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Abstract

In this study, we prepared reduced graphene oxide (rGO)/titanium dioxide (TiO,)/nickel ferrite (NiFe,O,) nanocom-
posites with different mass ratios of rGO, TiO,, and NiFe,O, by a simple hydrothermal method. These nanocomposites
were found to exhibit enhanced visible light harvesting, reduced electron-hole recombination, and improved mag-
netic properties compared to rGO, TiO,, and NiFe,O,. The study evaluated the photocatalytic and antibacterial activity
of the nanocomposites, with particular emphasis on the GTN211 (with a mass ratio of 2:1:1 for rGO:TiO,:NiFe,O,)
nanocomposite. The results showed that the GTN211 nanocomposite exhibited the best photocatalytic perfor-
mance under both UV and visible light irradiation, achieving 95 and 89% degradation of Methylene Blue dye

in 15 min, respectively. The study also investigated the photodegradation mechanism using various scavengers

and found that holes were the main active species in the process. In addition to photocatalytic activity, the GTN211
nanocomposite also showed good antibacterial activity against Escherichia coli and Staphylococcus aureus bacteria,
with the minimum inhibitory concentration of 1 mg mL™" for both bacteria and a minimum bactericidal concentra-
tion of 0.8 and 1 mg mL™", respectively. Hence, the GTN211 nanocomposite has potential as a material for environ-
mental remediation and biomedical applications. The combination of photocatalytic and antibacterial activity makes
this material a promising candidate for a wide range of applications.
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1 Introduction

The rapid increase in population has made the removal of
harmful organic compounds and dyes from the environ-
ment a significant challenge for both research and indus-
try. To address this issue, many studies have investigated
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the degradation of various pollutants, including dyes
and bacteria, in water resources using nanomaterials
[1]. Water resources are often contaminated with both
organic and inorganic pollutants, as well as pathogenic
agents [2].

Among nanomaterials used for wastewater treatment,
TiO,-based photocatalysts have gained widespread use
due to their unique properties such as chemical stability,
corrosion resistance, and non-toxicity [3]. TiO, nanopar-
ticles (NPs) possess photocatalytic activity and antibac-
terial properties [4], making them an attractive option
for wastewater treatment. The photocatalytic activity of
TiO, arises from its superior photoactivation ability. The
antimicrobial activity of TiO, is typically attributed to
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the production of reactive oxygen species (ROS) under
irradiation in the presence of oxygen. ROS affect bacte-
rial cells through various mechanisms, leading to their
death. In the absence of light, TiO, can also alter the
permeability and shape of the bacterial cell wall, disrupt-
ing the osmotic balance of the bacteria [5]. However, the
photocatalytic activity of TiO, is mostly limited to the
UV region, and the electron—hole (e”/h%) recombina-
tion rate for this photocatalyst is high [6]. To overcome
the limitations of TiO,, researchers have explored meth-
ods such as doping it with certain elements or combin-
ing it with other nanomaterials such as reduced graphene
oxide (rGO) nanosheets and nickel ferrite (NiFe,O,).
NiFe,O,, in particular, is a promising magnetic material
due to its many advantages, including stability, high elec-
trical resistivity, high permeability, level of anisotropy,
and simple preparation [7]. Its inverted spinel structure
has Fe™ metal ions occupying all tetrahedral sites and
half of the octahedral sites, while Ni*? occupies eight
sites [8]. NiFe,O, exhibits superparamagnetic behavior
at the nanoscale and finds wide applications in magnetic
fluids and drug delivery [9]. NiFe,O, can also act as car-
riers for transferring antibacterial substances along with
other nanostructures [10]. Although there have been
relatively few studies on the use of NiFe,O, for the elimi-
nation of organic pollutants through photocatalytic pro-
cesses, some researchers have made significant progress
in this area. Liang et al. [11] developed a photocatalyst of
rGO-supported NiFe,O, that exhibited superior photo-
degradation performance and recycling stability for the
degradation of organic pollutants under visible-light irra-
diation. Gautam et al. [12] developed magnetic NiFe,O,/
graphene sand composite and NiFe,O,/bentonite nano-
composites that achieved almost complete mineraliza-
tion of ampicillin and oxytetracycline antibiotics under
solar light.

To improve the photocatalytic property of NiFe,O,,
its composites with two-dimensional structure materials
such as g-C;N, or other photocatalytic semiconductors
such as ZnO and TiO, were synthesized. For example,
Hung and Thanh [13] prepared NiFe,0,-TiO, magnetic
NPs that achieved 98.2% degradation of Methyl Orange
dye after 14 h. Rahmayeni et al. [14] synthesized mag-
netic NPs of TiO, o9 NiFe,O, that had higher photocata-
lytic activity than synthesized TiO, for the degradation of
Rhodamine B under solar light irradiation. These results
suggest that the synergistic effect of rGO, TiO,, and
NiFe,O, may enhance light absorption and improve their
photocatalytic and antibacterial properties.

