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The development of effective methods to overcome the limitations associated with recombination of
photocatalysts used in the treatment of dye effluent are important. In this paper we describe a synthetic
pathway to produce reduced graphene oxide (rGO)/TiO,-ZrO, (GTZ-X) composites via an ex situ
solution mixing method without using strong reducing agents. These composites were then compared
with rGO/TiO, (GT) composite, where rGO is used as a suitable support and mediator for the stabili-
zation of semiconductors with a view to overcoming the above limitations. The structural, morpho-
logical, optical, and photocatalytic properties of GT/GTZ-X were studied using several techniques. X-ray
diffraction patterns suggested that a significant amount of GO has been reduced to rGO during the
synthesis of composites. The surface analysis data confirms that the pore diameters of the composites
are between 3-3.5 nm and can be categorised as mesoporous solids, which positively reflects on their
photocatalytic activity. The characterization data confirmed that the metal oxides were successfully
incorporated into the rGO sheets while SEM and TEM images display uniformly dispersed spherical mor-
phology of TiO, and ZrO, exposing a high number of active sites for enhanced photodegradation.
Furthermore, the presence of a Ti—C bond in the deconvoluted C 1s XPS spectrum of the composite
confirms bond formation, further supported by Raman and FT-IR spectral data. The photocatalytic per-
formance of the GT/GTZ-X composites was evaluated using methylene blue. Compared to the control,

the composite with 20 wt% ZrO, (GTZ-20) showed the highest photocatalytic activity with 95% degrada-
-1
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Accepted 10th August 2022 tion in 100 minutes with a rate constant of 0.0414 min

, while higher amounts of ZrO, in composites
lowered its photocatalytic activity. Hence, the synthesis of rGO/TiO,-ZrO, by converting GO to rGO
without using strong reducing agents appears to be a promising strategy for preparing mixed metal

oxide composite photocatalysts, with enhanced photocatalytic activity.
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Conventional wastewater treatment methods include physical,
chemical and biological treatments (e.g., coagulation-flocculation

Introduction

Many industries such as textile, cosmetic, paper, leather, phar-
maceutical, and food generate significant amounts of dye
effluents that require an efficient treatment process before
being discharged to the environment. Since even trace levels
of dyes in treated effluent is undesirable, stringent environ-
mental regulations are in place in many countries to control the
discharge of dye waste into the environment. Hence there is an
increasing trend globally to develop effective and eco-friendly
methods for the removal of dyes from industrial effluents."
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and activated carbon adsorption) but these techniques are not
effective in removing dyes due to their low molecular weights
and high water solubility.>® Biological processes also become
inefficient when industrial effluents contain toxic and/or non-
biodegradable organic substances. In recent years, Advanced
Oxidation Processes (AOPs) have been developed to remove the
contaminants from effluents.”> This process is based on the
generation of very reactive species such as hydroxyl radicals
(*OH) that can oxidize a broad range of organic pollutants quickly
and non-selectively.®

Among the existing processes, semiconductor material
mediated photocatalysis is considered to be highly promising
and efficient due to its low cost and higher efficiency toward
eliminating both organic and inorganic pollutants.”*°

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Semiconductor particles with an appropriate band gap are
the most efficient for photocatalysis due to their filled
valence bands and empty conduction bands.'’ Titanium
dioxide (TiO,), the most effective semiconductor photo-
catalyst for the photodegradation of organic pollutants in
water, has shown promising applications in wastewater puri-
fication owing to its nontoxic, chemically inert, photostable
characteristics, and low production cost.*"** However, TiO,
has a low photocatalytic efficiency due to the rapid recombi-
nation of photogenerated electron-hole pairs caused by its
large band gap energy (3.2 eV for anatase and 3.0 eV for rutile)
that cannot absorb visible light.” Therefore, researchers are
currently focused on developing effective methods to overcome
the issues associated with recombination of electron-hole pairs
especially without the use of strong reducing agents.'” One such
pathway is the synthesis of new semiconductor hetero-structure
systems that have different properties, promoting charge separa-
tion, suppressing charge recombination and broadening the
spectral range of light absorption, compared to the individual
components.'®”

In addition to TiO,, another n-type semiconductor material
zirconium dioxide (ZrO,) has also attracted attention due to
its biological and chemical ineffectiveness, non-toxicity, and
safety.’® ZrO, (~5.0 eV), when coupled with TiO,, exhibits
enhanced photo-degradation properties."”" It has been
reported that the addition of small amounts of ZrO, into TiO,
can decrease the crystallite size of TiO, due to the dissimilar
nuclei and coordination geometry and these mixed oxides have
been extensively used as catalysts for a wide variety of
reactions.”* TiO,~ZrO, mixed oxide composites are used as
photocatalysts due to a reduced bandgap in comparison to
their individual components.**”®” They are known to exhibit a
high surface acidity due to an imbalance of charges resulting
from the formation of the Ti-O-Zr bridges.?” The main advan-
tage of the addition of ZrO, to TiO, is that it increases the
mobility of electrons and stabilizes the phase transformation of
anatase into rutile, thus increasing the material’s thermal
stability. Moreover, the interaction between these two compo-
nents leads to the creation of new active catalytic sites, which is
important in the photocatalytic approach.>**73*

However, low adsorption and surface area are the two most
important limitations of photocatalytic efficiency, therefore
efforts have been made to stabilize the semiconductors on
suitable supports to overcome these limitations. It was envi-
saged that these nanoscale systems will increase separation of
charges, lifespan of the charge carriers, charge surface transfer
to adsorbent substrates and also reduce costs.*>

To overcome such complications, graphene has emerged as
a promising matrix material to be used as a substrate of a high
specific surface area in TiO,/ZrO,-based composites. Graphene,
a 2-D nanomaterial with a sp® carbon network, is a zero-band
gap semiconductor that has an extremely high conductivity
(5000 W m~* k™) and theoretical surface area (2630 m* g™ )
and can provide very high mobility to photogenerated electrons
and reduce e /h* recombination.’® Graphene oxide (GO) by
having plenty of chemical functionalization on its surface and
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edges acts as an excellent supporting material for metal oxides.
The addition of graphene has also been shown to cause a red-
shift in the absorption spectrum leading to activation of
photocatalysts under visible-light irradiation.?*

