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KEYWORDS Abstract Photolysis was employed to produce titanium dioxide (TiO,) with exposed (001) facets,

Mass;
DFT;
Theoretical;
XPS

which were then modified by incorporating reduce graphene oxide (rGO) sheets at (1, 3 and 5) wt.
%.The chemical composition, optical properties, morphology, and electrochemical behavior of
both the pure and composite nanomaterials were analyzed. The X-ray diffraction (XRD) and
Raman spectroscopy techniques confirmed the formation of the anatase phase of TiO; in the sam-
ples. The Debye Scherrer method was utilized to estimate the size of the particles. It was observed
that the particle size decreased as the concentration of rGO increased; at 5 wt% rGO, the size was
11 nm. The morphology of the rGO/TiO, nanocomposite was analyzed with transmission electron
microscopy (TEM) which showed that TiO, nanoparticles were dispersed on the surface of the rGO
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sheets. The analysis of the X-ray photoelectron spectrum (XPS) revealed that bonding of TiO, with
rGO occurred through the formation of Ti-C and Ti-O-C bonds. The results obtained from the dif-
fuse reflectance spectroscopy (DRS) showed a decrease in band gap upon an increase in rGO con-
centration. Moreover, confirmation was obtained regarding the reduction of recombination carriers
through the photoluminescence (PL) spectrum. The results indicated that the prepared nanocom-
posite had a high number of oxygen vacancies. The photodegradation mechanism of congo red
dye under sunlight was studied by Liquid chromatography—mass spectrometry (LC-Mass) and scav-
enger effect. The photodegradation of congo red dye (CR) utilizing TiO,, both pure and incorpo-
rated with rGO, was observed under normal conditions in the presence of sunlight. The study
revealed that the optimal condition for achieving maximum photodegradation of CR dye was
pH = 7, 100 min, 50 ppm initial CR dye concentration and 10 mg of catalyst dosage. The pho-
todegradation data illustrated that 5 wt% rGO doped TiO, exhibits higher efficiency than other
3; 1 wt% rGO and pure TiO,. Finally, the improving breakdown of CR dye using direct sunlight
showed high efficiency without leaving behind any secondary intermediates.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent years, there has been a significant focus on advocat-
ing for clean energy sources due to the increasing challenges
related to energy and the environment (Mahmoud et al.,
2018; Farhan et al., 2018). Solar energy has the potential to
foster environmentally conscious communities. In this regard,
significant research efforts are dedicated towards converting
solar energy into usable energy (Mahmoud et al., 2022). This
energy is presently utilized in applications such as photochem-
ical cells, solar cells, and photocatalysis (Mahmoud et al.,
2022). The photocatalytic degradation of organic dye pollu-
tants has generated substantial interest due to its practical
applications and economic benefits. Various types of nanopar-
ticles have been developed and synthesized with the objective
of enhancing the natural environment. The semiconductor
materials have garnered attention from various other materials
because of non-toxicity, no secondary pollution, stable chemi-
cal and low cost (Moushumy et al., 2022; Kundu and Mondal,
2019; Saher et al., 2021). Amongst different semiconductor
materials, the anatase phase of TiO2 is considered to have
the greatest potential for practical applications (Aoudjit
et al., 2021). Moreover, the TiO2 nanoparticles possess a sig-
nificantly large surface area, rendering them highly effective
in enhancing sunlight adsorption as compared to bulk particles
(Reza et al., 2017). There exist two big significant challenges
for this material. Firstly, its band gap has a relatively large
value of (3-3.2) eV, limiting its response to UV light only. Sec-
ondly, the material experiences a high rate of recombination
for electron-hole pairs (Saeed et al., 2017). Various techniques
have been employed to restore the photocatalytic activity of
photocatalysts in order to overcome these issues, however, sat-
isfactory outcomes have not been achieved thus far. Graphene,
a novel type of carbon material featuring a two-dimensional
sp? network, has generated considerable interest due to its
unique structure, remarkable thermal and chemical stability,
and exceptional conductivity (Fathy et al., 2016). Graphene
is considered to be an optimal support for photocatalysts
due to its ability to enhance the activity of photocatalysis by
facilitating the transfer of electrons from the conduction band
(CB) of anatase, thereby prolonging the lifespan of h-e pairs
(Du et al., 2022). Numerous studies have demonstrated that