In our previous study, we investigated the photocata-
lytic property of rGO/TiO, nanocomposites for degrad-
ing Methylene Blue (MB) under UV and visible light
irradiation [15]. In this study, we prepared rGO/TiO,/
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NiFe,O, (GTN) nanocomposites using a simple and scal-
able method to enhance interface effects and improve e”/
h* separation in rGO/TiO,. Additionally, considering
that rGO and TiO, can kill bacteria and cause cell mem-
brane damage [16], suggesting that GTN nanocomposite
may have potential as a photocatalyst with good antibac-
terial properties. The aims of this study are to investigate
the photocatalytic property of GTN against MB under
UV or visible light, as well as its antibacterial properties
against Staphylococcus aureus and Escherichia coli.

2 Materials and methods

2.1 Materials

Titanium isopropoxide (TTIP, Ti[OCH(CH,),l,, 97%),
nickel chloride (NiCl,, 98%), ferric chloride (FeCl;, 98%),
silver nitrate (AgNO;, 99%), tert-butanol ((CH;);COH,
99.5), p-benzoquinone (C,H,O,, 98%), potassium per-
sulfate (K,S,0g, 99%), ethylenediaminetetraacetic acid
(CioH1N,Og, EDTA, 98%), dimethyl sulfoxide (DMSO,
99%), polyvinylpyrrolidone (PVP), potassium chlo-
ride (99%), potassium permanganate (KMnO, 99%),
graphite (99%), sodium iodide (99.9%), ammonia aque-
ous solution (NH,OH, 28%), sodium hydroxide (NaOH,
97%), phosphoric acid (H;PO,, 85%), hydrogen peroxide
(H,0,,30%), and ethanol (C,H;OH, 99%) were provided
from Sigma Aldrich (Merck, Burlington, MA, USA).
Hydrochloric acid (HCI, 37%), sulfuric acid (H,SO,, 49%),
and nitric acid (HNO;, 65%) was purchased from Fluka.
All chemicals in the present work were of analytical grade
and used without further purification.

2.2 Preparation of graphite oxide (GtO)

GtO was synthesized using a modified Hummers method
[15]. A total of 0.08 mol of graphite flakes were added to
a 100 mL mixture of sulfuric acid, phosphoric acid, and
nitric acid in a volumetric ratio of 67.5:10:22.5, respec-
tively. The solution was then cooled in an ice bath while
0.04 mol of potassium permanganate was gradually
added, ensuring that the temperature remained below
20 °C. The mixture was subsequently stirred for 2 h at a
temperature range of 45-50 °C. After stirring, 100 mL of
deionized (DI) water was added to the solution and agi-
tated for 15 min while being maintained at a temperature
of 85 °C for approximately 1 h. An additional 120 mL of
DI water was then added, followed by the slow addition
of 15 mL of hydrogen peroxide at a concentration of 30%,
causing the solution to change color from dark brown to
yellow.

To remove excess metal ions, the mixture was filtered
and washed with a 1:10 hydrochloric acid aqueous solu-
tion (100 mL). The black unexfoliated precipitate was
then separated by centrifugation at a speed of 750 rpm.
Once the pH of the colloid reached 7, the remaining
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yellow solution was centrifuged at a speed of 8000 rpm
and the precipitate was washed several times with DI
water. The resulting powder was left to dry at room tem-
perature overnight.

2.3 Synthesis of TiO, NPs

TiO, NPs were synthesized using a sol gel method [15].
A total of 0.002 mol of TTIP and 0.4 mol of PVP were
each dissolved in 50 mL of absolute ethanol. The two
solutions were then combined and stirred for 10 min.
Subsequently, a sodium hydroxide solution with a con-
centration of 1 M was gradually added to the mixture
dropwise until the solution turned opaque. The resulting
white powder was then separated by centrifugation, dried
at a temperature of 50 °C, and calcined at a temperature
of 400 °C for a duration of 2 h.

2.4 Synthesis of NiFe,0, powder

NiFe,O, NPs were synthesized using a hydrothermally
assisted co-precipitation method [7]. Initially, a mixture
of 0.02 mol of ferric chloride hexahydrate (FeCl;,6H,0),
0.01 mol of nickel chloride hexahydrate (NiCl,,6H,0),
and 100 mL of deionized (DI) water was refluxed for 30
min at a temperature of 80 °C. Subsequently, 10 mL of

Page 3 of 16

ammonium hydroxide was added to the reaction mixture
and refluxed at a temperature of 80 °C for a duration of 3
h. The solution was then transferred to a stainless-steel
autoclave and heated to a temperature of 180 °C for 8 h.
The resulting powder was washed with ethanol and DI
water before being dried in an oven at a temperature of
50 °C for a duration of 12 h.