Among examples of semiconductor oxides and other materials
examined with TiO,/ZrO, and rGO, g-C;N,*”°® W0,,*” Zn0,*®
Znv,0,,>° MXenes,” Sn0,,*' and Nb,O,”> have displayed
significant potential. Each one of the materials forming such
composites display a different chemical interaction with the
contaminant to decompose. Composite materials synthesised to
overcome common limitations such as low surface area and fast
recombination rate may show improved photocatalytic activity
but it is of great importance to innovate cost effective and
environment friendly methods of synthesis that do not compro-
mise their photocatalytic performance. Therefore, this study aims
to provide novel insight and an important step forward to
enhance efficiency with an economic and environmentally sus-
tainable photocatalytic system for dye degradation. We report a
novel ex situ synthesis of ZrO,-based reduced graphene oxide
(rGO)/TiO, composites by a solution mixing method combined
with a weak reducing agent for the GO-rGO conversion. These
nanoscale systems effectively decrease the band gap of TiO, and
ZrO, and simultaneously restrict the e /h" pair recombination
through increasing the e~ conductivity of the system. The synthe-
sized materials were then used as active photocatalysts in hetero-
geneous photo degradation and their photocatalytic dye
degradation efficiency in the presence of UV light is assessed
using the cationic industrial dye Methylene Blue (MB) used in
textiles and ink manufacturing. There has been many literature
reports studying the influence of varying percentage content of
rGO and TiO, in mixed metal oxide composites but for the first
time to the best of our knowledge we report the influence of
different loading of ZrO, in rGO/TiO, composites on the degrada-
tion of MB and the efficiency and degradation rate of these
photocatalysts compared with a composite consisting of only
rGO/TiO,.

Experimental section
Materials

All chemical reagents were procured from commercial sources
and used without further purification. Titanium dioxide (anatase,
99.8% trace metals basis), ZrO, (99% trace metals basis), ethanol
(reagent grade, 99.8%), and potassium permanganate (KMnO,)
(ACS reagent, >99.0%) from Sigma Aldrich. Sodium hydroxide
pellets (extra pure AR, 98%), sulfuric acid (H,SO,) (extrapure AR,
98%), hydrogen peroxide (H,0,) (extrapure AR, 99.5%), hydroro-
chloric acid (HCI) (extrapure AR, 98%), diethyl ether (extrapure
AR, 99.5%), and methylene blue (MB) from Sisco Research
Laboratories. Natural vein graphite (>99%) was supplied by
Kahatagaha Graphite Lanka Limited (KGLL).

Preparation of GT/GTZ-X composites

GO was synthesized following our own patented methodology;
a modified chemical oxidation method that converts graphite

Mater. Adv., 2022, 3, 7904-7917 | 7905
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to GO using H,SO, and KMnO,, and then quenching the
reaction mixture with H,0, and ice.*®

1.5 g of natural vein graphite was weighed in a vessel and
100 mL H,SO, was added while maintaining the temperature at
0 °C. 5.4 g of KMnO, was then added to the mixture at a rate of
2 g min~', while stirring. The stirring continued for 12 h while
maintaining the temperature of the mixture between 0-10 °C.
Once the colour turned to dark brown, the reaction mixture was
quenched with 200 g of ice, and then 1.5 mL of H,0,. The
mixture was allowed to settle and the supernatant was dis-
carded leaving a GO slurry, which was washed several times
starting with deionized water followed by a 1:2 water: HCI
mixture to remove Mn>" ions and other impurities. Final
washing was carried out with ethanol:diethyl ether (1:1) mix-
ture to obtain brown GO powder, which was then dried at room
temperature under vacuum for 3 h.

The synthesis of all composites was then carried out by
varying the content of ZrO, (5 wt%, 10 wt%, 20 wt%, 30 wt%,
and 40 wt%) while maintaining the GO : TiO, ratio at 10 wt% to
obtain composites with different rGO-Ti-to-Zr ratios. An ex situ
solution mixing method, a method generally adopted for the
synthesis of rGO/metal oxide photocatalysts, was used to make
the composites.**

The synthesis of the composites was performed in two steps.
First, an appropriate amount of GO was dispersed in 200 mL of
distilled water and sonicated for 30 min. Separately, appropri-
ate quantities of TiO, and ZrO, were dispersed in distilled water
and sonicated for a period of 20 min. This mixture was then
added into the GO solution, magnetically stirred at 300 rpm
and sonicated for 30 min. 20 mL of 1 M NaOH solution was
then added drop-wise into the sonicated mixture and the
resultant mixture was stirred for 2 h at 100 °C, during which
time the colour of the mixture changed to black qualitatively
indicating the successful reduction of GO to rGO. The synthe-
sized rGO/TiO,-ZrO, composites were harvested by centrifu-
ging at 3000 rpm for 10 min and the residue was washed first
with 60% ethanol and then distilled water three to four times.
The washed product was finally calcined at 250 °C for 6 h and
dried under vacuum. The composites were stored in amber
colour vials at room temperature under dry and dark condi-
tions until used. A composite consisting of only rGO and TiO,
were synthesized similarly and used as the control in this study.

The samples were denoted as GT (rGO/TiO, control) and
GTZ-X; where X is the wt% of ZrO, present in the composite.
For example, the sample with 40 wt% of ZrO, was denoted as
GTZ-40.

Characterizations

The X-ray diffraction (XRD) patterns of GO, TiO,, ZrO,, GT and
GTZ-X composites were acquired using a Bruker, Focus D8 X-
ray diffractometer equipped with a Cu-Ka source (40 kV, 40 mA,
A = 3). The diffracted beam intensities were recorded from 5° to
90° at a scan speed of 10.0 degrees minute ' at 20 angles. The
morphology of GT and GTZ-X composites was studied using a
transmission electron microscope (TEM, JEOL JEM-2100;
200 kV accelerating voltage) and scanning electron microscope
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(SEM). SEM analysis was performed on GT and GTZ-X powders
on a carbon tape in a scanning electron microscope (SEM)
(Hitachi SU6600) at an accelerating voltage of 10 kV. The
elemental analysis was carried out using the SEM equipped
with an Oxford Instruments INCA x-sight energy dispersive
X-ray detector (EDAX).