the incorporation of graphene oxide (GO) into TiO,/rGO
nanocomposites can enhance electron transfer and reduce the
rate of e-h recombination (Ma et al., 2021). Long et al.,
(Long and Qin, 2013) reported the activity of 0.8 wt% rGO
doped TiO, in photodegradation of dye under sunlight, allo-
cating the activity to the p-n junction heterostructure formed
between TiO, and rGO. Andreozzi et al., (Andreozzi et al.,
2018) reported that the purification of water contains high
ratio of saline and different organic dye and organic com-
pounds using 10 wt% rGO-TiO,. The increase in photocat-
alytic performance can be attributed to the favorable charge
transfer characteristics of rGO. It also exhibits high load
mobility and rapid transfer of charges during its structure,
which can be advantageous in redox reactions (Fang et al.,
2015; Mahmoud et al., 2023). The properties of a composite
material are not merely a combination of the properties of
its individual components. Rather, the surface reactions and
interactions between semiconductors contribute significantly
to its unique properties (Al-Obaidi et al., 2023). The produc-
tion of rGO-TiO, heterostructures enables the absorption of
a wide range of wavelengths and subsequent separation of
electron-hole pairs, resulting in an increase in photocatalytic
activity (Mahmoud et al., 2021). The objective of this investi-
gation is to identify the specific reactive oxygen species
(ROS) responsible for the photodegradation process of %wt.
rGO doped TiO, nanostructure, in order to gain a better
understanding of the photodegradation mechanism for congo
red organic dye and the factors that influence the activity of
these heterostructures. A method for rapid synthesis of TiO,-
incorporated rGO using photolysis-assisted hydrothermal
treatment, resulting in improved photocatalytic activity, was
proposed. The anatase TiO, phase was characterized via
XRD and TEM, and rGO was confirmed via Raman spec-
trum. TEM confirms the interaction between TiO, agglomera-
tion nanoparticles and rGO nano sheets. The samples of % wt.
rGO-TiO, exhibit a distinct spectral behavior as observed
through DRS. PL results were studied to investigate the sepa-
ration and transportation of photo-carriers. Finally, the pho-
tocatalytic mechanism modulation of %wt. rGO-TiO,
compared with TiO, in congo red dye photodegradation was
proved during scavenger solutions. The introduction of rGO
altered the intermediate reactive oxygen, leading to an increase
in activity under sunlight illumination. This confirms that the
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use of rGO leads to changes that enhance the photocatalytic
activity of TiO,.

2. Experimental

2.1. Materials

All chemicals materials (graphite powder (99.9%), sodium
nitrate (98%), hydrogen peroxide (30%), potassium perman-
ganate (98%), sodium hydroxide (97%), hydrochloric acid
(36%), ethanol (70%), titanium isopropoxide (99%) and congo
red dye (C3,H24NgOgS,.2Na, Amax = 497 nm)) were supplied
from sigma Aldrich company and used without any future
purification. All solution prepared by using distilled water.

2.2. Preparation of titanium oxide (TiO,)

The synthesis of TiO, was reported by Zaid et al., 2020
(Mahmoud et al., 2022). 10 ml of isopropoxide stock solution
was diluted by 40 ml distilled water and irradiated using man-
ual irradiation 15 W power system in ice bath (Fig. S1, supple-
mentary information). The irradiation process was carried out
until a white precipitate was obtained, which was subsequently
separated from the solution through decantation and washed
by acetone, ethanol and distilled water. Finally, it dried at
80 °C for 5 h and calcined at 500 °C for 2 h.

2.3. Preparation of graphene oxide (GO )

The preparation of GO was carried out by using Hemmer
modified method (Khatmi Maab et al., 2016). Firstly, in
300 ml beaker, (1gm, 2gm and 36 ml) of graphite powder,
sodium nitrate and 1 M H,SO,4 were mixed together in ice bath
for 4 h. then, 5gm of potassium permanganate was added to
mixture slowly under strong stirring. Next, 200 ml of warm
water was added to the mixture. While continuously stirring,
35 ml of 30% hydrogen peroxide was gradually added until
the color changed to yellow. Finally, the suspension solution
of graphene isolated by decantation and washed several times
by distilled water and 10% HCI before dried at 60 °C for 3 h.

2.4. Preparation of graphene oxide/Titanium oxide (rGO/
TiO;)nanocomposite

The preparation of rGO/TiO, nanocomposite was carried out
using hydrothermal method. Firstly, various weight ratios of
rGO (1%, 3%, and 5%) were mixed with an equivalent
amount of TiO, solution and sonicated for 45 min until a
brown solution was obtained. Next, the rGO/TiO, suspension
was transferred to stainless steel auto-cleave and heated to
200 °C for 6 h and allowed to cool down naturally at room
temperature. Finally, the gray precipitate of rGO/TiO, was
transferred and isolated by centrifuging process before wash-
ing it several times by ethanol and distilled water (Shen
et al., 2011; Yue et al., 2019; Liu et al., 2016).