2.5 Synthesis of GTN nanocomposites

The synthesis process of GTN nanocomposites is illus-
trated in Fig. 1. Initially, separate solutions of TiO,,
NiFe,O,, and GtO powders were prepared by dissolving
each powder in 50 mL of DI using a sonicator operat-
ing at a frequency of 25 kHz. Subsequently, 0.03 mol of
sodium hydroxide was dissolved in the dispersed TiO,
solution. The resulting solution, along with the NiFe,O,
solution, was then added dropwise to the dispersed
graphene oxide (GO) suspension. A 200 mL home-
made, Teflon-lined, stainless-steel autoclave was filled
with 150 mL of the final solution and heated to a tem-
perature of 100 °C for a duration of 18 h. The result-
ing powder was separated using a magnet and washed
with DI water until the pH reached 7 before being left
to dry at room temperature. Four nanocomposites were
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Fig. 1 Schematic of the rGO/TiO,/NiFe,O, nanocomposites synthetic process
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synthesized using this method with the mass ratio of
TiO,:NiFe,O, being fixed at 1:1 for all samples. The
mass ratio of rGO-TiO,-NiFe,O, (GTN) was varied as
1:1:1, 2:1:1, 3:1:1, and 4:1:1 and the resulting nanocom-
posites were named GTN111, GTN211, GTN311, and
GTN411, respectively.

2.6 Photocatalytic experiments

To evaluate the photocatalytic activity of the synthesized
materials, we conducted experiments by dispersing 5 mg
of each photocatalyst in 50 mL of DI water containing 20
ppm of MB. The resulting solution was stirred in the dark
for 30 min at 25 °C to establish an equilibrium between
adsorption and desorption. After this dark conditioning
step, the solution was exposed to a UV or visible (Xenon
lamp, 700 W) lights for 105 min to initiate the photocata-
lytic reaction. The light source was positioned at a fixed
distance from the solution and provided a consistent
irradiance throughout the duration of the experiment.
During the exposure period, we periodically collected
samples from the solution and measured the absorbance
of MB at the wavelength of 664 nm using a UV-Vis spec-
trophotometer. These experiments allowed us to evalu-
ate the efficiency of the photocatalysts in degrading MB
under light irradiation and to compare their photocata-
lytic performance. The results provide insight into the
potential applications of these materials in various fields,
including wastewater treatment and pollution remedia-
tion. Two different light sources of 500 W Osram Xenon
lamp equipped with a UV cutoff filter at 400 nm, serving
as a visible light source with an intensity of 50 mW cm™2,
and a 200 W HBO Mercury short arc lamp, serving as a
UV light source with an intensity of 50 mW cm™> were
used. During each experiment, 5 mL of the solution was
extracted at specific time intervals and the photocatalyst
was separated using a magnet. The absorbance of the fil-
tered supernatant was measured using a UV-Vis spec-
trophotometer at the maximum wavelength, A, ., of MB,
which is 665 nm.

To identify the active species responsible for the pho-
todegradation of MB by GTN211 under visible light
irradiation, different radical scavengers were employed
at a concentration of 3 mM. These scavengers included
p-benzoquinone (PBQ, 98%) for superoxide radical
ion, silver nitrate (AgNO;, 99%) and potassium persul-
fate (K,S,0g, 99%) as electron scavengers, sodium azide
(NaN3, 99.5%) for singlet oxygen, DMSO (99%) for bulk
hydroxyl radicals ("OH, ), tert-butanol (t-BuOH, 99.5%)
for free hydroxyl radicals ("OH), sodium iodide (Nal,
99.9%) for adsorbed hydroxyl radicals ("OH,4,), and eth-
ylenediaminetetraacetic acid (EDTA, 98%) as a hole
scavenger.
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2.7 Antibacterial activity measurements

The antibacterial activity of GTN211 was evaluated using
microbroth dilution methods in a 96-well microtiter
plate against Gram-negative (E. coli ATCC 25922) and
Gram-positive (S. aureus ATCC 25923) bacteria [17]. The
choice of GTN211 tested for antibacterial activity was
made to capture the overall trends of the nanocompos-
ites’ performance and to provide a representative dem-
onstration of their potential as novel photocatalysts and
strong antibacterial agents. We believe that the results
obtained from this sample are indicative of the broader
behavior within the series and contribute significantly to
the understanding of the GTN nanocomposites’ antibac-
terial properties.

Bacterial cells were cultivated in nutrient broth
medium, consisting of 13 g of nutrient broth dissolved in
1 L of DI water and sterilized at a temperature of 121 °C.
The bacteria were grown in the nutrient broth medium
(NBM) while shaking at a speed of 150 rpm for a dura-
tion of 18 h at a temperature of 37 °C. Bacterial growth
was then controlled to achieve a standard turbidity at a
wavelength of 630 nm, corresponding to a concentration
of 1.5x 108 CFU mL™". The nanocomposite was prepared
at different concentrations (4, 2, 1, 0.8, 0.6, 0.4, 0.2, 0.1,
and 0.05 mg mL ™) in DI water and sterilized in an auto-
clave at a temperature of 121 °C for 20 min. The nano-
composite was then dispersed using an ultrasonic bath
operating at a frequency of 60 Hz for 30 min prior to the
experiments. A volume of 10 pL of each bacterial strain
was added to each well of the microtiter plate containing
100 pL of nutrient broth with varying concentrations of
the nanocomposite. Wells containing different concen-
trations of the nanocomposite suspensions in nutrient
broth without bacterial inoculum, wells containing bacte-
rial inoculum with nutrient broth without nanocompos-
ite, and wells containing only nutrient broth were used as
blank, positive, and negative controls, respectively.

