacterial deactivation, signifying a green and effectual
disinfectant by releasing only benign products like H,O and O, during its reaction [6].
Furthermore, H,O, can also be deployed not only to clean wounds in medical sterilization at a
low concentration (3 %) but also in many fields such as wastewater treatment, paper bleaching,
and electronic industry [7, 8]. Thanks to its massive necessity, the annual H,O, production
worldwide has now exceeded 4 million tons per year [9] and is anticipated to experience
continuous growth over the next few years [10]. Currently, more than 95 % of the H,0O,
production utilizes the industrial-scale anthraquinone (AQ) technology [11], which requires high
energy input while producing large amounts of wastewater due to multi-step oxidation and
hydrogenation reactions [12].

On the other hand, among photocatalysts, titanium dioxide (TiO,) emerges as a potent
representative for photocatalytic applicability, owing to its outstanding features: non-toxicity,
excellent economic, chemical, and photochemical stabilities. However, bare TiO, exhibits some
noticeable drawbacks of a wide band gap (~3.15 eV) and a rapid recombination rate of electron-
hole pairs [13,14], which provides a good photocatalytic activity only within a narrow ultraviolet
(UV) region. The incorporation of TiO, with carbon-based supports is a commonly adopted
method to additionally promote the photocatalytic efficiency of the composite as a whole. In
particular, reduced graphene oxide (rGO), a graphene derivative, endows good electrical
conductivity, adsorption capacity, electron mobility, and large specific surface area [15]. Upon
the combination with TiO,, rGO can be anticipated to effectively reduce the recombination rate
of electron-hole pairs while increasing the contact surface area between the catalyst and the
photons from the light source, eventually resulting in a promoted photocatalytic performance as
compared to the pristine TiO, semiconductor [16].

In this study, titanium dioxide-reduced graphene oxide (TiO,-rGO(TGO)) composite was
synthesized using a hydrothermal pathway, in which titanium(lV) isopropoxide (TIP) was
utilized as the metallic precursor. The characterization of the synthesized materials was
conducted by several modern analytical methods. Besides, the photocatalytic capability of the
fabricated TGO was subjected to the photo-generation of H,O, under visible light illumination.

2. MATERIALS AND METHODS
2.1. Materials and chemicals
Graphite (Gi), potassium permanganate (KMnQy,), phosphoric acid (HzPOy), sulfuric acid
(H2SQOy), H,O,, isopropyl alcohol (C3H,OH (IPA)), acetic acid (CH;COOH), ethanol (C,HsOH),
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potassium iodide (K1), TIP, and potassium hydrogen phthalate (CgHsKO,(KHP)) were purchased
from Sigma Aldrich, USA. All chemicals were of analytical grade and used without further
purification. Double-distilled water was used for all experiments.

2.2. Synthesis of TGO

GO was initially prepared using a modified Hummer’s method similar to previous reports
[17]. Regarding TGO, at first, 50 mL of the mentioned GO suspension was added with a defined
amount of TIP, 50 mL of ethanol, and 1 mL of acetic acid, respectively, under ultrasonication for
20 min [18, 19]. Then, the mixture underwent a hydrothermal treatment in a Teflon autoclave at
90 °C for 2 h. Lastly, the mixture was thoroughly washed with distilled water several times to
remove impurities before being dried at 80 °C to form TGO.

2.3. Characterization of materials

FTIR spectroscopy (Bruker TENSOR-27, Germany) was conducted using KBr pellets over
a wavelength spectrum of 600 - 4000 cm™ with an accuracy of 0.1 % T and resolution of 0.2 cm™.
XRD diffractograms (Bruker XRD D8, Germany) were recorded via CuK, irradiation (A = 0.154
nm) with a scanning region of 26 = 0 - 80° and a scanning rate of 2 °/min. Raman spectroscopy
(LabRam micro-Raman) was carried out at an excitation wavelength of 632 nm using a He-Ne
laser. SEM micrographs (Hitachi S4800, Japan) were performed at a voltage of 10 kV and a
magnification scale of x5000, whilst EDS analysis (Jeol JMS 6490, Japan) was conducted to
examine the composition of three major elements, namely C, O, and Ti, in the surveyed samples.
For the electrochemical measurements, EIS and CV curves were recorded using a three-
electrode system, namely a working electrode, a Pt counter electrode, and a reference electrode
(Hg/HgCl,), in PBS electrolyte on an electrochemical workstation (CH Instrument 760D) [20].
In which, the surveyed sample was mixed with carbon black in an ethanol suspension before
being coated onto a glassy carbon electrode (GCE) to form the working electrode. Besides, the
CV analysis was specifically conducted over a potential range of -1.0 to 1.0 V at a scanning rate
of 10 mV/s.