2.5. Study of photocatalytic activity

The photocatalytic activity of (1, 3 and 5%) of rGO/TiO, were
investigated for degradation of CR dye solution. The solution

reaction was prepared by adding 0.0lgm of each prepared
materials in 100 ml of 10 ppm dye solution. Firstly, the result-
ing suspension was then stirred in a dark environment for
30 min to achieve adsorption—desorption equilibrium. The
subsequent step involved exposing the sample to direct sun-
light for varying durations using a manual irradiation system
with an intensity of 1200 W.cm™? (Fig. S2, supplementary
information). To maintain a constant temperature during the
reaction, the water was circulated around the reactor. At pre-
determined intervals, a 5 ml sample of the solution was col-
lected and subjected to centrifugation to remove the catalyst.
The remaining concentration was then analyzed using UV-
Vis spectrum and LC-MS techniques.

3. Results and discussion

3.1. Structural characterization

The XRD of TiO, and (1, 3 and 5) wt.% rGO/TiO; are shown
in Fig. la-d. The observed patterns exhibit peaks that can be
attributed to the formation of TiO, with lattice parameter of
a = b = 3.78 and ¢ = 9.50 and the results are in agreement
with JCPDS (04-0477). The diffraction pattern of pure TiO,
(Fig. 3a) displayed peaks at angles of 25.35°, 37.78°, 48.07°,
53.93°, 55.11° and 62.72° corresponding to (101), (004),
(200), (105), (211) and (204) respectively, indicating the pres-
ence of a tetragonal anatase phase. In Fig. 1b-d, it can be
observed that the anatase phase remains unchanged for all
diffraction peaks, irrespective of the rGO mass ratio dopant.
This observation indicates that the prepared TiO, is stabilized.
The XRD patterns illustrated in Fig. 1b and Ic for TiO, doped
with 1% and 3% GO respectively do not exhibit any peaks
that can be attributed to rGO. This may be due to the high
degree of isolation of rGO sheets by TiO, nanoparticles
(Moustafa et al., 2022). However, the diffraction peak centered
at 10.99°, which corresponds to (001), is observed and can be
attributed to rGO. rGO/TiO, was estimated by using Scherrer
equation (Holzwarth and Gibson, 2011):

0.9
D=
PcosO

Where 0.9: is shape factor, A: X-ray source wavelength, f§ :
full width at half maximum of peak. Table 1 presents the find-
ings that reveal a decrease in crystallite size as the dopant
weight ratio increases. This is indicative of rGO segregation
at the TiO, boundaries, thereby inhibiting crystal growth.
On the other side, slight elongation of ¢ axis is shown (Table.
1), while a and b axis remain constant, that the carbon of GO
fcc and bece is positioned at the center or occupied in the struc-
ture of TiO, (Ma et al., 2021).

Raman spectrum technique was used to investigate the
chemical composition and the structure of prepared com-
pounds through vibrational properties. The spectrum of GO,
rGO and rGO/TiO, are shown in Fig. 2a-c, respectively. At
Fig. 2a, two bands can be observed that are centered at
1350 cm~ (D) and 1595 em™! (G) assigned to sp® defect and
sp? in plane vibration carbon atoms. Additionally, at the Bril-
louin zone, the E2g doubly degenerated mode can be observed
(Krishnamoorthy et al., 2012). The spectrum of rGO (Fig. 2b)
illustrates a shift in the G band towards lower wavelengths
(1595 to 1584 cm™ ') while the D band remains unshifted. This

(1)
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Fig. 1 XRD of pure and 1,3 and 5 wt% rGO doping TiO,,

Table 1 Size particles of tio, and %wt. rGO-TiO;,

photocatalyst 20 of (101) crystal plane Lattice parameter (A°) FWHM D (nm)
a=>b c

TiO, 25.46 3.78 9.532 0.67036 13

1 wt% rGO 25.30 3.78 9.541 0.72453 12

3 wt% rGO 25.18 3.78 9.552 0.78493 11

5 wt% rGO 25.12 3.78 9.5605 0.80546 10

may be attributed to the self-healing properties of rGO,
whereby carbon atoms are restored to the hexagonal network
(Chen et al., 2021). This downshift in G band indicate the suc-
cessful reduction to rGO. In Fig. 2¢, the two bands of D and G
exhibit broadening in the rGO/TiO, nanocomposite, which
can be attributed to the stacking of rGO sheets induced by car-
bonyl groups attached to rGO. This leads to a hindrance in the
accumulation of rGO sheets. The disorder structure of pre-
pared compounds are measured based on the ID/IG ratio.
The findings indicate that the ratio experienced an increase
from 0.9 to 0.98 as a consequence of the reduction of GO to
rGO. This outcome can be attributed to the defects and elim-

ination of functional groups (carboxylic acid) present on the
surface of GO (Ansari et al., 2022). On the other hand, slight
reduce in the ratio value (0.85) is shown in rGO/TiO,
nanocomposite due to the reduction of sp’ to sp> carbon atoms
as well as, reducing in the domain size of sp> during hydrother-
mal process (Karthik et al., 2020). Fig. 4d illustrates the
zoomed spectrum of pure and (1, 3 and S)wt.% rGO/TiO,
nanocomposite with range of 100-200 cm™'. The results
showed that the intensity of Eg band mode is increased with
increasing the doped ratio. Additionally, this mode is shifted
toward a lower wavenumber with broadening, which can be
attributed to the impact of phonon confinement and surface
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Fig. 3  XPS of (A) C 15, (C) 2p of rGO before doping and (B) C 1 s, (D) 2p of rGO after doping.