The microplates were incubated at a temperature of 37
°C and after a duration of 18 h, the optical density was
measured at a wavelength of 600 nm using an ELIZA
microplate reader ELX800 (BioTeck, USA). The percent-
age of bacterial survival was calculated using Eq. (1):

T — (B+P) y

Bacteria survival (%) = 100 (1)
where B represents the blank well and T, N, and P repre-
sent the absorbance values for the test, negative control,
and positive control wells, respectively.

The minimum bactericidal concentration (MBC) is the
lowest concentration of the antibacterial agent that can
kill bacteria and prevent any further bacterial growth on
nutrient agar plates [18]. To prepare the nutrient agar
medium (37 g L7!), 20 mL of sterilized medium was
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added to petri dishes and allowed to solidify. The MBC
value was determined by subculturing 10 pL of each sam-
ple onto nutrient agar plates and incubating them for 18
h at 37 °C. After incubation, the plates were examined for
bacterial growth, and the MBC was recorded as the low-
est concentration of the nanocomposite that showed no
bacterial growth. This method allowed us to determine
the efficacy of the nanocomposites in inhibiting bacte-
rial growth and provided valuable information on their
potential as antibacterial agents.

2.8 Instruments

The phase purity of the synthesized nanocomposites was
analyzed using an X-ray diffraction (XRD) instrument
(D8 Advance Bruker YT model, CuKa radiation). The
crystallite size of NPs was calculated using the Debye—
Scherrer formula, which is defined as follows:

ki
" Bcos6 (2)

where D is the crystallite size, k is the shape factor, A is
the X-ray wavelength, B is the line broadening at half
maximum intensity in radians and 0 is the Bragg angle.

The atomic force microscopy (AFM) was performed
using a Full 0101-Ara Research Company model. We
utilized the TESCAN-XMU instrument equipped with
the Quantax 200 EDX detector from Bruker to acquire
field emission scanning electron microscopy (FE-SEM)
images and perform elemental mapping of the samples.
Transmission electron microscopy (TEM) images were
obtained using a Leo 912AB system. UV-Vis spectros-
copy data were recorded using a UVD2950 system. The
band gap (E,) values of the nanocomposites were calcu-
lated using the following equation [19]:

Fig.2 AFM image of prepared GO sheets

1.022

Thickness of sheets (nm)

-2.073
0 Length of GO (um)

Page 5 of 16

1240
Eg=—— (3)

where X represents the wavelength and E, is the band gap
in eV. The value 1240 is a conversion factor that allows
the units of wavelength (nm) to be canceled out, result-
ing in a final value for Eg in eV. This conversion factor is
derived from the relationship between energy (E), wave-
length, and Planck’s constant (h) in the equation E=hc/,
where c is the speed of light. By expressing h in eV s and
the speed of light in nm s~L the value of hc becomes
1240 eV nm, allowing the units of wavelength (nm) to be
canceled out when calculating E,. The magnetic proper-
ties of the synthesized nanocomposites were investigated
at ambient temperature using a vibrating sample mag-
netometer (VSM, Lake Shore Cryotronics 7407 model).
Fourier transform infrared spectroscopy (FTIR) data
were obtained using an AVATAR-370 Thermonicolet
FTIR spectrometer. The pH of the solution was measured
using a pH meter (Model 86,502, AZ).

3 Results and discussion

3.1 Characterization of prepared nanomaterials

AFM is a powerful tool for studying the surface morphol-
ogy and topography of nanomaterials. Figure 2 shows
the AFM image of two-dimensional structure of GO.
The thickness of the GO sheets can be determined from
the height measurements in the AFM images, which are
typically on the order of nanometers. In this case, the
thickness of the GO sheets is approximately 1.5 to 3.0
nm, indicating that they are composed of a few atomic
layers and are thin-layered. The AFM image also reveals
the surface roughness and defects of the GO sheets. The
surface roughness arises from the presence of the oxygen
functional groups, which introduce height variations on

oY
-

4.281
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the basal plane of graphene. The defects, such as wrin-
Kkles, folds, and tears, are common in thin-layered mate-
rials due to their high flexibility and susceptibility to
mechanical stress.