2.4. Photocatalytic production of H,0,

The photocatalytic capability of TGO was evaluated for the evolution of H,O, under visible
light illumination, wherein the generated H,O, concentration was detected through a redox
reaction with iodide anion (I7) within an acidic medium [21,22]. Particularly, 20 mg of TGO was
added to a 45 mL mixture of water and IPA as the sacrificial agent with a volume ratio of 8:1 in a
100 mL beaker. The solution was subsequently irradiated under constant stirring at 200 rpm with
a 50 W halogen lamb as a visible light source (A >400 nm) for 180 min, in which the light
intensity and the distance to the sample were 16.67 mW/cm? and 5 cm, respectively. During the
illumination, after each 30 min, a portion of the sample was withdrawn and filtered through a
0.22 um nylon syringe filter to collect a transparent solution. Then, 1 mL of the filtered solution
was added with 1 mL of 0.1 M KHP and 1 mL of 0.4 M KI, respectively, left for reaction at
room temperature for 30 min before being quantified with UV-Vis spectroscopy at 350 nm to
record the concentration of H,0,. Besides, the photocatalytic setup was also carried out in a tape
water bath at a constant room temperature (27.8 + 0.9 °C) as a control measure and was
performed in triplicate to determine the average results and experimental errors.
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3. RESULTS AND DISCUSSION
3.1. Characterization of materials

The functional groups arising from the surface of rGO and TGO were identified by FTIR
spectra, as shown in Figure 1. Regarding the rGO, several characteristic bands can be observed
at 1721, 1598, 1373, and 3326 cm*, corresponding to the oxygenated C=0, C=C,—~COO, and
—OH functional groups, respectively, which reveals the successful oxidation of Gi to produce
GO. It is worth noting that the intensities of the signals at 1083 and 1721 cm*, derived from the
stretching vibrations of C—O and C=0, respectively, are relatively low, which shows that GO has
been partially reduced to rGO. In addition, simultaneous vibration bands related to the Ti—O-Ti
and Ti—O-C linkages can also be detected at 600 cm ™, thus confirming the successful grafting of
TiO, onto the rGO substrate [23]. Figure 2 illustrates the XRD patterns of the two separate
components and the TGO nanocomposite, in which a broad characteristic peak appears at 26 =
25° in the diffractogram of rGO, corresponding to (002) lattice facet of the substrate,
alternatively elucidating the successful reduction of GO to rGO during the hydrothermal
treatment. On the other hand, regarding TiO,, distinguished peaks located at 25.47, 37.84, 48.13,
54.01, 55.13, and 62.93° can be ascribed to the (101), (004), (200), (105), (211), and (204)
crystal planes of anatase TiO,, which eventually affirms the conversion from TIP to TiO,
nanoparticles. Besides, the pattern of the TGO catalyst indicates notable similarities to those of
the two constituents, validating the successful heterogenization of TiO, onto rGO sheets [24],
and that is in good agreement with the FTIR spectroscopy.
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Figure 1. FTIR spectra of rGO and TGO. Figure 2. XRD patterns of TGO, rGO, and TiO,.

On the other hand, the structural defects of rGO and TGO were also characterized via
Raman spectroscopy, as indicated in Figure 3. For the two graphene-based materials, two
dominant peaks located at ~1355 and 1615 cm™ are witnessed over the recorded spectrum, which
can be assigned to the D and G bands, respectively. More specifically, the former represents the
characteristic vibrations of the sp>-hybridized region, whereas the one at 1615 cm™ symbolizes
the resonance of sp? carbon atoms, corresponding to the E,, phonons at the Brillouin center [25].
It is widely reported that the intensity ratio of the two mentioned peaks (Ip/lg) can elucidate the
defective degree of the carbonaceous structure, wherein a higher value would demonstrate an
increase in the sp3-domain and hence a higher degree of defects in the sample. In this case, along
with a minor left-shift of the G band to 1590 cm™, the slightly higher Ip/lg value of rGO
compared to that of the incorporated TGO (1.246 versus 1.093, respectively) probably implies
the impact of combining TiO, onto the sheet-like structure of rGO [26], resulting in the
separation of graphene layers and covalent interactions of the two constituents. SEM
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micrographs of rGO and TGO were contemporarily taken to evaluate the morphology of the
fabricated materials (Figure 4). Accordingly, numerous folds and wrinkles can be witnessed over
the surface of the rGO substrate, resulting from hydrogen bondings, n—= linkages, and Van der
Waals interactions. Meanwhile, upon the introduction of TiO,, the surface of TGO became
relatively rougher which can be ascribed to the heterogenization of TiO, onto the rGO matrices,
which consequently influenced the degree of defects in the material [27], as mentioned in the
Raman spectra. Besides, multiple TiO, fragments with an average size of 200-400 nm can also
be detected, signifying the comparably uniform distribution of the dopants throughout the profile
of TGO, probably thanks to the static interaction of Ti** ions with various oxygen-containing
functional groups of rGO during the chemical treatment.

