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Abstract. To overcome the limitations of ZnO as a photocatalyst, the present work reports a ternary nanocomposite
(ZnO-Ti0O,/rGO) with a high photocatalytic activity under direct natural solar light irradiation. Reduced graphene oxide
(rGO) was obtained after bio-reduction of GO using pomegranate peels. Techniques of FE-SEM, TEM, XRD, FTIR,
UV-Vis DRS, Raman and PL were used for characterization purpose. The ternary nanocomposite exhibited a high
photocatalytic activity towards the degradation of indigo carmine dye, resulting in an efficiency of 92% within 150 min
under sunlight illumination. Accordingly, the hybridization of ZnO with TiO, and rGO improves light absorption,
promotes high separation of photogenerated charges, and solves the photocorrosion drawback of ZnO, leading to a better
stability and reusability of the nanocomposite. Particularly, the prepared rGO allowed certain hydrophilicity and a better
surface hydroxylation. In view of that, a comprehensive photocatalytic mechanism was proposed and discussed, referred
to experiments showing the effect of holes and *OH scavengers. The findings revealed that the developed rGO hybridized
with ZnO-TiO, heterojunction can be a promising candidate for removing environmental contaminations using natural
solar light.
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1. Introduction Hence, progress in water purification is critical due to the

importance of individual health and environmental con-

Water contamination is a major societal concern worldwide.
Freshwater availability has been progressively reduced due
to the unregulated and unrestrained human population and
industrialization growth, which have interrupted the natural
purifying process [1,2]. According to the World Health
Organization (WHO) reports, about 8,29,000 people die
every year because of diseases from drinking contaminated
water, sanitation and hand hygiene. In this context, the use
of organic dyes in the textile industry is one of the main
activities that pollute water [3,4]. Several dyes such as
indigo carmine (IC), methylene blue (MB), methyl orange
(MO) and rhodamine B (RhB) have high solubility and
stability in water, therefore their ejection in water bodies
can lead to hazardous effects for human health and envi-
ronment [5,6].
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cerns. Despite that industries use a variety of methods to
purify water, most of these techniques present drawbacks
such as high energy, operational and maintenance cost,
large areas and poor effectiveness [7,8]. In the last decades,
photocatalysis has gained a lot of consideration owing to its
simplicity, high efficiency and ability to use solar energy as
a green and safe energy source for the degradation process
and chemical detoxification [9].

Zn0O is among the most popular metal oxides that have
been studied as photocatalysts. It shows promising fea-
tures and presents cost-effectiveness, high surface reac-
tivity, photosensitivity and non-toxicity [10-12]. In
wastewater medium, the photodegradation process of the
organic pollutants in the presence of ZnO nanoparticles
(NPs) irradiated with UV light (<400 nm) is mainly
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based on the production of hydroxyl radicals ("OH) acting
as oxidizing agents. Accordingly, the hydroxyl group
(OH) concentration on the photocatalyst surface has a key
role in the photodegradation process. Nevertheless, ZnO
presents some limitations such as low stability during the
photocatalytic process due to the photo-corrosion effect;
low visible-light absorption due to its wide bandgap,
allowing the absorption of only 5% of the solar light; and
quick recombination of electron—hole pairs, leading to
poor photocatalytic efficiency under solar light [13,14].
That is why, researchers have suggested many strategies
to enhance the photocatalytic performance of ZnO under
the visible-light, such as doping with metal ions [15],
decorating with noble metals (Ag, Au, Pd) [16,17], and
coupling ZnO with other semiconductors such as TiO,
[18-20]. This last approach consists of the heterojunction
engineering that could enhance the separation of the
photoinduced charge carriers and consequently boost the
production of radicals. Indeed, ZnO and TiO, are two
n-type semiconductors that are well suited to form
heterojunction since the energies of both the conduction
(CB) and the valence band (VB) edges of ZnO are
slightly higher than the corresponding ones of TiO,. As a
result, for ZnO-TiO, heterostructure, electrons are con-
fined in TiO,, while holes are accumulated in ZnO
[18-20].