Fourier transform infrared (FTIR) spectra of the composites
were obtained in the 600 cm™" to 4000 cm™"' wave number
range using Bruker, Vertex 80 in Attenuated total reflectance
(ATR) mode. A Bruker Senterra Raman Microscope with an
argon ion laser at 532 nm wavelength with 50x lens for
excitation was used to record the Raman spectra.

The surface areas of the samples were determined from
nitrogen adsorption-desorption isotherms at liquid nitrogen
temperature using a surface area analyser (Quantachrome
autosorb iQ with ASiAwin software) and the pore size distri-
bution (pore diameter and volume) was determined by the
Barrett-Joyner-Halenda (BJH) method.** Samples for BET ana-
lysis were dried in a drying oven at 80 °C overnight and then
degassed at 300 °C for 360 min prior to the analysis. HPLC
monitoring was carried out using a Shimadzu LC-20AP pre-
parative HPLC system. X-ray photoelectron spectroscopic (XPS)
analysis was carried out using a Thermo Scientific TM ESCALAB
Xi+ equipped with a monochromated Al Ko X-ray source and a
resistive anode detector.

Band gap energies of GT and GTZ-X composites were deter-
mined using solid phase diffuse reflectance UV spectra
(Shimadzu UV-3600) with Kubelka-Munk transformations.

Photocatalytic measurements

The photocatalytic activities of different composites were esti-
mated by monitoring the degradation of MB in a home-made
apparatus under UV light (254 nm). Aqueous solution was
maintained at 25 °C throughout the experiment and the time
dependent adsorption-desorption of the photocatalysts was
evaluated in darkness for 100 min before irradiation.

25 mg of photocatalyst was added to 50 mL MB solution
(60 ug mL™") in a reactor and the suspension was magnetically
stirred for 0.5 h to reach the adsorption/desorption equili-
bration without UV or visible-light exposure. After irradiation,
4 mL aliquots were withdrawn at fixed time intervals (0, 5, 10,
10, 20, 30, 35, 40, 50, 60, 70, 80, 90, 100 min), filtered through a
membrane filter (pore size 0.45 mm) and the absorbance was
recorded over the 200-800 nm wavelength range. As a control,
the experiment was repeated with rGO/TiO, (GT) as the photo-
catalyst. The photocatalytic decolourization of MB was
expressed as a function of relative concentration of MB solution
(CICy) computed at . of MB — 664 nm with reaction time;
where C, is the initial concentration of MB and C is the
concentration of MB at time - ¢. Since In C,/C = kt, the linear
relationship between the logarithm of the relative concen-
tration of MB (In Cy/C) with the irradiation time was used to
estimate the decolourization rate constant (k) of the photo-
catalyst used in the photocatalytic reaction.*®™*°

The reusability of the photocatalyst GTZ-20 was carried out
by performing photocatalytic experiments consecutively for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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three runs. Each run was exposed to irradiation for 100 min and
the photocatalyst was recovered and reused with fresh MB
solution. The photocatalytic efficiencies (D) were calculated
from the equation as shown below and the results are pre-
sented in Table 2.

(COC‘ C) x 100% (1)

0

where, C, is the initial concentration before photodegradation
and C is the concentration after irradiating for 100 min.
The rate constants of the degradation process and the half-life

of MB were calculated according to the Langmuir-Hinshelwood
48,49

equation®® as shown:
dc KC
r‘E"‘(HKC) @)

Considering that the elimination of MB is a pseudo-first-order
reaction,*®° the reaction rate constant can be determined as the
slope of the linear regression:

—In— =kt (3)

where k is the rate of degradation of MB (min '), K is the
equilibrium constant of the adsorption of dye on the surface of
the catalyst, and C, and C; are the concentrations of MB in aqueous
solution before (¢ = 0) and after irradiation for ¢ min. Knowledge of
the reaction rate constant, k, makes it possible to determine the
half-life of the dye (¢,,) using eqn (4):

In2
T 4

~

1=
2

Results and discussion

Structure and morphology of GT/GTZ-X composites

The XRD patterns of GO, GT, GTZ-20, TiO, and ZrO, shown in
Fig. 1, revealing that the addition of GO has no change in the
diffraction pattern of TiO,. The significant peaks for anatase
TiO, can be observed at 20 values of 25.01, 37.82, 48.22, 53.83,
55.43, 62.63, 69.03, 70.64 and 75.44 corresponding to (101),
(112), (200), (105), (211), (204), (116), (220), and (215) of the
anatase phase crystal planes.’’>* The absence of a strong (002)
peak at 20 = 10.5° for GO in GT and a weak peak in GTZ-20,
suggests that a significant amount of GO has been reduced to
rGO during the synthesis of the composites.

In the XRD pattern of GTZ-20, those signifying the formation
of tetragonal ZrO, crystals are observed at ~24°, 28°, 31°, 34°,
49°, 60° and 66° and those signifying the formation of anatase
TiO, are observed at ~25°, 48°, 75°, and 83°. Peaks at 54°, 55°
and 62° in the GTZ-20 XRD pattern are common to both TiO,
and ZrO,. After the synthesis of the GTZ-20 composite, the
distinct peak in GO shows a reduced intensity and becomes
broader due to the partial breakdown of the long-range order
of the GO.>* The disappearance of the diffraction peak of rGO
may be due to rGO being covered with Zr doped TiO, to a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of GO, TiO,, ZrO,, GT and GTZ-20.

considerable extent during the synthesis. These results also
suggest partial reduction of GO to rGO.

The average crystallite sizes of GT and GTZ-20 composites
were calculated using Scherer’s equation based on the full
width at half maximum (FWHM) of the anatase TiO, (101)
peak.”®

K2
Dy = ————
ikt pcosb (5)

Here, Dy is the crystallite size, K is a numerical factor
frequently referred to as the crystallite-shape factor, 4 is the
wavelength of X-ray radiation, f is the full width at half-
maximum, and 6 is the diffraction angle.