pressure. Numerous studies (Singh et al., 2022) have addressed
the shift in Raman peak position, which is attributed to two
possible factors. The first posits that the intensity of TiO,
peaks is affected by vacancy defects, which are amplified by
the disordered structure of graphene. The second possibility

is that the shift results from electronic transitions occurring
between graphene sheets and TiO,.

The chemical analysis of GO and rGO/TiO, nanocomp-
soite was investigated by using X-ray Photoelectron Micro-
scopy (XPS). The findings of the analysis are presented in
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Fig. 4 PL of pure and 1,3 and 5 wt% rGO/TiO,,

Fig. 3a-d. Fig. 6a and 6b display multiple peaks centered at
binding energies of 284.6, 286.3, 287.3, and 288.9 eV, corre-
sponding to the core level spectra of carbon and indicating
the presence of carbon-carbon and carbon-oxygen bonds
(Wang et al., 2020). The findings demonstrate a reduction in
the intensity peaks of carbon—oxygen in rGO/TiO, nanocom-
posite, indicating the reduction of GO via hydrothermal pro-
cessing. Additionally, a peak is observed at 282.4 eV
corresponding to the Titanium-carbon bond. The core level
of Ti*" in pure TiO, and rGO/TiO, nanocompsoite were
shown in Fig. 3c,d. Fig. 3c exhibits the presence of two inten-
sity peaks at 453.8 and 459.1 eV, which are attributed to Ti
2p3» and Ti 2p,jp, respectively. The difference in binding
energy between these two peaks is measured to be 6.01 eV,
aligning with previous findings in literature (Wang et al.,
2020). The difference in binding energy of Ti*" remains pre-
sent in rGO/TiO, nanocompsoite as shown in Fig. 3d, but
the binding energies of Ti 2p3,, and Ti 2p;, increased because
of the interaction between titanium and carbonyl groups of
rGO (Dong et al., 2017).

The crystal lattice of TiO, was analyzed to examine the
defect and vacancy of oxygen ions using PL spectrum. The
results are depicted in Fig. 4, which displays a wide peak con-
taining four sub-band emissions positioned at 420, 487, 520,
and 680 nm correspondingly. The emission band at 420 nm
assigned to the interaction of h™ - ¢ or may be attributed to
self-trapped exciton (Dong et al., 2017). A sub-band at
487 nm is observed and attributed to the transfer of electrons
from Ti** to O* in octahedral complex (Dong ct al., 2017).
Additionally, two sub-bands located at 520 and 680 nm are
linked to self-trapped oxygen vacancies known as F centers
(Nasralla et al., 2020). The PL spectrums of (1, 3 and 5)wt.
% rGO incorporated TiO, are demonstrated at Fig. 4.b-d.
The results demonstrate that as the concentration of rGO
increases, there is a gradual reduction in the intensity of emis-
sion peaks. This phenomenon is attributed to peak quenching
via rGO incorporation, and becomes more apparent at 5 wt%
rGO sheet doping. The reduction in intensity is contingent

upon the interplay of ions. At a 1 wt% incorporation ratio,
the interaction between ions is insufficient to significantly
impact energy levels. Conversely, with a 5 wt% incorporation
ratio, the interaction between ions is considerably stronger due
to a decrease in defects and an increase in ion concentration
(Chetibi et al., 2017), ultimately resulting in quenching (John
et al., 2020). There are two factors that contribute to the
quenching of emission peaks. The first factor is non-radiative
energy loss, which arises from the transfer of energy from ions
to defect sites. The second factor involves the scattering of
electrons by oxygen ions at states of trapping, which results
in an increase in the duration of h*-e” recombination (Sang
et al., 2019).

Fig. 5 shows the band gap of pure TiO, and (1, 3 and 5)wt.
% GO incorporated TiO, calculated by using Tauc plot (Chen
et al., 2017). The findings indicate that there was a slight
decrease in energies as the Rgo ratio increased. This could be
attributed to the influence of dielectric confinement (Al-
Kandari et al., 2021). This confinement is a significant factor
in energy alteration and its influence surpasses that of
electron-hole space confinement, leading to the observed
decrease in energy levels.