Recently, the use of graphene derivatives-based nano-
materials in photocatalysis has attracted enormous attention
since graphene-based nanomaterials have unique properties,
such as high electrical conductivity, a strong capability in
accepting electrons and a high surface area [21,22].
Therefore, the combination of ZnO with graphene deriva-
tives is expected to increase the absorption in the visible-
light range, facilitate the exposure of large catalytic active
sites, and enhance the electron transfer from the CB of ZnO
allowing the electron-hole separation [23-25]. Several
studies have been reported on the use of ZnO/graphene
derivatives for the photocatalytic removal of organic pol-
lutants. Xu et al [26] reported that the hybridization of 2
wt% of graphene with ZnO improves the photocatalytic
efficiency of pure ZnO by almost five times. Atchudan et al
[27] demonstrated that ZnO/GO exhibited much higher
photocatalytic activity in the degradation of methylene blue
(MB) under UV-light irradiation (98.5% after 15 min of
irradiation) compared to pure ZnO (49% after 60 min of
irradiation). Prabhu et al [28] developed ZnO/rfGO
nanocomposites for the photocatalytic degradation of dyes
under UV-vis light irradiation. It was found that 3 wt%
reduced graphene oxide (rGO)-loaded ZnO (ZnO-3%rGO)
showed higher photocatalytic performance than pure ZnO
[28]. Ramos et al [29] investigated the photocatalytic
activity of ZnO/rGO nanorods (NRs) through the degrada-
tion of methyl orange (MO) and showed that coupling ZnO
with rGO improved the photodegradation efficiency com-
pared to pure ZnO. Most of the mentioned studies regarding
the use of ZnO as a photocatalyst were carried out under
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artificial UV irradiation, however, its application under
natural solar light irradiation still limited. More importantly,
most of these studies did not show or precise the genuine
role of rGO in improving the photocatalytic efficiency of
the prepared materials. Although GO is usually partially
reduced, and certain oxygen functionalities are maintained
in its surface, the hydrophobic—hydrophilic properties of the
obtained rGO were not discussed.

In view of this, we present here the first use of a ternary
nanocomposite ZnO-TiO,/rGO for the degradation of IC
under direct natural solar light. It is anticipated that the
combination of the ZnO-TiO; heterojunction with rGO can
enhance the photocatalytic performance of ZnO and make it
an efficient photocatalyst under direct solar light. ZnO-
TiO, heterojunction was synthesized through the sol-gel
method. GO was fabricated by the commonly used modified
Hummer’s method and bio-reduced, for the first time, using
pomegranate peels bio-extract to obtain rGO. It is shown
that the partial reduction of GO allows certain
hydrophilicity of the ZnO-TiO,/rGO surface, leading to
higher eOH production and then better photocatalytic
activity.

2. Experimental

2.1  Synthesis of GO and rGO

The oxide (GO) and reduced form (rGO) of graphene were
synthesized following our previous work [30]. Briefly, a
modified Hummers’ method was used to synthesize GO
from natural graphite powder and pomegranate peels bio-
extract was used as a reducing agent for the preparation of
rGO (figure 1).

2.2 Synthesis of ZnO-TiO,

The sol-gel technique was selected for the synthesis of the
7ZnO-TiO, heterostructure. Accordingly, we dissolved sep-
arately 4.65 g of titanium isopropoxide (Ti[OCH(CH3),]4,
Sigma Aldrich) and 3 g of zinc acetate dihydrate
(Zn(CH3CO0),.2H,0, Sigma Aldrich) in 10 ml of iso-
propanol (C3H,OH, 99.8%, Sigma Aldrich). After that, both
solutions were mixed by adding dropwise the zinc acetate
solution to that of titanium isopropoxide, and the obtained
mixture was stirred for 10 min. Subsequently, 3 ml of acetic
acid (CH3;COOH, Sigma Aldrich) and 7 ml of distilled
water were added to the mixture, which was further stirred
constantly at 70°C for 15 min. Finally, the precipitate
obtained after filtration and rinsing operations was then
dried at 90°C overnight and annealed at 400°C for 3 h in
static air to get ZnO-TiO, powder.

Pure ZnO and TiO, were synthesized separately by fol-
lowing the same procedure and conditions but without
mixing the solutions.
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Figure 1.

2.3 Synthesis of the ternary ZnO-TiO»/rGO
nanocomposite

To synthesize this composite, an amount of 30 mg of rGO
(1% wt to ZnO-TiO,) was firstly dispersed in 50 ml of
distilled water using an ultrasound path during 1 h. Then,
3 g of ZnO-TiO, powder was added and the resulting
mixture was inverted and stirred alternately (10 min each)
over 1 h. Next, the system was separated using centrifu-
gation and the precipitate was rinsed with distilled water,
and dried at 90°C for one night which finally resulted in the
ZnO-TiO,/rGO nanocomposite.

The ZnO/rGO composite was prepared by following the
same protocol.