The crystallite size of pure TiO,, GT and GTZ-20 was ~9.88,
and 8.43 and 4.86 nm respectively as shown in Table 1. This
means that as hypothesized the composite formation has
decreased the crystallite size of TiO, in the order TiO, >
GT > GTZ-20 due to dissimilar nuclei and coordination
geometry.>®

Specific surface area, pore radius and pore volume of TiO,,
GT and GTZ-20 calculated by the multipoint Brunauer-Emmett-
Teller (BET) method are also listed in Table 1. The adsorption/
desorption isotherms along with the Barrett-Joyner-Halenda
(BJH) pore-size distribution plot are shown in Fig. S2 (ESIt).
According to the BET results, TiO, has a BET specific surface
area of 123 m” g~ with a pore volume of 0.441 cm® g~ . It was
also noted that incorporation of metal oxide(s) into the com-
posites has a significant reduction in both specific surface
areas and pore volumes (GT-109 m”> g~* and 0.352 cm® g™ %;

Table 1 Surface analysis data from BET analysis and values calculated
using Scherer’s equation

Crystallite ~ Pore Pore volume  BET surface area
Name size (nm) radius (A) (em® g™ ") (m*>g™)
TiO, 9.88 61.3 0.441 123
GT 8.43 15.3 0.352 109
GTZ-20 4.86 17.1 0.170 98

Mater. Adv,, 2022, 3, 7904-7917 | 7907
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GTZ-20-98 m* g~ " and 0.170 cm® g~ * respectively). The presence
of agglomerates and decrease in crystallite size in the compo-
site samples (GT and GTZ-20) is consistent with the trend that a
small pore volume and surface area is often associated with
agglomeration.>” According to IUPAC classification, micro-
porous and macroporous materials have pore diameters smal-
ler than 2 nm and greater than 50 nm respectively, while the
pore diameters of the mesoporous category lie in the middle.*®
Since the pore diameters of both GT and GTZ-20 fall in the
range of 3-3.5 nm they can be categorised as mesoporous
solids, which positively reflects their photocatalytic activity.

In order to evaluate the effect of the different conditions
employed in the synthetic process, the morphology of the
samples was further studied by SEM and TEM. Fig. 2(g and h)
shows SEM images depicting the influence of ZrO, incorpo-
rated into the GTZ-20 composite. For comparison purposes,
SEM images of ZrO, and TiO, are also presented in Fig. 2(a-d).
The SEM image of GT (Fig. 2(e and f)) revealed that the TiO,
particles adhered on the surface of rGO sheets, and they also
seem to be fairly agglomerated. When ZrO, was incorporated
into the composite during the formation of the GTZ-20,
these particles too appear to be adhered onto the rGO sheets.

Fig. 2 SEM images of TiO, nanoparticles (a and b), ZrO, (c and d), GT
(e and f) and GTZ-20 (g and h).

7908 | Mater. Adv, 2022, 3, 7904-7917
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Images show that the as-prepared sample consisted of minor
agglomerates of almost spherical crystalline particles. Agglo-
meration is a common phenomenon observed in ZrO,-TiO,
based composites prepared by an impregnation method.’® The
TEM images of GT (Fig. 3(a and b)) and GTZ-20 (Fig. 3(c and d))
display uniformly dispersed spherical morphology of TiO,
nanoparticles on rGO sheets. The images of GTZ-20 also clearly
indicate that the metal oxides are homogeneously dispersed on
the surface of individual rGO sheets with little agglomeration.
Although some slight aggregation was observed on the gra-
phene sheets after the synthesis process, the overall morphol-
ogy mostly showed a distributed and uniform state. The
deposition of particles on rGO in the composite has little effect
on the morphology of rGO, which retained its sheet-like struc-
ture. The materials presented sheet-like structures that exposed
a high number of active sites for enhanced photo degradation.
Selected area electron diffraction (SAED) was performed on
the GTZ-20 composite and the corresponding SAED image is
shown in Fig. 3e. The EDAX data revealed the presence of O
(49.5%), C (14.8%) and Ti (35.7%) in GT composite (Fig. 4a)
confirming that the composite did not contain any other
component other than C, O, and Ti. Similarly, the EDAX data
of GTZ-20 (Fig. 4b) indicated the presence of O (62.2%),
Ti (19.6%), C (12.3%) and Zr (5.9%), thus supporting the
formation of GTZ composites.

XPS analysis was carried out on GT and GTZ-20 composites
(Fig. S1, ESIt) to assess the surface composition, GO to rGO
reduction efficiency, oxidation states and interaction between
TiO,, ZrO, and rGO. The survey spectrum and narrow scans of
GTZ-20 are shown in Fig. 5. A decrease in C 1s and O 1s peaks
corresponding to the oxygenated species with a simultaneous
increase in the C-C peak intensity confirms the reduction of GO

100inm

20 nm

Fig. 3 TEM images of GT (a and b), and GTZ-20 (c and d) under different
magnifications and SAED pattern of GTZ-20 (e).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 EDX analysis of GT (a) and GTZ-20 (b).
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The survey spectra (Fig. 5a) clearly indicates the presence of,
O 1s, Ti 2p, Zr 3d, and C 1s species on the surface of the
composite, confirming the successful formation of GTZ-20. The
rGO-TiO, interactions in the composite were also investigated
using XPS. The deconvoluted C 1s XPS spectrum (Fig. 5b)
shows two types of carbon bonds; C-C at 284.4 eV and Ti-C
at 283.8 €V.°°"°* The presence of a Ti-C bond in the composite
confirms bond formation in GTZ-20, which was further sup-
ported by the Raman and FT-IR spectral data.