XRD is a widely used technique for studying the crys-
tal structure and phase composition of materials. The
XRD patterns for TiO,, NiFe,O,, and GO are presented
in Fig. 3a—c, respectively, respectively. Using Eq. (2), the
crystallite size was calculated for the (101) plane of the
TiO, and the (311) plane of NiFe,O, NPs which was 25
and 13 nm, respectively. The TiO, sample showed XRD
peaks at 20=25.3, 37.8, 48.1, 54.1, 62.4, 68.7, 70.6, and
74.9°. These peaks correspond to the (101), (004), (200),
(105), (204), (116), (220), and (215) planes of anatase
TiO, (JCPDS-No.21-1272) with a tetragonal crys-
tal system and preferred orientation along (101) plane
[15]. The XRD pattern of NiFe,O, exhibited peaks at 20
of 18.4, 30.3, 35.6, 43.3, 53.7, 57.4, 63.0, 71.5, and 74.8".
These peaks correspond to the (111), (220), (311), (400),
(422), (511), (440), (620), and (533) planes of spinel phase
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NiFe,O, with a cubic crystal system and space group
Fd-3m (JCPDS Card No0.10-0325). The preferred orien-
tation for this sample is the (311) plane [20, 21]. For GO,
only a single XRD peak was observed at 20=11° corre-
sponding to its (001) plane oxide [15]. Using Eq. (2), the
crystallite size for TiO, and NiFe,O, was calculated to
be 25 and 13 nm, respectively. Figure 3d shows the XRD
pattern of the prepared nanocomposites, which provides
important information on the structural properties of the
materials. The XRD pattern reveals the presence of dif-
fraction peaks for both TiO, and NiFe,O, NPs, which
confirms their crystalline structure in the nanocompos-
ites. Furthermore, the XRD pattern also indicates that
TiO, and NiFe,O, NPs have been successfully loaded
onto the surface of rGO nanosheets. This is evident from
the appearance of diffraction peaks that correspond
to both the NPs and the rGO nanosheets. The diffrac-
tion peaks for the rGO nanosheets are broad and weak,
which is typical of amorphous carbon materials. The suc-
cessful loading of TiO, and NiFe,O, NPs onto the rGO
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Fig. 3 The XRD patterns of (a) TiO, (b) NiFe,O, (c) GO and (d) nanocomposites
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nanosheets is important for enhancing their properties
and potential applications. The rGO nanosheets pro-
vide a high surface area and good electrical conductivity,
which can improve the performance of the nanocompos-
ites in various applications such as photocatalysis, energy
storage, and sensing.

TEM is a powerful technique for studying the mor-
phology and structure of nanomaterials. In Fig. 4, the
TEM images of GO sheets, TiO,, and NiFe,O, provide
valuable insights into the morphology and structure of
the individual components of the prepared nanocom-
posites. The TEM micrograph of GO (Fig. 4a) shows the
wrinkled and folded nature of the GO sheets, which is
consistent with the AFM images in Fig. 2. The wrinkles
and folds arise from the presence of oxygen functional
groups on the basal plane of graphene, which introduce
height variations and distortions in the planar structure.
The TEM images of the TiO, (Fig. 4b) reveal the pres-
ence of tetragonal cubic nanocrystals, which is consistent
with the XRD results in Fig. 3d. The size of the TiO, NPs
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Fig.4 The TEM images of (a) GO, (b) TiO,, and (c) NiFe,0,
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is larger than the NiFe,O, NPs, which is also consistent
with the XRD results. The larger size of the TiO, NPs can
be attributed to the higher crystallinity and growth rate
of the tetragonal anatase phase. As seen in Fig. 4c, the
TEM image of NiFe,O, NPs shows that the particles have
an almost cubic shape, which is consistent with the crys-
tal structure of NiFe,O,. The particles appear to be well-
defined and uniform in size, indicating a good dispersion
on the surface of rGO nanosheets.

Figure 5a presents the UV-Vis absorption spectra of
various nanocomposites and GO. GO exhibits a distinct
peak at 230 nm, which is attributed to the m—m" transi-
tion of C=C bonds, as well as a shoulder at 300 nm that
corresponds to the -1t transition of C=0 bonds [22]. A
notable blue shift in the absorption edge is observed for
the samples in comparison to GO, indicating an increase
in visible light harvesting by the nanocomposites [23].
This suggests that the nanocomposites are active pho-
tocatalysts under visible light. Further analysis of Fig. 5a
reveals that the absorption edges of GTN111, GTN211,
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GTN311, GTN411, and GO are 475, 469, 442, 431, and
319 nm, respectively. The calculated band gap values for
GTNI111, GTN211, GTN311, GTN411, and GO accord-
ing to Eq. (3) are 2.61, 2.64, 2.81, 2.88, and 3.89 eV,
respectively. This indicates that GTN111 and GTN211
have the lowest band gaps and are thus capable of har-
vesting more visible light compared to the other samples.