2.4 Photocatalytic experiments

The photocatalytic activities of the prepared nanomaterials
and the experiments’ reaction conditions were carried out
according to our previous work, illustrating the pho-
todegradation of IC dye under direct sunlight, in the pres-
ence of ZnO/rGO [30]. Experiments were carried out in
Sousse city (East of Tunisia) in June when the sky is clear,
and the climate is relatively hot (30-32°C). Briefly, 25 mg
of powdered nanocomposites were dispersed in 50 ml of IC
mixture and placed in the dark with stirring during 45 min
to achieve adsorption and desorption equilibrium. Subse-
quently, the reactor was exposed to direct sunlight for
150 min while stirring continuously. Samples were col-
lected from the mixture at regular intervals, centrifuged and
examined by UV-visible spectroscopy.

Orying Reduced grophene

oxide

Schematic illustration of GO and rGO syntheses.

The total percentage of IC photodegradation was
determined using the following equation:

Degradation (%) = [(Co—C)/Cy] * 100,

where C, corresponds to the IC concentration after 45 min
in the dark, and C the concentration of IC at a given time
within the photocatalytic process.

Similar tests were performed out in the presence of
2 mmol of tert-butanol (TB) and ethylenediaminetetraacetic
acid (EDTA), which are designated as *OH radicals and
holes scavengers, respectively.

2.5 Materials characterization

Different experimental techniques were used to investigate
the physical, optical and chemical characteristics of the as-
prepared materials. The morphological structure of the
samples was examined employing transmission electron
microscopy (TEM, JEOL JEM 2100F) and field emission
scanning electron microscopy (FESEM, Carl Zeiss AG -
ULTRA 55). The elemental composition of the prepared
nanomaterials was examined by energy dispersive X-ray
(EDX) spectroscopy. Fourier transform infrared was used to
study the composition of the different samples within the
wavelength range of 4000—400 cm™' using a FTIR spec-
troscopy (FTIR, Perkin Elmer UATR two). Besides, Raman
spectroscopy was recorded to investigate the structure and
quality of the nanocomposites employing a Raman spec-
trometer (Renishaw plc) connected with a coupled confocal
Leica DM2500 microscope applying a green laser at the
wavelength of 514 nm. The optical properties and bandgap
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values of the samples were investigated using UV-vis
diffuse reflectance spectroscopy (Shimadzu UV 2600/2700
spectrophotometer) coupled with an integrating sphere.
A BaSQ, standard was used to calibrate the instrument. The
photoluminescence (PL) measurements at ambient temper-
ature were performed employing a chopped Kimmon IK
Series He-Cd laser (325 nm and 40 mW). The dispersion of
fluorescence was made with a monochromator (Oriel Cor-
ner Stone 1/8 74000), identified through a Hamamatsu
H8259-02 equipped with a photomultiplier (socket assem-
bly E717-500), and amplified with a Stanford Research
Systems (SR830 DSP). Light was scattered using a 360 nm
filter. All spectra were adjusted for the response function of
the devices. Finally, X-ray diffraction (XRD,
Philips X’Pert) using a copper source (Cu-Ka radiation, =
0.154187 nm) in the 20 range of 5-80° was used to identify
the crystallinity and structure of the samples.

3. Results and discussion

3.1 FESEM analysis

The surface morphology of the prepared pure ZnO and
ZnO-TiO, heterostructure was examined by FESEM.
Figure 2a shows a non-homogenous surface of ZnO with the
presence of irregularly shaped clusters of NRs and NPs.
Figure 2b shows both ZnO and TiO, nanomaterials, which
are almost uniformly distributed throughout the surface,
possibly due to homogeneous distribution during the syn-
thesis of ZnO-TiO, nanocomposite.

The elemental composition of the ZnO-TiO,
heterostructure was examined using the EDS technique

Figure 2.
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(figure 2c). Zn, Ti and O elements are clearly shown,
indicating the successful formation of a high-quality ZnO-
TiO, heterostructure. The Zn signal should come primarily
from ZnO, whereas the signal for Ti originates from TiO,
nanoparticles. The weak signal of C should originate from
the diamond support used to deposit the films. Elements
weight percent show mainly 6.08% C, 53.72% O, 16.76%
Ti and 23.45% Zn. These findings show that a composite of
two-phase formation from ZnO and TiO, nanomaterials led
to the formation of S—S heterojunction on the surface of the
two materials. Conversely, the low content of rGO in ZnO/
rGO and ZnO-TiO,/rGO nanocomposites preclude its
observation in both samples.