TEM images were utilized to investigate the morphology
of both prepared TiO, and rGO/TiO, nanocomposite. The
results, as depicted in Fig. 6, reveal a uniform distribution
of TiO, nanospheres on rGO sheets, with an interlayer dis-
tance in the low nanometer range. These findings are consis-
tent with the (101) crystal plane of anatase, indicating good
agreement.

3.2. UV-Vis and TOC

The photodegradation of congo red (CR) dye over pure TiO,
and 5 wt% rGO/TiO, was studied by analyzing band gap, EIS,
UV-Vis spectrum, and total organic carbon (TOC) results.
The UV-Vis spectrum of CR photodegraded under sunlight
over 5 wt% rGO/TiO, is depicted in Fig. 7a. The UV—Vis spec-
trum of CR shows strong adsorption band with range of 330—
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Fig. 5 Band gap of pure and 1,3 and 5 wt% rGO/TiO;,,

Fig. 6 TEM of 5 wt% rGO-TiO,.

500 nm, making a part of sunlight photons unattainable to the
pure TiO; and 5 wt% rGO/TiO, catalysts. In Fig. 7b, the per-
centage decolorization of CR over pure TiO, and (1, 3 and 5)
wt.% rGO/TiO; is shown. The findings indicate that the inte-
gration of TiO, is more effective in the degradation of dye
when exposed to sunlight. Within the initial 15 min, the decol-
orization efficiency is 35% for 5 wt% rGO/TiO, in contrast to
only 7% for the pure catalyst. The efficiency of degradation
increases in proportion to the duration of sunlight exposure,
ultimately reaching 99% after a time span of 100 min. The rate
constant for the degradation of CR dye was calculated using
Langmuir-Hinshelwood kinetic for pure TiO, and (1, 3 and
Swt.% rGO/TiO, nanocomposites. The values of K are dis-
played in Fig. 7c. The findings demonstrate that the value of
K for 5 wt% rGO/TiO, is greater than that of pure TiO,. This
implies that the inclusion of rGO into the TiO, matrix results
in a heightened efficiency of photo-excited electrons. Addition-
ally, it leads to a reduction in charge carriers during the recom-
bination process for pure TiO, (Movahedi et al., 2009). As the

studies mentioned (Ali et al., 2020); the CR dye undergoes a
decolorization process rather than mineralization, as it loses
its yellow color and forms intermediate compounds. This pro-
cess occurs through an initial reaction with oxidizing agents
such as hydroxyl free radicals and oxygen super anions, which
also cause adsorption edge damage to the conjunction. To rec-
ognize between decolorization and mineralization, the Total
Organic Carbon (TOC) measurements for 5 wt% rGO/TiO,
and pure TiO, was carried out and the results are summarized
in Fig. 7d. The findings demonstrate that the utilization of 5 wt
% rGO/Ti0O; leads to a mineralization of the CR dye by a fac-
tor of 10. The comparisonn between decolorization and miner-
alization of CR dye under direct sunlight by using UV—Vis and
TOC are shown in Fig. 7e. During the initial 15 min of expo-
sure to sunlight, the decolorization of CR dye was observed to
be 45%, while only 17% of organic matter was removed. This
suggests that oxidative species are reacting with the dye to
form intermediate compounds, resulting in fragmentation
and damage to its conjugate structure, ultimately leading to
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its decolorization. The study showed that decreasing the con-
centration of CR led to an increase in the removal of organic
carbon due to the oxidative species attack. It was noted earlier
that TiO, has a favorable value for reducing oxygen, which is
equal to —4.03 V. This indicates that the formation of super
oxygen anions is unavoidable (Ali et al., 2020).

3.3. LC-Ms

The study investigated the liquid chromatography-mass spec-
troscopy analysis of photodegradation of CR dye under sun-
light exposure for two different periods of time, namely 60
and 120 min, using 5%rGO/TiO, (Fig. 8a,b) depict LC-MS
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Fig. 8 LC-MS of CR dye (A) before and (B) after decolorization.

spectra which exhibit distinct peaks at varying (m/z) values
that correspond to intermediate compounds, thus providing
confirmation of the photodegradation of CR dye. The suggest
pathway of CR dye photodegradation by using 5%rGO/TiO,
is shown in Fig. 7. Firstly, the mechanism suggests that the
cleaving of amine group and oxygenation of dye leads to the
formation of a new compounds with m/z 679 and 680 (Bhat
et al., 2020) as shown in Fig. 8a. The results show two intensity
peaks with m/z ratio of 244 and 207, which assign to hydrox-
napthalane —1-sulfonic acid result from cleavage of C¢Hg ring,
N=N and C-NFurthermore, the sustained activity of the OH
free radical leads to the formation of 4-carboxybutanoate and
naphthalene with respective molecular weights of 138 and 122
(Bhat et al., 2020). ROS, or reactive oxidative species, can
cause the cleavage or reduction of sulfonic, amine nitro, and
hydroxyl groups that are bonded with a C4Hg¢ ring. This pro-
cess results in the production of 3-carboxyprppanoate, malonic
acid, and malonate with m/z ratio of 120, 108 and 101 respec-
tively (Shaban et al., 2017). The intermediate compounds of
the thesis were effectively mineralized to CO, and H,O. The
LC-MS findings indicated that complete degradation of CR
under sunlight was achieved after 120 min using 5%rGO/
TiO,. The proposed mechanism for CR decolorization is visu-
ally presented in Fig. 9.