Intensity (a.u.)

500 lOIOO 15IOO 20IOO 25IOO
Raman Shift (cm™)

Figure 3. Raman spectra of rGO and TGO.

IMS-NKL 5.0kV 4.9mm x50.0k SE(M)

Figure 4. SEM images of (a) rGO and (b) TGO.

Furthermore, the elemental mapping of TGO was additionally recorded, indicating the
uniform distribution of Ti throughout the profile (Figure 5a). Such observation suggests the
successful formation of TGO with an even dispersion of TiO, nanoparticles throughout the
graphene matrices. Meanwhile, Figure 5b validates the appearance of the three major elements,
namely C, O, and Ti, in the composition of TGO via their corresponding distinct signals within
the surveyed region, which confirms the formation of the composite with pure TiO, and rGO
instead of other notable impurities. The elemental composition of the nanocomposite was also
studied (Table 1).
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Table 1. Elemental composition of TGO.

Mass percentage Atom percentage
Element p(%) g ‘Z%) 9
C 35.12 £ 0.09 49.62 +0.12
(0] 38.79+0.21 41.14+0.22
Ti 26.09 +0.34 9.24 +£0.12

(b) C

Intensity (a.u.)
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Energy (keV)

Figure 5. (a) Elemental mapping for Ti and (b) EDS spectrum of TGO.

As can be seen in Figure 6, the value of pristine TiO, is 3.15 eV, comparably matched with
the results from previous reports [28, 29]. It is worth noting that such a relatively high band gap
can limit the absorption spectrum of TiO, within the visible light region, which can remarkably
impede the photocatalytic capability. Nonetheless, as the heterogenization between TiO, and
rGO is introduced, the corresponding value is found to be 2.62 eV, much lower than that of bare
TiO,. Such phenomenon reveals the synergistic effects of both TiO, and rGO to broaden the
absorption spectrum of TiO, [30]. More specifically, although rGO does not contribute directly
to the light absorption and charge generation, the interaction of the two constituents can be
anticipated to form heterojunction in the interphase [31], wherein photo-induced electrons in the
valence band of rGO are excited to its conduction band, then transported to the conduction band
of TiO,. The above findings are well-accordant with some studies involving the incorporation of
metallic oxide semiconductors with such graphene-like substrates [32, 33].

Further insight into the band structures of TiO, and TGO was additionally obtained, as
calculated using Equations (1) - (3):

1 1)
EVB = X_EE +5Eg
b e )
X = (X'l XXj Xxk)a+b+c
Eg = EVB - ECB (3)

where Eyg is the valence band of the material, yx is the electron negativity of the sample, Eg is
the energy of free electrons on the hydrogen scale. y;, X and y, are the energies of components i,
J, and k in the material, respectively; a, b, and c are the number of molecules present for

components i, j, and k of the material, respectively; and Ecg is the conduction band of
the material.
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Figure 6. Band gap energies of (a) TGO and (b) TiO..

In detail, the valence and conduction bands of TiO, are determined at 2.86 and —0.29 eV,
respectively [34], while the corresponding values of the nanocomposite are 3.206 and 0.586 eV,
respectively. Such findings suggest that the conduction band can be dominated by the rGO
constituent, which may facilitate the separation of charge carriers, as the low redox potential of
rGO can act as an electron sink as well as a sacrificial site to enhance the photoactivity of the
more negative conduction band of TiO,, revealing a heterojunction and that is highly consistent
with the calculated band gap energy. Moreover, some orbitals, corresponding to the minimum
valence band of TiO,, may have interacted with rGO to shift to the valence band. Therefore, the
determined band structures are relatively favorable for the formation of free radicals during the
photocatalysis, as the valence and conduction bands of TGO are more positive and negative than
the redox potentials of H,O/'OH (2.28 eV) and O,/'O, (—0.046 eV), respectively. To further
validate the obtained results, the electrochemical properties of the two surveyed samples were
additionally examined. Particularly, as shown in Figure 7a, EIS analysis of both TiO, and TGO
was conducted, in which the latter exhibited a lower curve than the former. It has been
extensively reported that the EIS curve can indicate the impedance of a semiconductor; herein,
the impedance of TiO, was higher than that of TGO, confirming the advantageous influence of
rGO as an electron sink to efficiently prolong the recombination of photo-induced electron-hole
pairs. In addition, the CV curves of the two materials were also relatively parallelogram-shaped
and redox peaks can be detected, which correlates with the electrical double-layer transportation.
On the other hand, the evolution of H,O,, a highly essential oxidizer, has been thoroughly
investigated via multiple photocatalysis processes in recent years. According to the evaluated
characteristics and band structure of TGO, the photo-generation of H,O, was eventually
performed to investigate its catalytic performance. As can be witnessed in Figure 8, before being
illuminated, a bare trace of H,0O, can be detected (29.96 uM), showing the vital contribution of
light irradiation to the excitation and formation of radicals to produce H,O,. Under visible light
radiation, the concentration of H,0, gradually increased to 89.28 uM after 60 min before
experiencing a steady increment over the remaining period, concluding at 139.73 and 158.34 uM
after 120 and 180 min, respectively. This phenomenon can result from the gradual accumulation
of radicals, especially reactive oxygen species (ROS), which leads to a good production rate of
H,O,. The results obtained also reveal that the simultaneous H,0, decomposition process was
prevailed by the formation scheme within the examined interval. The working mechanism for
H,O, formation under light radiation of TGO heterojunction can be generally proposed as
follows: both TiO, and rGO are photo-excited to generate electron-hole pairs. As demonstrated
through electrochemical properties, electrons then transfer to TiO, while photo-induced holes
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remain at the graphitic substrate, which improves the charge separation and prolongs the lifetime