3.2 TEM analysis

The TEM images of rGO, ZnO, ZnO/rGO, ZnO-TiO, and
ZnO-TiO,/rGO are shown in figure 3. Figure 3a shows the
rGO layers folded together, whereas figure 3b shows the
ZnO NRs in parallel with the existence of ZnO NPs of
hexagonal morphology. The ZnO/rGO nanocomposite is
depicted in figure 3c. This indicates the presence of rGO
layers decorated with ZnO NRs and NPs clusters. Figure 3d
shows TEM images of the calcined ZnO-TiO, sample,
which is composed of TiO, NPs and ZnO NRs and NPs at a
lower resolution. In figure 3e, we can easily differentiate the
existence of all components in the ternary ZnO-TiO,/rGO
nanocomposite: small spherical nanoparticles of TiO,
(diameter under 10 nm), clusters of ZnO NPs and NRs
(dimensions under 100 nm) and rGO sheets. These results
give clear evidence for the anchoring of both ZnO and the
binary ZnO-TiO,, respectively, on the rGO.
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FESEM images of (a) ZnO and (b) ZnO-TiO,. (¢) EDX analysis of ZnO-TiO,.
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Figure 3. TEM images of (a) rGO, (b) ZnO, (¢) ZnO/rGO, (d) ZnO-TiO, and (e) ZnO-TiO,/rGO.

3.3 X-ray diffraction analysis

Figure 4 presents the XRD patterns of the prepared samples.
Thus, in the XRD pattern of rGO a broad peak (001) was
observed at 20 = 25.3°. Pure ZnO presents characteristic
peaks at around 20 = 31.8, 34.44, 36.28, 47.55, 56.62,
62.88, 66.4, 67.95 and 69.1°, which are referenced to the
crystal lattices of (100), (002), (101), (102), (110), (103),
(200), (112) and (201), respectively [5]. The position of
these diffraction peaks indicates that the obtained ZnO has a
hexagonal wurtzite structure (Joint Committee on Powder
Diffraction Standards (JCPDS) No. 36-1451). Additionally,
the diffraction peaks of pure TiO, at approximately
20 = 25.42, 38.22, 48.02, 54.94, 62.58, 69.98 and 75.88,
indexed to (101), (004), (020), (105), (213), (116) and (215)
crystal planes, respectively [31], reveal that the prepared
TiO, corresponds to the anatase crystalline phase (JCPDS
No. 21-1272).

The XRD pattern of the binary ZnO-TiO, nanocomposite
exhibits diffraction peaks with low intensity at 20 values of
31.8, 34.4, 36.28, 47.61, 56.64, 62.9 and 67.95°, which
correspond to the ZnO wurtzite structure [32]. However, the
characteristic peaks of the anatase TiO, disappeared in the
XRD pattern of ZnO-TiO, sample. The reflections observed
at 20 = 35.3, 56.8 and 62.3° can be matched with those of an
impurity phase of zinc titanate (ZnTiOz) (JCPDS No.
26-1500), resulting from the reaction between titania and
zinc oxide [33]. Many reasons can be mentioned to explain
the absence of TiO, peaks in the ZnO-TiO, XRD pattern.
Firstly, it can be suggested that some Ti*" cations can
incorporate into the ZnO network, which is confirmed by
the fact that the ionic radii of Ti** (60.5 pm) and Zn>*
(60 pm) are comparable, inhibiting the production of the
TiO, crystalline structure [34].
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Figure 4. XRD patterns of rGO, ZnO, TiO,, ZnO-TiO,,
ZnO/rGO and ZnO-TiO,/rGO.

The second reason can be related to the amount of ZnO
nanoparticles added during the sol-gel process, since a
small excess of these nanoparticles can prevent the crys-
tallization process during the heating procedure, leading to
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the vanishment of the crystal structure of TiO, [18,34,35].
In fact, coupling two semiconductors may decelerate the
growth of each semiconductor particles but not blocking
(preventing). Maybe kinetically, the TiO, particles were so
slow to be formed corresponding to the ZnO particles for-
mation (which start from 160°C).

On the other hand, the rGO diffraction peaks did not
appear in the ZnO/rGO and the ZnO-TiO,/rGO XRD pat-
terns, owing to the low amount of rGO in both prepared
nanocomposites [35]. Nonetheless, the successful incorpo-
ration of rGO in these nanocomposites was proved through
TEM and Raman studies.

3.4 FTIR spectroscopy

Infrared spectra of the prepared pure oxides (ZnO and TiO,)
and the TiO,—ZnO/rGO nanocomposite are reported in
figure 5. Each of the ZnO and TiO, spectra showed a broad
and intense band at around 450 cmfl, attributed to the Zn-O
and Ti—O bonds, respectively. This band is obviously pre-
sent in the spectrum of the TiO,—ZnO/rGO nanocomposite.
Besides, the band at 1365 cm™ correspond to C=C bond,
evidencing the existence of graphene layers [36]. Moreover,
the band observed at 1014 cm™ is attributed to the estab-
lishment of M—O-C bond linking the rGO sheets to the
metal oxides. On the whole, the presence of bands attributed
to the ZnO-TiO, and rGO in the synthesized TiO,—ZnO/
rGO proves the effective establishment of the
nanocomposite.