3.4. The photocatalytic activity

The study examined the photocatalytic capabilities of synthe-
sized compounds in the degradation of CR dye under direct
sunlight. The photodegradation outcomes are presented in
Fig. 10, which illustrates the decline of CR dye in pure and
rGO-integrated TiO, nanocomposites with varying rGO con-
centrations (1%, 3%, and 5%). The concentration of CR
dye prior to and after degradation under direct sunlight is rep-
resented by Co and Ci, respectively. The findings demonstrate
that a mere 8% of CR dye underwent self-degradation when
exposed to sunlight. However, the other photocatalysts that
were prepared exhibited outstanding activity, with a 99% suc-

cess rate achieved by 5%rGO-TiO,. The results displayed in
Fig. 10 demonstrate that samples incorporating rGO exhibit
a greater capacity for CR dye compared to pure TiO,. This
can be attributed to the increased surface area and n—m system
present in the rGO structure, which enhances the rate of reac-
tion (Movahedi et al., 2009). The incorporation of rGO played
a significant role in promoting the generation of hydroxyl free
radicals, which ultimately results in the enhancement of congo
red dye molecule breakdown through direct attack.

3.5. Electrochemical impedance (EIS) measurements

In order to predict the behavior of photo-excited carriers in the
future, the electrochemical impedance spectrum (EIS) was uti-
lized to study the transport and recombination characteristics
of electron-hole carriers. The prepared samples were subjected
to an applied bias of 0-0.5 V, and their Nyquist plot is depicted
in Fig. 11. The typical plot demonstrating the photodegrada-
tion of congo red dye comprises two semicircles, which corre-
spond to high and low frequency and represent charge
transport resistance (Rct) and charge recombination process
(Rrec), respectively. The presence of two semicircles on the
plot indicates that the degradation process involves the trans-
fer or recombination of electrons-holes, which is an important
step in determining the rate of degradation. The values of resis-
tances (Rs, Rct and Rrec) of prepared samples are summarized
in Table. 2. The Rs values exhibit a decline as the rGO doping
level rises. Conversely, the Rrec values experience an increase
as the doping ratio increases, signifying the efficient separation
of e-h with minimal recombination. The findings suggest that
the sample doped with 5 wt% rGO exhibits activity in the pho-
todegradation of CR dye, while also indicating that the easy
inclusion of rGO can enhance carrier transportation. It is pos-
sible that the recombination process reduction can be attribu-
ted to two factors related to rGO. Firstly, the rGO may
capture photoinduced excitons, which would lead to an
increase in carrier concentration. Secondly, the rGO may serve
to increase the surface area of TiO,, thus promoting rapid
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Table 2 Electrochemical parameters of prepared compounds.

Sample Rs Rrec Rct
TiO, 14 22 35

1 wt% rGO 15.10 82.45 21.56
3 wt% rGO 17.02 185.4 20.43
5 wt% rGO 12.56 300.23 18.06

transfer of photoinduced electrons to adsorbed oxygen on the
surface of TiO, (Raya et al., 2022).

3.6. Charge electronic transference process and band diagram

In order to examine the electronic charge transfer process, we
conducted PL spectrum and cyclic voltammetry (CV) analysis
on both pure and 5 wt% rGO-TiO,. The PL spectrum of both
prepared samples were showed and discussed in Fig. 4. The
results demonstrate that both samples exhibit a similar spec-
trum, indicating comparable defects and electronic structure.
The PL data confirms that the inclusion of TiO, in rGO effec-
tively prevents charge recombination more than pure TiO,.
However, the rate constant of standard heterogeneous, which
determines the rate of electron transport in each material,
was calculated using the Nicholson method (Martin-Yerga
et al., 2016) and obtained through CV techniques under both
dark and illuminated conditions. Fig. 12 presents the findings
of an investigation on CVs utilizing thin-film electrodes com-
posed of pure and 5 wt% rGO-TiO,. It seems that the cyclic
voltagram for illumination did not exhibit frequent modula-
tion with the dark voltagram for each of the electrodes that
were prepared. The study found that compared to dark condi-
tions, illuminating a pure TiO, electrode resulted in an increase
in AE of 0.460 V vs. SCE. In contrast, the 5 wt% rGO-TiO,
electrode showed a decrease in AE under illumination
(0.468 V vs. SCE) compared to dark conditions (0.487 vs.
SCE), as reported in Table 3.Under illumination conditions,
the expansion of AE values for both electrodes and a decrease