The FTIR spectrum for the GTN is presented in Fig. 5b,
which displays several characteristic bands. The Fe—O
stretching vibration at wavenumber of 605 cm™ is one
of the most prominent bands in the FTIR spectrum of
the GTN nanocomposite [24, 25]. The metal-oxygen
bond is formed by the electrostatic attraction between
the positively charged metal cation and the negatively
charged oxygen atoms. The band observed at 1378 cm™*
corresponds to the -CH, group [26], which is a charac-
teristic vibration of organic compounds containing a
methylene (-CH,) group. This band can be used to iden-
tify and characterize the presence of organic compounds
in the samples. The -CH, group is a common functional
group found in a wide range of organic compounds, such
as alkanes, alkenes, and alkynes. The presence of the
-CH, peak in the FTIR spectrum of the sample suggests
the presence of organic compounds in these materials.
Another prominent band observed in the FTIR spectrum
is the broad band at approximately 3435 cm™, which is
associated with the stretching vibration of the hydroxyl
(-OH) functional group present in water [26]. The pres-
ence of this band indicates that water molecules are pre-
sent in the samples. Water is a ubiquitous molecule that
can be present in a wide range of materials and envi-
ronments. In the case of the GTN nanocomposites, the
presence of water molecules could be due to the syn-
thetic process or could be absorbed from the surround-
ing environment during storage or handling. The C-OH
and C=C stretching modes are assigned to the bands at
1225 and 1567 cm™), respectively [27-29]. The presence
of these bands suggests that the samples may contain
organic compounds or functionalized carbon materials,
such as rGO. The C=C stretching mode, on the other
hand, is a characteristic feature of aromatic compounds
containing a carbon—carbon double bond. The presence
of the C=C band indicates that the samples may contain
aromatic compounds or functionalized carbon materials,
such as GO or rGO.

Figure 6 depicts SEM images of the synthesized nano-
composites at two different magnifications, revealing dif-
ferences in their surface morphology and particle size.
The SEM images show that the GTN111 and GTN211
have smoother, more regular, and uniform surfaces than
the other nanocomposites, with particles arranged in
an orderly manner and of similar sizes. However, the
GTN211 has smaller and more uniform particles than
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the GTN111, as indicated by the scale in the image. In
contrast, the GTN311 has a more regular and uniform
surface compared to the GTN411 sample. However, the
GTN411 sample has a rougher surface with particles of
varying sizes, likely due to the presence of impurities or
agglomeration during synthesis. It is worth noting that
the size and morphology of the particles can significantly
influence the properties and performance of the nano-
composites in various applications. For instance, smaller
and more uniform particles can provide a larger surface
area and better dispersion, leading to improved catalytic
activity, sensing, and energy storage. All nanocomposites
demonstrate that the surface of GO is completely covered
with titanium dioxide and nickel ferrite NPs. Also, Fig. 6
shows the elemental mappings of the synthesized nano-
composites, which provide a visual representation of the
spatial distribution and relative abundance of different
elements. The mappings reveal a heterogeneous structure
with different regions enriched in various elements. To
investigate the elemental composition and distribution
in detail, we employed EDX spectroscopy and elemental
mapping. Figure 7 displays the EDX spectra of the nano-
composites, exhibiting characteristic peaks correspond-
ing to different elements. We summarized the W% (The
weight percentage and A% (The atomic percentage)) of
each element in each sample in Table 1. The results of
the elemental analysis indicate that as the mass ratio of
rGO to TiO, and NiFe,O, increases from GTNI111 to
GTN411, there is a corresponding increase in the weight
and atomic percentages of carbon and a decrease in the
weight and atomic percentages of Ti, Fe, and Ni. Moreo-
ver, the elemental analysis shows that the nanocompos-
ites have relatively low Fe and Ni contents, suggesting
that most of the metal NPs are encapsulated by carbona-
ceous materials.

It is worth mentioning that to calculate the weight per-
centage of an element in a sample, we divided the mass of
that element by the total mass of the sample. In the case
of the GTN111, GTN311, and GTN411, the total mass of
each sample is determined by the sum of the masses of
rGO, TiO,, and NiFe,O,. While the mass of rGO varies
among these samples, with GTN111 having the lowest
mass and GTN411 having the highest mass, the masses
of TiO, and NiFe,O, are constant between all three sam-
ples. As a result, the total mass of each sample increases
as the mass of rGO increases from GTN111, GTN311,
and to GTN411. However, changes in the total mass of
a sample can affect the weight percentage of each ele-
ment, even if the mass of that element remains constant.
For instance, as the total mass of a sample increases
due to an increase in the mass of rGO, the weight per-
centages of other elements such as carbon and oxy-
gen can change even if their masses remain constant.
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Fig. 6 FE-SEM images and the corresponding elemental mappings of synthesized nanocomposites

In the case of carbon, the weight percentage may only
increase slightly in GTN411 compared to GTN311, even
though the concentration of rGO is different by one-fold
between these two samples. This is because the increase
in total mass of GTN411 due to its higher rGO content
can result in a smaller increase in its weight percentage
of carbon compared to what would be expected based on
its higher carbon content alone. Similarly, in the case of
oxygen its weight percentage may be lower in GTN411
compared to GTN111, even though its rGO content has
been quadrupled. This is because the increase in total
mass of GTN411 due to its higher rGO content can result

in a decrease in its weight percentage of oxygen if its oxy-
gen content remains constant. Additionally, other factors
such as variations in sample preparation or measurement
error could contribute to differences in weight percent-
ages between these samples.