Interestingly, a particular presence should be noticed in
the spectrum of the TiO,—ZnO/rGO nanocomposite of the
bands at 3448 and 1635 cm™, arising from the O—H vibra-
tion and H-O-H bending vibration, respectively, of adsor-
bed H,O molecules, which are absent or very weak in the
spectra of the pure oxides. Particularly, the broadening of the

Transmittance (%)

—TiO2
—ZnO
—— Ti02-ZnO/rGO

3500 3000 2500 2000 1500 1000 500

Wavelength (cm )

Figure 5. FTIR spectra of ZnO, TiO, and TiO,—ZnO/rGO.
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O-H band at around 3448 cm™ is attributed to the presence
of residual water molecules intercalated between the rGO
sheets [37]. This result shows that the prepared rGO
improves the affinity of water molecules to the TiO,—ZnO
surface. This suggestion is quite strange since rGO is known
as a hydrophobic material [38]. However, as the reduction of
GO using phytoextracts of pomegranate peels removed
partially the oxygen-containing functional groups, then, low
amounts of functional groups still remained at the edge and
basal plane of rGO [38]. These residual functional groups
are expected to improve the hydrophilicity of the surface,
known as a key parameter for the photocatalytic reactions.

3.5 Optical analysis

3.5a Raman spectroscopy: Raman spectroscopy is a
powerful and a non-destructive technique, especially for
characterizing  graphene-based  nanocomposites. In
particular, it can be used to perfectly evaluate the degree
of disorder in the structure of the nanocomposites by
comparing the intensity ratio (Ip/lg). Therefore, to
determine this ratio, we focus on the change of the rGO
spectra in the prepared nanocomposites [39]. For that
reason, Raman spectra of rGO, ZnO/rGO and ZnO-TiO,/
rGO are displayed in figure 6. Two main bands, D and G,
were observed in all spectra of the analysed samples. The
D-band corresponds to the first-order scattering of E,,
phonons carried out by carbon atoms hybridized sp> and
then, gives information about the sp® defects and disorders
in the materials; while the G-band is attributed to the
breathing mode of k-point photons of A, symmetry and
gives information on the presence of sp® hybridized C=C
bond [8]. For rGO, the D and G bands were detected at 1356
and 1595 cm™, respectively. The D-band has undergone a
shift to 1309 and 1320 cmfl, while the G-band moved to
1596 and 1606 cm™" in the spectra of ZnO/rGO and ZnO-
TiO,/rGO, respectively.

rGO
ZnO-TiO,/rGO|
ZnO/rGO

Intensity (a.u.)

W
TP N

1000

1500 1750

Raman shift (cm™)

1250 2000

Figure 6. Raman spectra of rGO, ZnO/rGO and ZnO-TiO,/rGO.
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It should be noted that the defect ratio, defined as the
ratio of intensities of the D and G bands: Ip/lg, increased
from 1.12 (rGO) to 1.2 (ZnO/rGO) and 1.46 (ZnO-TiO,/
rGO). These results prove the successful attachment of ZnO
and the binary ZnO-TiO, to rGO leaves, and confirm that
the number of defects in the synthesized nanocomposites is
higher than that in pristine rGO. The Characteristic defects
that could be considered are grain boundaries and vacancies
[39-41].

3.5b UV-vis diffuse reflectance spectroscopy: The
optical properties of the prepared materials were also
determined by means of diffuse reflectance spectroscopy
(DRS) technique, as shown in figure 7a. It can be noticeably
observed that the optical absorption of ZnO-TiO,/rGO is
red-shifted to the visible region (400-800 nm) compared to
both ZnO and ZnO-TiO,. This red-shift is evidently due to
the incorporation of rGO, allowing the absorption of light in
the visible domain of the spectrum. rGO can also improve
the charge carrier separation and decrease their
recombination rate. Thus, rGO acts as a photosensitizer
allowing the absorption of the visible light and then, the
excitation of electrons towards the CB [42].

The direct bandgap energy values of the materials were
investigated by extrapolating the linear regime of the Tauc
plot determined by considering the samples as indirect
semiconductors, as indicated in the following equation:

(ahv)'? = A(hv—E,), (1)

where o, hv, A and E, are absorption coefficient, absorption
energy, proportionality constant and the bandgap energy,
respectively.