As shown in Fig. 5c, the peak at 529.8 eV indicates the
existence of the Ti-O-Ti bonds in GTZ-20.°*°* The weak O 1s
peak at 531.5 eV related to Ti-O-C>"*> may be due to the high
proportion of TiO, when compared to GO in the composite. The
two strong characteristic peaks at 458.6 eV and 464.0 eV of Ti 2p
(Fig. 5d) are attributed to Ti 2ps/, and Ti 2py,,,°>°° respectively,
which support the binding energies of Ti** in the TiO, lattice.
Zirconium 3d spectra (Fig. 5e) clearly shows the most promi-
nent peak at 181.8 eV corresponding to Zr 3ds,, and low intense
peak at 184.2 eV corresponding to the Zr 3d;, peak, which
suggest that zirconia is in the Zr*" oxidation state. The XPS
results suggest that the TiO, and ZrO, are chemically bonded
with the rGO matrix and not physically adsorbed.

Raman spectroscopy was carried out to obtain more infor-
mation on the sample structure, composition effects and the
features of phase transition of the synthesized composites.
Both GT and GTZ-20 samples showed a similar pattern char-
acteristic to the TiO, anatase phase peaks; the structure of

to rGO (Fig. 5d).>° FT-IR analysis of the composites also support the semiconductor anatase phase has six Raman active modes

the reduction of GO to rGO in the composite.

(Ayg + 2By, + 3E,)*”°® and five of these modes have been
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detected in the Raman spectra of the GT composite. The Raman
spectra of both samples show a strong signal localized at
147 cm ', which is caused by the external vibration of the
TiO, anatase structure. The specific vibration modes are
located at 147 cm ™" (Eg), 393cm ™' (Byg), 511cm ' (Ayg + Byy)
and 632 cm ' (E,) indicating the presence of the anatase phase
in all of these samples. The signal localized at 510 cm™ " is a
double-signal corresponding to modes A, and By,. Finally, none
of the Raman bands corresponding to the TiO, rutile phase
were detected in the spectra. When 20 wt% ZrO, is incorporated
into the composite, titania and zirconia peaks seem to have
overlapped, which indicates the successful incorporation of the
mixed oxides onto the graphene surface. It is known that
zirconia exists as three polymorphs: monoclinic (m-ZrO,),
tetragonal (t-ZrO,), and cubic (c-ZrO,). However, no Raman
bands at 224, 292, 324, 407, 456 and 636 cm ™' due to tetragonal
ZrO, or at 183, 301, 335,381, 476, 536, 559, 613 and 636 cm*
due to monoclinic ZrO, were observed.®®

The G peak at ~1580 cm ' and D peak at ~1330 cm ' in
both spectra are characteristic of partially reduced GO. The
Ip/Ig ratio of GT (1.10) and GTZ-20 (1.00) indicates the transi-
tion from sp” to sp® due to the presence of more defects of
graphene present in both composites.

Fig. 6b shows FT-IR spectra of both GT and GTZ-20 compo-
sites. Due to the extensive oxidation of GO, it has a strong and
broad O-H stretching vibration band at 3410 cm™ ", carboxyl
C=O0 stretching band at 1721 cm ™', O-H deformation vibra-
tion band at 1404 cm ' and C-O stretching vibration at
1087 em ™~ 1.7%7® As expected, these characteristic bands of GO
are relatively weaker in the FTIR spectra of GT and GTZ-20
confirming the reduction of GO to rGO during the composite
synthesis.

The peaks found at 1603 and 1640 cm ™" are resonance peaks
that can be assigned to the stretching and bending vibration of
OH groups of water molecules adsorbed on titanium dioxide
or zirconium dioxide (Ti-OH or Zr-OH) and the peak at
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~1382 cm™ "' arises from the C-OH group.”* These surface
oxygen containing functional groups causes the possibility of
covalent linkage of TiO, and ZrO, on the GO surface.

GT shows a broad peak at 593 cm ' attributed to the
vibration of Ti-~O-Ti bonds in TiO,.”>””” Broad bands or peaks
below 1000 cm™" in composites generally indicate a combi-
nation of Ti-O-Ti and Ti-O-C vibrations due to the chemical
interaction of TiO, with rGO.”® The presence of Ti-O-C bonds
indicates that GO, with residual carboxyl groups, strongly
interacts with the surface hydroxyl groups of TiO, nanoparticles
and forms chemical bonds in the composites during composite
formation.

In the FT-IR spectra of GTZ-20 (Fig. 6b), different absorption
peaks appeared in the range 1000-500 cm ' due to metallic
connections M-O-M, O-M-O or M-OH (M = Zr, Ti). It has also
been reported that the bands that appeared in the spectra
(400-1200 cm™') characterized the metallic connection
M-0O-M, O-M-O or M-OH (where in this case M = Zr or Ti).”
The strong absorption band at 594 cm ™" can be assigned to the
vibrations of the Zr-O or Ti-O functional groups, but separate
elucidation of bands related to Zr-O-Ti, Zr-O-Zr or Ti-O-Ti is
not possible for mixed compositions. Finally these results
suggest that the existence of interfacial contact between ZrO,,
TiO, and rGO can lengthen the lifetime of photo-generated
electron-hole pairs and thereby enhance the photocatalytic
activities of GT and GTZ-20 composites.

The interaction of Ti and Zr in the composites was examined
by the UV-visible diffusive reflectance spectrometry (UV-vis
DRS). The reflectance spectra were transformed to Kubelka-
Munk coordinates (KM, o) and then the Tauc plot was con-
structed (eqn (1)) to estimate the band gaps of the samples.>**°
According to Fig. 7a, all samples showed an absorption below
450 nm. Addition of ZrO, to rGO/TiO, showed stronger absorp-
tion intensities for GTZ-30, GTZ-20 and GTZ-10 composites and
the enhanced visible light absorption continued even in the
380-700 nm range for both GTZ-20 and GTZ-10 composites.
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Fig. 6 Raman spectroscopy of GT and GTZ-20. The inset shows D and G bands of GT and GTZ-20 (a); FT-IR spectroscopy of GT and GTZ-20 (b).
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Fig. 7 Solid state UV-vis spectra of GT and GTZ-X composites (a), and band gap estimation using a Tauc plot (b).