of charge carriers for redox reactions.
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Figure 7. (a) EIS curves and (b) CV curves of TiO, and TGO.
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Figure 8. H,0, photo-production performance of TGO.

The presence of IPA as the sacrificial agent can further prevent the electron-hole
recombination via better hole scavenging activities. The combination of TiO, and rGO also
broadens the light-responsive spectrum towards the visible light region with a lower bandgap,
allowing a better photon utilization. Besides, the large surface area of rGO facilitates the
essential adsorption of molecules to maximize photocatalytic interactions. Specifically, under the
suitable optical band structure of TGO, secondary radicals, particularly ROS, are produced, in
which hydroxyl radical (‘'OH) is formed based on water oxidation while the evolution of
superoxide anion ('O;) is related to the reduction of absorbed oxygen molecules (O,) in the

reaction medium, as illustrated in Equations (4) - (10):
TiO/IGO+hy - TiO,/rGO(e + h")
rGO(e) + TiO, - rGO + TiO,(e)

CH;CH(OH)CH; + 2h* > (CH3),C=0 + 2H"
HO+h" - H"+'OH
O,+e - ‘0,
Oy +2H " +e - H.,0,
20H - H,0O,
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The H,0, photo-evolution activity of the fabricated TGO was also compared with other
catalysts in several studies, as listed in Table 2. Accordingly, despite utilizing a relatively low
catalyst dose (20 mg) and light source power (50 W), the TGO nanocomposite still provided a
good H,0, formation efficiency, reaching up to 158.34 uM after 180 min. It is noteworthy that
the catalytic performance of a material is also crucially dependent on various other parameters,
including the operating temperature and light source emission spectrum. Regardless, the
obtained results affirm the promising applicability of TGO in several photocatalytic applications,
especially the generation of H,O, under light irradiation.

Table 2. H,0, generation capability of several reported photocatalysts.

Material Cata(lz]s;)dose ngh(tvsg)wer IIIuml?;tilr?)n time | H,0, cc(J:K/elz)ntratlon Ref.

CN/rGO@BPQDs 50 300 180 181.69 [35]

TC/pCN 50 300 60 131.71 [36]

PT-g-C3N, 30 300 60 27.07 [37]
TGO 20 50 180 158.34 This study

4. CONCLUSIONS

In this work, titanium dioxide-reduced graphene oxide (TGO) nanocomposite was
successfully fabricated using hydrothermal method. The characterization of the as-synthesized
TGO sample revealed the distinguished sheet-like structure of the rGO substrate, wherein TiO,
nanoparticles were uniformly distributed over the graphene network and accounted for 22.89 %
of the mass percentage. The recorded XRD diffractogram of the composite also provided
characteristic diffraction peaks of the anatase TiO,, validating the efficient conversion of TIP to
the desired titanium dioxide constituent. Moreover, the determined valence and conduction
bands of TGO were 3.206 and 0.586 eV, respectively, which is highly favorable for the
separation of charge carriers and the formation of free radicals during the photocatalytic scheme.
Concurrently, the photocatalytic performance of TGO was also relatively excellent with a
maximum H,O, concentration of 158.34 uM after 180 min under visible light illumination.
Conclusively, the fabricated TGO nanocomposite possesses great potential in photocatalytic
applications, particularly the evolution of hydrogen peroxide and probably the degradation of
organic dyes in aqueous media.
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