(@) 025

—— In0-Ti0,rGO
— Zn0-Ti0,
—7n0
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500 600

Wavelength (nm)

300 400 700
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A bandgap value of 3.14 eV was determined for ZnO-
TiO, heterostructure, lower than that of pure ZnO (3.2 eV).
This modification can be attributed to the creation of new
energy states at the ZnO-TiO, heterojunction [4]. Further-
more, the E, value was more decreased to 2.92 eV for the
ZnO-TiO,/rGO nanocomposite (figure 7b). These findings
show that the synergetic effect of the semiconductor—
semiconductor (S-S) and semiconductor-rGO (S—-rGO)
heterojunctions clearly decreases the E, of the ZnO-TiO,/
rGO nanocomposite compared to pristine ZnO and the
ZnO-TiO, heterostructure. Accordingly, the ternary
nanocomposite can serve as an efficient photocatalyst for
the degradation of organic pollutants under natural solar
light irradiation.

3.5c PL measurements: The quantity and type of defects
can be evaluated using the photoluminescence (PL) spectra
[43]. Figure 8 displays the PL spectra obtained for ZnO,
Zn0O-TiO,, ZnO/rGO and ZnO-TiO,/rGO samples.

By pumping at 325 nm (3.8 eV), a narrow emission band
is observed in the UV region at about 390 nm (3.18 eV).
This band which corresponds to the near-band edge (NBE)
transition is related to the recombination processes of the
photogenerated excitons [44]. For the purpose of relative
comparison, the intensity of each spectrum was normalized
to that of the NBE emission. The NBE band is typically
used as an indicator of the crystalline quality of the sample.
ZnO shows the maximum emission peak position at around
391 nm (3.17 eV), while for ZnO-TiO,, ZnO/rGO and
ZnO-TiO,/rGO peaks shifted to 395 nm (3.14 eV), 402 nm
(3.08 eV) and 396 nm (3.13 eV), respectively. The full-
width at half-maximum of the NBE emission from ZnO,
Zn0O-Ti0,, ZnO/rGO and ZnO-TiO,/rGO are around 200,

®

0 T T
2.0 25

/3.0 [l

35 4.0
hv (eV)

Figure 7. (a) Diffuse reflectance spectra in the absorbance mode. (b) Tauc plot (ochu)2 = f(hv) for the determination
of direct interband transition energies of as-prepared samples.
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Figure 8. PL spectra of ZnO, ZnO-TiO,, ZnO/rGO and ZnO-TiO,/rGO.

280, 270 and 240 meV, respectively. These relatively
narrow full-width at half-maximums indicate the good
crystalline quality of the samples. These results are con-
sistent with the previous XRD and UV-vis DRS results.

3.6 Photocatalytic activity

Figure 9 depicts the photocatalytic degradation of IC dye vs.
irradiation time. As shown, the self-decomposition (pho-
tolysis) of IC can be ignored due to the negligible amount
(4.5%) of IC degradation over the 150 min solar light
irradiation. After leaving the solution in direct sunlight for
150 min, 42% of initial IC was degraded in the presence of
pristine ZnO. This degradation rate was improved to 59%
when the ZnO-TiO, heterostructure is used. Nevertheless, it
can be visibly observed that the degradation rate was sig-
nificantly improved when rGO was incorporated, leading to
79% for ZnO/rGO and 92% for ZnO-TiO,/rGO. The
amount of rGO in the nanocomposite was selected
according to preliminary photocatalytic experimental tests
showing that the ZnO-TiO,/rGO with only 1% exhibits the
highest photocatalytic efficiency compared to that of ZnO-
Ti0,/0.5%1rGO, ZnO-Ti0,/5%rGO. This result confirms
that 1% of rGO can be considered as the optimum loading
amount in the ZnO-TiO, heterostructure.

Figure 10a shows the time variation of the absorption
spectrum of IC using ZnO-TiO,/rGO under sunlight. As it
is displayed, the intensity of the absorption peak (at
610 nm) of the IC solution declines progressively and
almost disappears after 150 min in the sun, in addition to the
blue colour of the solution (figure 10b).
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—8—7n0
—A— Zn0-Ti0,
=%—172n0/1% rGO
—&— Zn0-Ti0,/0.5% rGO
=& Zn0-Ti0,/1% rGO
=P=—7Zn0-Ti0,/5% rGO

0.2 -

0'0 T T T T T T T T T
0 20 40 60 80 100 120 140 160
Time (min)
Figure 9. IC photodegradation rate under solar light irradiation

as a function of time in the presence of various photocatalysts.

These results show that the synergetic effect of both S—S
and S-rGO heterojunctions leads to higher photocatalytic
performances. In particular, this progress can be attributed
to the incorporation of rGO films permitting better
absorption of visible light and higher electronic conduc-
tivity than materials without rGO. These latter distinctive
properties of rGO allow the increase of the absorption edge
of ZnO-TiO; into the visible-light region, favour the sep-
aration of photogenerated electron—hole pairs and prevent
their possible recombination [36,45,46].