Hence incorporation of 10 and 20 wt% ZrO, to GT has resulted
in photocatalytic activity in visible light due to the reduction in
band gaps, as observed for other carbonaceous materials
combined with metal oxides such as TiO,.*®* On the other
hand GTZ-40, GTZ-30 and GTZ-5 responded only to ultraviolet
(UV) light, which is in agreement with its wide band gap as
summarized in Table 3 (3.52 eV, 3.50 eV and 3.44 eV
respectively).

The extension of the absorption range of GTZ-X composites
upon the addition of ZrO, above 5 wt% and below 40 wt%
suggests a band gap narrowing, which could be caused by the
existence of Ti-O-C and Zr-O-C bonding between TiO,, ZrO,
and some specific sites of GO.**> These bonding interactions
can accelerate the photoinduced charge transfer from the metal
oxides to rGO, which leads to enhancement in the photocata-
lytic activity of the catalyst. The existence of M-O-Z (M:Ti or Zr)
bonding can be further explained by the FT-IR and XPS data
(Fig. 6b and 5). The electronic structure of the GT/GTZ-X
composites are characterized by energy band gap structure
(Eg), which is essentially the energy gap between the valence
band (E,) and the conduction band (E.). We have calculated the
E, of GT/GTZ-X composites from the absorbance data as shown
in Fig. 7(a and b).*>®” The E4 of the composites were deter-
mined by employing the Tauc relationship as given below:

()" = A(hv — Eg) (6)

where, o is the absorption coefficient (2.303 A t ™), A is the
absorbance and ¢ is the thickness of the cuvette, 4 is Planck’s
constant, v is the photon frequency, E; is the electronic band
gap, and n has values of 1 and 2, for direct and indirect
transition respectively. From («hv)” versus hv curves, the band
gap was evaluated by stretching the linear region of the plot on
hir-axis and finding the intercept. This investigation for n = 2,
suggested that the transitions were indirect transitions.
An extrapolation of the linear region of a plot of (xAv)” on the
Y-axis versus photon energy (hv) on the X-axis gives the value of

© 2022 The Author(s). Published by the Royal Society of Chemistry

the E, as shown in Fig. 7b. From these (¢hv)” versus hv plots,
direct optical band gap values of these films are found at 3.42,
3.45,3.36, 3.12, 3.44 and 3.52 eV for GT, GTZ-5, GTZ-10, GTZ-20,
GTZ-30 and GTZ-40 respectively.

A noticeable reduction in the band gaps was observed in
GTZ-20 and GTZ-10. The band gap of GT (3.42 eV) decreased
when Zr doping was above 5 wt% and below 30 wt% due to the
introduction of defects in rGO/TiO, with the inclusion of Zr.
As shown in Fig. S3 (ESIT), the band gap value decreased in
the composites even with respect to the band gap of their
individual metal oxides, TiO, (3.53 eV) and ZrO, (4.40 eV). The
decrement, as theorised, can occur with higher Zr-doping due
to the creation of localized levels near the conduction band
providing a large number of electrons to reach the conduction
band,®® improvement in the crystallinity of the composite
structure and defects produced by Zr** in the TiO, lattice or
enhancement in crystal domains.?®°° Oxygen functionalization
has also been identified to tune the bandgap of graphene.’
So, in the presence of some oxygen containing functional
groups such as (-OH) and (-COOH) in graphene oxide, some
unpaired m-electrons bonded with the free electrons on the
surface of TiO, forming a Ti-O-C structure as observed in the
acquired characterization information, which shifted up the
valence band edge thus reducing the band gap. In addition, we
can suppose that the formed Ti—O-Ti bond can also participate
in the reduction of the band gap of TiO,. In recent years, the
imminent energy crisis and growing pollution concerns,
increased the interest in the utilization of renewable energy
sources, such as solar. However, most photocatalysts can be
activated only by ultraviolet light energy. Ideal materials for
photocatalysis should possess features such as high photo-
catalytic performance toward the near UV and visible region
for efficient solar energy utilization.”> The band gap of the
composites indicate the lowering of the band gaps of the
composites to as low as 3.12 eV thus expanding the light-
harvesting region of the synthesized composites such as

Mater. Adv., 2022, 3, 7904-7917 | 791
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GTZ-20 from UV to visible. Placement of a large percentage of Zr
beyond 20% into the TiO, lattice shifted the conduction band
upwards, which increased the optical band gap. A defect band
may have been created by oxygen vacancies induced by Zr
doping that overlaps with the conduction band of TiO,. This
enhancement of the band gap was governed by the Burstein-
Moss effect.”® An increased concentration of charge carriers
due to the high percentage of Zr blocks the lowest conduction
band state and then electron transitions took place to higher
energy states.

The deviation from linearity in the low energy region
(Fig. 7b) was initially investigated by Urbach and is frequently
identified as the “Urbach Tail” and the associated energy as
Urbach energy. The lowering of band gap in the composites is
due to the presence of localized defect states in the band gap of
the respective metal oxides.’**>

In an ideal material with absolutely no Urbach tail, the value
of («hv)® would be zero up to the optical gap but this is not the
case in real materials where there is always a certain amount of
sub-gap absorption. In many amorphous and semi-crystalline
materials, it is hypothesized that the exponential dependence
of the energy arises from random fluctuations of the internal
field, which involve structural disorder and electronic transi-
tions between localized states.’® The Urbach energy (E,) spe-
cifies the width of the localized states in the band gap and it is
considered as a parameter containing the effects of all possible
defects and depends on the degree of structural disorders.’”*®
Urbach energies of the composites were calculated by the
following equation:

whv = fexp (g) )

where « is the absorption coefficient, § is a constant called the
band tailing parameter, E is the photon energy and E, is the
Urbach energy. For the calculation of Urbach energy, Inu is
plotted against E. The reciprocal of the slope of linear portion,
below optical band gap, gives the value of E,. Since the
absorption coefficient o is proportional to absorbance 4, we
can plot In« vs. photon energy, E.”