in the current of reduction and oxidation density are induced,
as shown in Table. 3. For the standard heterogeneous rate con-
stant (k,) calculation, the coefficient of diffusion utilized were
Dgr = D, = 0.726 * 10 cm?/s and the ko values are displayed
in Table. 3 (Soares et al., 2016). The Ko values exhibited a
degree of proximity, and the presence of a 5 wt% rGO-TiO,
heterostructure resulted in decreased electron transfer. The
process of illumination was observed to decrease electron
transport in the electrode, indicating a possible increase in
recombination. The 5 wt% rGO-TiO, heterostructure demon-
strates that the absorbed light by doped rGO induces a note-
worthy photothermal effect in the photocatalyst, thereby
facilitating an increase in charge transfer (Low et al., 2017;
Di et al., 2018; Merrad et al., 2023). The findings reveal that
TiO, nanoparticles exhibit slightly higher Ko and recombina-
tion rates compared to the 5 wt% rGO-TiO, heterostructure.
This suggests the importance of achieving a balance between
recombination process and electron transport in the
heterostructure sample, which ultimately enhances the photo-
catalytic efficiency.

3.7. Reusability of studies

To investigate the reusability of 5 wt% rGO-TiO, binary
nanocomposite, a cycling experiment was carried out on CR
dye up to four cycles and the results are shown in Fig. 13. After
each cycle, 5 wt% rGO-TiO, was separated and washed to
remove the CR dye and then dried at 80 °C for 10 h to utilize
it for adsorption and photodegradation. The ratio of
nanocomposite sample to dye concentration employed in the
first cycle was maintained throughout subsequent cycles. The
results indicate that the sample exhibits high capability with
increasing cycle number, which suggests a high level of stability
and potential suitability for the photodegradation of dyes.

3.8. Mechanism of CR photodegradation

Before proposing the mechanism of degradation, it is crucial to
consider the scavenger effect in the study. This entails taking
into account the presence of ROS, including hydroxyl free rad-
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Table 3 Values of peak to peak separation (e), the current density of oxidation and reduction calculated from cvs and K, values.

Electrodes AE 1 gensity OXidation 1 gensity T€duction Ko

(V vs. SCE) (LA/mm?) (LA/mm?) (cm/s)
TiO, — dark 0.425 2.70 —2.43
TiO, — lighting 0.460 2.65 —2.55 —0.127
5 wt% rGO-TiO, — dark 0.468 2.75 —2.67
5 wt% rGO-TiO, — lighting 0.487 2.60 -2.79 —0.133

icals, superoxide anions, as well as holes and electrons, which
are all highly significant (Baruah et al., 2021). Four com-
pounds of sliver nitrate (¢), mannitol (OH*), benzoquinone
(h™) and triethanolamine O>" were used as a scavenger for
examining the effect of radical (Fig. 14) on the photodegrada-
tion of CR under sunlight. The findings indicate that scavenger
compounds significantly reduce photodegradation efficiency
by more than 50%. However, the use of AgNO; does not
appear to have an effect on the photodegradation mechanism.
The application of benzoquinone as a scavenger is substanti-
ated by its crucial role in the mechanism pathway (Ali et al.,

2022), which signifies its primary involvement in the generation
of OH* from water and consequent degradation of CR dye.
The addition of benzoquinone to the reaction system resulted
in the inhibition of CR degradation.

The integration of rGO with TiO, is considered a viable
option for facilitating the transfer and acceptance of excited
electrons from the TiO, CB. This is primarily due to the planar
structure, as depicted in Fig. 15. The rapid separation of carri-
ers, achieved through the incorporation of a substance, has
been observed to contribute to the restraint of electron-hole
recombination process and achieve high rates. Additionally,
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this incorporation has been shown to improve the visible light
adsorption of TiO, and expand it in comparison with pure
TiO,. The rGO/TiO, photo catalyst exhibits a high level of
efficiency in the adsorption of the CR dye due to its planar
structure, which facilitates a platform for the dye to be
adsorbed.