Compared to previously reported photocatalysts for IC
degradation (table 1), the synthesized ZnO-TiO,/rGO
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Figure 10.

(a) Evolution of the UV-vis absorption spectrum of IC solution over the time of degradation by

ZnO-TiO,/rGO under solar light. (b) Colour change of IC solution during the photodegradation reaction.

Table 1. Comparison of photocatalytic performance of various photocatalysts for IC degradation (Cic = 20 mg I™").

Concentration
of photocatalyst Irradiation time Photocatalyst efficiency
Sample (mg rnl_l) (min) Light source (%) Ref.
ZnO-TiO,/rGO (1% rGO) 0.5 150 Solar light 92 This work
Solar simulator 98

Nd-TiO,—-GO (0.6% Nd) 1 180 Solar simulator 92 [47]
Eu-TiO,~GO (0.6% Eu) 1 210 Solar light 92.6 [48]
Nd-ZnO-GO (0.3% Nd) 1 210 Solar simulator 95 [49]

0.5% Co-ZrO,~MWCNTs 1 180 Solar simulator 98 [50]
Pd-ZnS/rGO (1.0% Pd) 1 210 Solar simulator 100 [51]

showed outstanding photocatalytic efficiency under solar
light irradiation, since we have used a smaller amount of
photocatalyst to degrade IC in a shorter duration.

On the other hand, it is well-known that the photoinsta-
bility of ZnO due to the photocorrosion reaction is among
the most important limitations to its use in industrial
applications as an effective photocatalyst in aqueous solu-
tions [50]. Two main reasons were reported responsible for
the ZnO photocorrosion: (i) the interaction between the
surface oxygen and holes, and (ii) the surface defects of
ZnO which serve as activation sites [50]. However, TiO,
and rGO are considered as chemically stable.

In view of that, it is expected that the hybridization of
ZnO with rGO and TiO; could provide protection against its
photocorrosion, leading to better photostability. For that
reason, the reusability of ZnO-TiO,/rGO which revealed
the highest photocatalytic efficiency among the prepared
samples was evaluated through three photodegradation
cycles. After each photocatalytic test, the solution was
centrifuged, washed with distilled water, and dried to

recover the ZnO-TiO,/rGO powder. Interestingly, figure 11
shows that more than 86% of the photocatalytic perfor-
mance of the nanocomposite remained after three cycles.
This result proves that coupling ZnO with TiO, and rGO
limits its dissolution reaction during the photocatalytic
process under solar light. The slight decrease may be due to
the loss content of the photocatalyst during the washing
process after each photocatalytic cycle [36,52]. Subse-
quently, the ternary ZnO-TiO,/rGO heterostructure can be
considered as a stable photocatalyst in aqueous solutions
under natural solar light.

3.7 Photocatalytic mechanism

On the whole, the performance of the TiO,—ZnO/rGO
photocatalyst is attributed to an extension in the range of
light absorption, reduction of electron-hole recombination
and to the surface properties. Many considerations are to be
taken in account to explain this performance:
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Figure 11.
three cycles.

Photodegradation rate of IC by ZnO-TiO,/rGO after

Firstly, the presence of surface defectivity, showed by
Raman analysis, induces affinity of the TiO,—ZnO/rGO
sample for water molecules, as also shown in FTIR spectra.
In particular, this leads to a higher degree of surface
hydroxylation although the GO is known to be hydropho-
bic. As mentioned above, the partial reduction of the gra-
phene oxide allows the surface of the TiO,—ZnO/rGO
nanocomposite to have certain hydrophilicity. In this con-
text, the hydroxyl groups have two main roles: (i) they
constitute available sites for the substrate favouring the
adsorption of IC molecules, and (ii) act as traps for the
photoinduced charge carriers resulting in high rate of
hydroxyl radical formation during light exposure. These
aspects are expected to enhance the photocatalytic activity.

To better understand the basics of this performance in
relation to the incorporation of the rGO in the nanocom-
posite, supplementary photocatalytic experiments were
conducted to elucidate the role of the presumed radicals in
the photodegradation of IC. For this reason, the photoac-
tivity of the TiO,—ZnO/rGO sample was experimented in
the presence of substances such as tert-butanol to scavenge
*OH radicals and ethylenediamine tetraacetic acid (EDTA),
to scavenge holes [53]. The role of the selected scavengers
is to react with a specific radical, producing stable species.
The condition is to not interfere with the reaction in order to
exclude the effect of this radical in the degradation. Holes
are usually scavenged by electron donor species, whereas
*OH radicals are scavenged by electron acceptors. Figure 12
shows the effect of the selected scavengers on the photo-
catalytic performance of both TiO,—ZnO and TiO,—ZnO/
rGO samples.