According to the results obtained (Fig. 8), the Urbach
energies of the composites are 0.13, 0.29, 0.20, 1.06, 0.29 and
0.13 eV for GTZ-10, GTZ-20, GTZ-30 and GTZ-40 respectively. It
is observed that the values of EU increased from 0.13 (Control,
GT) following the incorporation of ZrO, into the composites.
The behaviour of Ey in our study shows a certain inverse
relationship to the band gap—composites with lower band
gaps have higher E,, for example the lowest band gap
(3.12 eV) of GTZ-20 also reports the highest Urbach energy
which further confirms the enhanced photocatalytic efficiency
due to the disorder and defects that have introduced localized
states at or near the conduction band level.

High photocatalytic activities of graphene-based metal
oxides and mixed metal oxides have been reported pre-
viously.>>**1%971%% [ this study, we have assessed the photo-
catalytic activity of GT/GTZ-X photocatalysts to demonstrate
their efficacy (Fig. 9).
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Fig. 9 Photodegradation of methylene blue under UV irradiation, com-

paring the performance of GT/GTZ-X composites. The inset shows the

adsorption tests of GT/GTZ-X composites under dark conditions.

Before the photocatalytic tests, the adsorption properties
of the synthesized catalysts were evaluated by measuring the
absorbance of MB in the presence of catalysts, in the dark, at
different time intervals (Fig. 9 - inset). The photodecolourization
of MB solution in the presence of the photocatalysts under UV
light is shown in Fig. 9. For comparison purposes GT was chosen
as the reference photocatalyst. The absorbance of MB depends on
the adsorption-desorption equilibrium of MB molecules between
the aqueous medium and the catalyst surface. It can be seen that
GTZ adsorbed a higher amount of MB than GT, with GTZ-10 and
GTZ-20 exhibiting the highest adsorption capacity. Absorbance vs
time graphs suggest that, in the dark, the adsorption-desorption
equilibrium is reached after 30 min. The equilibrium time was
further confirmed by analysing the first derivative of the photo-
catalytic data (Fig. S5, ESIT). Once the photocatalyst was exposed
to UV light after 30 min, there can be seen a gradual decrease in
the concentration of MB with time (Fig. 9).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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A three step mechanism has been proposed for the degrada-
tion of pollutants during photocatalysis — adsorption of the
pollutant, absorption of light by the photocatalyst, and charge
transfer reactions to create radical species to decompose the
pollutants.’®® These three steps can be clearly identified in
Fig. 9. GTZ-20 and GTZ-10 showed the best performance with
respect to degradation, approximately 95% and 89% of MB was
degraded respectively within 100 min while the control GT had
a degradation efficiency of only 56.3% (Table 3). Out of all
composites GTZ-40 showed the poorest degradation. Fig. 10
clearly shows the decrease in intensity of 1,664 nm, the
characteristic absorbance band of MB, due to photodecomposi-
tion over the GTZ-20 composite when exposed to UV-light.

The photocatalytic degradation can be described with the
Langmuir-Hinshelwood equation.'®® Determination of degra-
dation rate constant could be used to quantify the photocata-
lytic activities of the composites prepared in the present
study.>" The degradation rate constants (k) of MB (Fig. 11) were
calculated as 0.0414 min~" and 0.0263 min~" for GTZ-20 and
GT respectively (Table 3). These results indicate that kgrz.,0 and
kgrz-10 are much higher than that of all other composites, and
Kgrz-20 18 almost double the value of the control GT. Hence it
appears that within a certain % range, the presence of ZrO, in
rGO/TiO, increases the photocatalytic performance of the com-
posite significantly. A possible explanation being the incorpora-
tion of ZrO, between 10-20 wt% has enabled the formation of
more active sites for the adsorption of reactant molecules
resulting in the improved photocatalytic degradation perfor-
mance of GTZ-10 and GTZ-20. The degradation performance of
the composites is consistent with the degradation trend of MB.
The t;/, (min) of MB with GT-10 and GTZ-20 are 18.84 and 16.73
respectively, which is almost twice as fast as that of the control
GT (26.36). Hence GTZ-X composites (GTZ-10 and GTZ-20)
synthesized by the method outlined here can be used for the
photo-degradation of MB dyes and likely for other organic
pollutants as well.
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———35min
———40 min
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Fig. 10 Absorption spectra of Methylene blue in the presence of GTZ-20
with time.
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Fig. 11 Linear relationship between the logarithms of the relative concen-
tration of MB solution.

In order to evaluate the reusability of the photocatalysts, a
simple experiment was performed utilising the GTZ-20 compo-
site and the results are displayed in Table 2. The initial
efficiency (>96%) of the photocatalyst remained the same
during the second run while there was only a slight reduction
in efficiency during the third run. By the fifth run, the efficiency
had only dropped to 91.6%. Hence the said zirconia-based
composites have good potential as photocatalysts for various
applications.

The decolourization of dyes is not an indication that the
dyes have been completely oxidized into the final products such
as CO, and H,O. Since the oxidation of dyes can lead to
the generation of colourless by-products, LC-MS analysis was
carried out on the MB solution taken out from the reaction
mixture at 0, 30 and 100 min, which was subjected to photo-
degradation in the presence of GT and GTZ-X composites as
described earlier, to identify the by-products formed during
degradation and the LC-MS chromatograms are shown in Fig. S4
(ESIY). The chemical structures assigned to the peaks observed in
the MS chromatograms are given in Fig. 12. LC-MS results
indicate that, prior to UV light exposure, only MB was present
in the aqueous solution and no other N-demethylation products.
Furthermore, the reaction solution with the GT composite had
MB as the dominant component at 30 minutes (no UV) while at
100 minutes it had only N-demethylation product, thionin
(Fig. 12b), suggesting that GT has been successful in breaking
down the dye photocatalytically.

Although GTZ-20 also showed a similar degradation pathway
at 30 minutes (no UV), at 100 minutes it showed, instead of the

Table 2 Reusability of GTZ-20 in the photodecolourization of the MB
solution after 100 min in the presence of UV light

Run # D%
1 96.6
2 96.5
3 94.5
4 92.6
5 91.6

Mater. Adv., 2022, 3, 7904-7917 | 7913
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Fig. 12 Chemical structures of the degraded products according to the
LC-MS chromatograms. Products found in the solution containing GT with
time (a and b), and GTZ-20 (c).