3.9. Computational details

Theoretical analysis was conducted on various pH levels using
the Gaussian 09 W software. The optimization of geometry
and reactivity of congo red dye towards catalyst were investi-
gated and carried out via density function theory (DFT) with
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Fig. 15 Proposed mechanism CR photodegradation at optimum condition over 5 wt% rGO-TiO,,

Backers parameter of exchange functional (Ali et al., 2022).
Additionally, a split-valance double zeta basis set 6.31G(d)
and Lee-Yang-Parr (B3LYP) correlation function was
employed in the calculation (Becke, 1993). Upon optimization,
several theoretical properties were examined, including
HOMO, LUMO, ionization energy, electron affinity, softness
and hardness. The DFT calculations indicate a relationship
and interaction between the 5wt.%rGO-TiO, catalyst and
both anionic and cationic congo red dyes (Koch and
Holthausen, 2015). Theoretical reactivity parameters such as
E HOMO, E LUMO, softness, hardness, electrophilicity and
electronic chemical potential were determined using a reaction
catalyst and Congo Red dye species (CR—N—NH,
CR=N—NH and CR—N=N). The obtained results are pre-
sented in Fig. 16 and Table. 4.

The chemical hardness, softness and electronic chemical
potential calculated from the following equations (Domingo
et al., 2016; Parr and Yang, 1984):

h = —0.5(Enomo — ELumo) )
m= O.S(EHOMO + ELUMO) (3)
o = p/2n @

Generally, The exchange capacity of electron density
among congo red species dye is contingent upon the potential
of chemical electronic (p) (Parr et al., 1999). When the mole-
cules exhibit high values of p, it indicates the presence of
potent electron-acceptor molecules. Conversely, a low value
of n signifies increased reactivity (Bredas, 2014). The high

A
B

()

Fig. 16  Electron density mapping of (A) CR-N = N, (B) CR-N = NH and (C) CR = N-NH.
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Table 4 HOMO, LUMO, hardness and softness of congo red spices.

Dye species E(eV) E(eV) Eg n S n )
HOMO LUMO (eV) softness

CR-N = N —6.1 —5.7 —0.4 3.25 0.31 -5.9 5.36

CR-N = NH -54 —4.2 -1.2 3.30 0.30 —4.8 3.49

CR = N-NH -8.9 -5.4 -3.5 6.22 0.16 —7.15 4.11

value of w, has an inverse effect on the ability of dye species to
accept electron load. According to the data presented in
Table 3, the smallest value of parameter 1 is associated with
CR—N=N species, which makes it more likely to interact with
Swt.%rGO-TiO, compared to other species. Furthermore, this
species has the smallest energy gap when compared to other
species, which accelerates photodegradation by promoting
recombination of hole-electron pairs (Valadi et al., 2020). At
low pH, the CR—N=NH species exhibits electrophilicity of
3.49, which is lower than that of CR—N=—N and CR—N-
NH, which have electrophilicities of 5.36 and 4.11, respec-
tively. This makes it easier for the CRN=NH species to be
oxidized by OH free radicals and O super anions. Additionally,
in an acidic medium, TiO, forms TiOH, which can adsorb
more anionic species of CR-N=NH and CR=N-NH, thus
improving its degrading capabilities (Thomas et al., 2016;
Soares et al., 2021).

4. Conclusion

To summarize, the incorporation of TiO, in rGO led to an
improvement in light absorption within the visible region.
Additionally, this process effectively eliminated undesired
electron-hole pairs through enhanced transfer of photogener-
ated electrons to reductants. It was also observed that superox-
ide anion radicals played a crucial role in the photocatalytic
mineralization and decolorization. A series of TiO, binary
nanocomposites with varying weight ratios of rGO were pro-
duced using the photolysis-humer modified method. The pho-
tocatalytic performance of each composite was assessed for its
ability to remove congo red dye (CR) when exposed to direct
sunlight. The incorporation of rGO in anatase TiO, surface
was characterized by XPS, Raman and XRD. The UV-Vis
spectrum of rGO-TiO, nanocomposite exhibited a red shift
and a reduction in band gap energy compared to pure TiO,.
The XRD analysis revealed that the decrease in rGO ratio cor-
responded with a reduction in crystalline size. The doping pro-
cess caused a change in lattice parameters, indicating that rGO
may have entered the crystal lattice of TiO,.The TEM analysis
reveals that the rGO sheets contain TiO, particles with a size
of approximately 10 nm and are evenly dispersed. The
nanocomposite with a 5 wt% concentration of rGO-TiO,
exhibited the least intense photoluminescence and the highest
level of activity due to a reduction in electron-hole recombina-
tion, a decrease in Rct, and an increase in the production of
potential oxidizing species. The improved photocatalytic effec-
tiveness of rGO-doped TiO, with respect to pure TiO, results
from various factors. (i), the morphology exhibits well-
dispersed anatase TiO, nanoparticles throughout rGO sheets.
(i1), the reduction characteristics of rGO play a role. (iii), there
is a sharp increase in visible light absorption. (iv), there is a

decrease in the band gap. (v), faster electron transport and
reduced recombination of charge carriers contribute to the
enhanced efficiency. Recycling experiments demonstrate high
stability and integrity of 5 wt% rGO-TiO,.
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