It can be observed that the addition of the alcohol (tert-
butanol), as °OH scavenger, to the IC solution, has
decreased the photocatalytic performance of the TiO,—ZnO/
rGO from 92 to 61% after 150 min of solar irradiation. This
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decrease was found to be clearly lower in the presence of
the TiO,—ZnO heterostructure, showing variations from 59
to 48%. These results suggest both things: (i) the hydroxyl
radicals have an important contribution in the redox reac-
tions during the photocatalytic removal of IC dye, and
(ii) the surface hydroxylation of the TiO,—ZnO/rGO is
higher than that of the TiO,—ZnO heterostructure, as already
shown by FTIR analysis.

On the other hand, the presence of EDTA, as a holes
snare, was shown to decrease the photocatalytic efficiency
of TiO,—ZnO/rGO from 92 to 81%, lower than that resulted
after addition of the OH scavenger (tert-butanol). This
finding suggest that the *OH radicals are generated not only
in the VB by the photogenerated holes, but also in the CB
after reaction of the photogenerated electrons with O, and
H,O molecules in the solution.

Accordingly, the prepared rGO has a double role in the
photocatalytic efficiency of the ZnO-TiO,/rGO nanocom-
posite: (i) it allows certain hydrophilicity of the surface
leading to better hydroxylation, and (ii) acts as a trap for the
photogenerated electrons, which avoids their recombination
with the holes.

Following the above results and discussion, a reasonable
mechanism of photoactivity of ZnO-TiO,/rGO under direct
sunlight is presented and schematically illustrated in
figure 13. Upon exposing to sunlight, the ternary
nanocomposite absorbs photons having sufficient energy,
causing excitation of electrons (¢”) from VBs of ZnO and
TiO, to their CBs; at the same time, holes (h™) are created
in their VBs. Owing to the stepwise energy levels of ZnO
CB > TiO, CB > rGO CB [54], the photoinduced electrons
move from the CB of ZnO to the CB of TiO, and then to the
rGO sheets, as an electron acceptor. This path of electronic
transfer inhibits the electron-hole pair recombination and
improves the photocatalytic efficiency [55]. After that, the

l —a— ZnO-TiO2/rGO+Tert-buthanol
1.0 < —e— ZnO-TiO2
—&— ZnO-TiO2+Tert-buthanol
—v—ZnO-TiO2/rGO+EDTA
0.8 1 ——ZnO-TiO2/rGO
S 0.6
&)
0.4 4
0.2 1
0.0 T T T T T T T
0 20 40 60 80 100 120 140

Time (min)

Figure 12. Effect of holes and *OH scavengers on the photocat-
alytic performance of TiO,—ZnO/rGO and TiO,—ZnO towards the
degradation of IC dye.
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Figure 13. Proposed mechanism of the photocatalytic activity of ZnO-TiO,/rGO

nanocomposite under solar light.

photogenerated electrons react with O, and H,O molecules
in the solution to form O,° radicals, which can be trans-
formed to hydroxyl radicals *OH. Meanwhile, the created
holes are moved in an inverse way from the VB of TiO, to
the VB of ZnO before reacting with H,O, giving arise also
to *OH radicals. Finally, the generated radicals are available
to oxidize the IC dye to CO,, H,O and inorganic anions
[54].

4. Conclusion

In summary, a ternary ZnO-TiO,/rGO nanocomposite was
synthesized using a simple chemical approach for the effi-
cient photodegradation of the IC dye under direct solar
light. In this nanocomposite, we combine the effect of both
S-S and S-rGO heterojunctions to enhance the photocat-
alytic performance of ZnO. As confirmed by the charac-
terization techniques, the incorporation of rGO with ZnO-
TiO, improved the visible-light absorption, electron transfer
and charge separation. In particular, the prepared rGO
allowed certain hydrophilicity, leading to a better surface
hydroxylation, and then, to higher production of *OH rad-
icals. These latest are showed to have a key role in the
photocatalytic activity of the ZnO-TiO,/rGO and are gen-
erated in both VB and CB. Accordingly, the prepared
ternary nanocomposite exhibited a higher photocatalytic
performance towards the degradation of IC under solar light
irradiation compared to pure ZnO, ZnO-TiO, and ZnO/
rGO. In view of this, the ZnO-TiO,/rGO is presented as a
potential candidate for photocatalytic de-contamination
processes under the inexhaustible solar light.
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