N-demethylation product (only a small peak of thionin), several
other degradation products with m/z values of 230, 158, and
94'941%% (Fig, 4, ESIt) suggesting that GTZ-20 has a stronger
photodegradation power than GT with and without UV-light
irradiation.

It is observed that GTZ-20 displays strong photodegradation
activity due to a decrease in electron-hole recombination and
efficiently photodegraded surface adsorbed molecules into
smaller fragments.

A possible mechanism for the photocatalytic degradation of
MB on GT/GTZ-20 composites under UV-light is shown sche-
matically in Fig. 13. Photocatalysis is based on the activation
of a semiconductor (SC) by the sun or artificial light. When an
SC material is irradiated with photons whose energy is higher
or equal to its band gap energy, an electron jumps from the
valence band (VB) to the conduction band (CB) with the
concomitant generation of a hole in the VB."** The increased
photodegradation of MB by GTZ-20 and GTZ-10 can be
explained by the presence of an optimum amount of ZrO, that
is required to enable the creation of new phases dispersed in
TiO, for the trapping of the photogenerated (e /h") pairs,

Energy (eV)

Products

Fig. 13 Proposed diagram of the photocatalytic mechanism for rGO/TiO,
based ZrO, composites.
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thereby avoiding the recombination of e /h* pairs. As reported,
the separation of an electron and hole may take place between
ZrO, and TiO, in the binary oxide since the energy level of TiO,
both for the VB and CB correspond well within the band gap of
Zr0,.'® Therefore, when irradiated by a photon that is energe-
tically superior to the band gap energy of semiconductors,
excited electrons of ZrO, and TiO, migrate from their respective
VB to CB, generating e /h pairs. The created energy levels act as
electron capture centres, helping in the separation of the
photogenerated (e /h") pairs. However, an excess of defects
favours the recombination process, decreasing the photoactiv-
ity, which may be the case for GTZ-5, GTZ-30 and GTZ-40
composites. As shown in Fig. 13, when the electrons are excited
from both catalysts, most of the electrons from the CB of ZrO,
can easily transfer to the CB of TiO, and, thereby, the electron-
hole recombination may be prevented in ZrO, (10-20 wt%)
loaded to TiO,.

After that, some of the photogenerated electrons (e~) of ZrO,
are captured by the CB of Ti O,, whereas holes (h*) from
TiO, are trapped by the VB of ZrO,, helping to decrease the
recombination process by improving the charge separation.
Moreover, interfacial carrier separations take place with the
help of rGO. Owing to the high conductivity of rGO it is able to
act as a sink to trap electrons as a result of the difference in
work function of both materials.'*"'%” rGO behaves as a solid
electron mediator, trapping and transporting electrons in the
composite so it was observed that the increase in efficiency
depends on the efficient electron transfer and not on the
surface area of the BET,'®® as rGO creates a conductive layer
of efficient channels at the interface between the ZrO, and TiO,
to promote electron transport preventing the recombination of
photogenerated electron-hole pairs (e /h*), which leads to
improved photocatalytic activity (Table 3)."°%'*°

Since the CB work function of TiO, matches with the CB
work function of graphene, as reported elsewhere,'*® electrons
can be easily transfer from CB of TiO, to rGO. It is known that
the chemical reduction of GO only partially restores the sp>
hybridized network and hence the remaining oxygen sites are
still able to accept electrons and undergo reduction. As a result,
the oxygen sites can readily accept the electrons and undergo a
reduction reaction to generate more O,* " radicals."*""** Thus,
the presence of rGO in the photocatalyst can produce an excess
amount of reactive O,°  radicals due to the good electron
acceptor and transporter behaviours of rGO. Therefore, the
ultrafast transportation of photogenerated electrons over the

Table 3 Catalytic degradation with band gap energies of the composites

Urbach
Band energy, ti %
Photocatalyst gap (eV) E, (V) k (min~') R*  (min) Degradation
GT 3.42 0.13 0.0263 0.972 26.36 56.3
GTZ-5 3.45 0.29 0.0260 0.999 26.66 64.1
GTZ-10 3.36 0.20 0.0368 0.987 18.84 89.2
GTZ-20 3.12 1.06 0.0414 0.963 16.73 94.7
GTZ-30 3.44 0.29 0.0262 0.991 26.46 64.4
GTZ-40 3.52 0.13 0.0221 0.994 31.36 43.7

© 2022 The Author(s). Published by the Royal Society of Chemistry
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rGO sheet can directly reduce O, to produce O,°  radicals
which leads to enhanced MB degradation.

On the other hand, the h" from TiO, captured by the VB of
ZrO, is now totally available to carry out the oxidation reaction
of H,0 to produce hydroxyl radicals (*OH). Finally, the super-
oxide (0,*") and hydroxyl radicals (*OH) degrade the organic
molecules to simpler fragments.'>'"* This process of migra-
tion and capture of photo generated charges due to the
presence of dispersed impurities improved the (e /h") pair
separation and reduced the recombination rate, as shown in
the proposed mechanism, Fig. 13.

Conclusions

We have successfully developed a novel route to synthesize
composites of graphene and TiO,-ZrO, using a single-step
alkaline reaction with NaOH without hazardous reducing
agents. The synthesized rGO/TiO,-ZrO, composites with
10-20 wt% ZrO, were successfully used for the photodegrada-
tion of MB dye under UV light. Photo-decolourization of MB
solution indicated that GTZ-20 (20 wt% ZrO,) had the highest
activity of all the composites studied due to its superior proper-
ties/activity in the visible light range. Increasing the Zr-to-Ti/
rGO ratio above 20 wt%, however, decreased the photodegrada-
tion activity of the composites. The GTZ-X composites possess a
high photocatalytic performance toward the near UV and
visible region important for efficient solar energy utilization.
We believe that this work will provide a simple and efficient
route to synthesize rGO/TiO,-ZrO, composites with improved
photocatalytic activity that have potential for treating organic
pollutants in effluents.
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