Figure 8 represents the hysteresis curves of all sam-
ples at room temperature. Table 2 shows the magnetic
properties of the synthesized nanocomposites, includ-
ing the saturation magnetization (M), coercivity (H,),
and remanence magnetization (M,). The M value indi-
cates the maximum induced magnetic moment that
can be obtained in a magnetic field, beyond this field
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Fig. 7 The EDX spectra of nanocomposites
Table 1 EDX analysis results of nanocomposites
Sample Element
C (0] Ti Fe Ni
0 0 0 0 0 0 0 0, () 0
W (%) A (%) W (%) A (%) W (%) A (%) W (%) A (%) W (%) A (%)
GTNT11 25.7 38.5 457 514 17.8 6.7 7.3 23 3.6 1.1
GTN211 4.7 553 38.5 384 132 44 53 15 14 04
GTN311 471 586 40.5 40.5 8.1 2.5 27 0.7 15 04
GTN411 510 61.0 409 36.78 34 1.0 29 0.8 1.7 04

no further increase in magnetization occurs. The H,
value represents the intensity of the applied magnetic
field required to reduce the magnetization of the mate-
rial to zero after the magnetization of the sample has
been driven to saturation. The M, value indicates the
magnetization left behind in a ferromagnetic material
after an external magnetic field is removed. All these
data can be extracted from Fig. 8. The NiFe,O, has the
highest M, value of 53 emu g~!, indicating that it has
the strongest magnetization among all samples. The
GTN111 has the second highest M, value of 19 emu
g~ !, followed by the GTN211, GTN311, and GTN411
with 17, 13, and 11 emu g™}, respectively. Interestingly,
the addition of GO and TiO, reduces the magnetization
of the nanocomposites. The H, values of the samples
range from 1.6 to 3.2 Oe, with the GTN211 having the

highest H, value and the NiFe,O, having the lowest H,
value. This implies that the GTN211 is the most resist-
ant to demagnetization, while the NiFe,O, is the least
resistant. The M, values of the samples range from 0.14
to 0.34 emu g}, with the GTN211 having the highest
M, value and the NiFe,O, having the lowest M, value.
This indicates that the GTN211 retains the most mag-
netization after removing an external magnetic field,
while the NiFe,O, retains the least. Based on Table 2,
it can be concluded that the GTN211 has the best over-
all magnetic performance among all samples, with high
M,, H,, and M, values. In contrast, the NiFe,O, has the
worst magnetic performance, despite having the high-
est M, value. Other nanocomposites show intermediate
magnetic properties, demonstrating the influence of the
composition and structure on the magnetic behavior.
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Fig. 8 The hysteresis curve of the pure Nife,O, and nanocomposites

3.2 Photodegradation of MB

Table 2 Saturation magnetization (M), Coercivity (H), and
magnetic remanence (M, of samples

The photocatalytic performance of different photocata-
lysts for degrading MB under UV and visible lights irra-

Sample M, (emug™) H_(Oe) M, (emug™) R > .

P ® g ¢ ' g diation for 105 min was evaluated by the ratio of C/C,
NiFe,O, 53 16 0.14 (where C,, and C are the initial and the time-dependent
GTN111 19 29 033 dye concentrations, respectively) and presented in Fig. 9a
GTN211 17 32 034 and b, respectively. Prior to irradiation, the MB solution
GTN311 13 2.1 028 containing the photocatalysts was kept in the dark for
GTN411 11 27 0.30 30 min to reach the adsorption—desorption equilibrium.

Darkness Darkness
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Fig. 9 The photocatalytic activity of prepared photocatalysts against MB dye (a) under UV light and (b) under visible light irradiation. Experiments
used 5 mg photocatalyst in 50 mL DI water with 20 ppm MB, stirred in dark for 30 min before 105 min light exposure
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During this period, the adsorption process was com-
pleted. Upon exposure to UV and visible lights, the dye
degradation was initiated. As depicted in Fig. 9, the
nanocomposites exhibit superior photocatalytic activ-
ity compared to other photocatalysts. The most efficient
degradation of MB under both UV and visible lights is
achieved by GTN211 (about 95 and 89% under UV and
visible lights for 15 min, respectively). The results show
that GTN211 is a superior photocatalyst for degrading
MB dye under both UV and visible lights, compared to
other materials such as Cog5Zng5Nij,5Fe,0,-TiO,,
Coy5Zn)4sMny ,:Fe,0,-TiO, [30] and ZnO/TiO,/
rGO [31]. GTN211 nanocomposite can achieve a
high dye degradation efficiency (95 and 89% under
UV and visible lights, respectively) in a short time (15
min), while the other materials require longer irra-
diation time (80 min for Cog5ZngsNij45Fe,0,-TiO,,
Cog5Zng95sMny »5Fe,0,-TiO,) or have lower dye degrada-
tion efficiency (43 and 41% for ZnO/TiO,/rGO at pH 9
and 7, respectively) under the same conditions. The supe-
rior photocatalytic performance of GTN211 nanocom-
posite can be attributed to the presence of rGO, which
can enhance the visible light harvesting, reduce the e /h™
recombination, and improve the adsorption of dye mol-
ecules on the surface of the photocatalyst, as well as TiO,
and NiFe,O, NPs, which can generate ROS under light
irradiation and oxidize the dye molecules. In addition,
GTN211 nanocomposite can achieve higher dye degra-
dation efficiency than ZnO/TiO,/rGO nanocomposite at
different pH values, which indicate that GTN211 nano-
composite is more versatile and adaptable than ZnO/
TiO,/rGO nanocomposite for different water conditions.
In general, the following reasons cause this increase in
MB degradation in GTN nanocomposites:

(1) The harvesting visible light for all nanocomposites
is better than that of other prepared photocatalysts
prepared in this work.

(2) The m- 1 interaction between the conjugated struc-
ture of rGO and benzene rings of MB improves the
dye adsorption further on the surface of the nano-
composites.

(3) Due to embedding of TiO, NPs on the surface of
rGO, e /h* recombination decreases [15, 32].

The photocatalytic degradation of MB by TiO, NPs
and all nanocomposites under visible light obeyed the
pseudo-first-order kinetics [32, 33], as represented by
Eq. (4).

—In(C/CO) = kt (4)

where k is the pseudo-first-order kinetic constant (min™').
The pseudo-first-order kinetic model for degradation of
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Table 3 The pseudo-first-order kinetic constant of photocatalysts
for the degradation of MB (0.1 mg mL™" of photocatalyst, 20 ppm
of MB, 50 mW cm~2 intensity of light, 25°C)

Sample k, (min~")

UV light R? Visible light R?
TiO, 0.031 0.97 0 —
GTN111 0.053 0.96 0.0365 0.95
GTN211 0.050 0.98 0.0621 0.98
GTN311 0.052 0.99 0.0593 0.97
GTN411 0.057 0.99 0.0441 0.96

MB dye by prepared photocatalysts under both UV and
visible light irradiation is shown in Table 3. The table
presents the results of experiments using a pseudo-first-
order kinetic model, with 0.1 mg mL™! of photocata-
lyst, 20 ppm of MB, 50 mW cm™ intensity of light, and
at 25°C. The results demonstrate the effectiveness of
the photocatalysts in degrading MB dye under both UV
and visible light irradiation. Also, Table 3 presents the
results of the degradation of MB using different photo-
catalysts. The highest the pseudo-first-order kinetic con-
stant, k;, value under UV light irradiation is observed for
the GTN411, with a value of 0.06 min~?, indicating that
GTN411 is the most efficient photocatalyst for MB deg-
radation under UV light compared to all other samples.
On the other hand, the highest k1 value under visible
light irradiation is observed for the GTN211 sample, with
a value of 0.06 min~, indicating that GTN211 is the most
efficient photocatalyst for MB degradation under visible
light among all samples tested. In general, GTN411 is a
good overall choice for photocatalytic degradation of MB
as it exhibits high performance under both UV and vis-
ible light. It has the highest k; value under UV light and
a relatively high k; value under visible light, indicating its
efficiency in degrading MB under both types of irradia-
tions. However, if the performance under visible light is
more important, then GTN211 would be a better choice
due to its highest k; value under visible light irradiation.
The cycling photocatalytic performance of the
GTN211 sample was evaluated under both UV and vis-
ible light irradiation. To evaluate the cycling photocata-
lytic performance of the GTN211, tests were conducted
under both UV and visible light irradiation, with three
repetitions for accuracy and consistency. To reuse the
photocatalyst, it was washed with DI water and dried
in an oven. Then, the next experiment was performed.
Figure 10 shows the cycling photocatalytic performance
of GTN211 under both UV and visible light irradiation.
The figure presents the results of experiments, demon-
strating the stability and effectiveness of GTN211 as a
photocatalyst under repeated cycles of irradiation. The
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Fig. 10 The cycling photocatalytic performance of GTN211 under (a) UV and (b) visible light irradiation, respectively

Table 4 The cycling photocatalytic performance and standard
deviation (SD) of GTN211 under UV and visible light irradiation

UV light Visible light

Number Dye SD  Number Dye sD
of cycles  degradation of cycles  degradation

(%) (%)

1 95 19 1 89 1.8
2 94 19 2 88 18
3 93 19 3 87 1.7
4 93 19 4 86 1.7
5 93 19 5 85 1.7
6 92 1.8 6 85 1.7
7 91 1.8 7 84 1.7
8 91 1.8 8 83 1.7
9 90 1.8 9 83 1.7
10 89 1.8 10 82 16

results are presented in Table 4, which shows that the
sample achieved a higher dye degradation percentage
under UV light compared to visible light for all cycles.
In the first cycle, the dye degradation percentage was
95% under UV light and 89% under visible light. These
values decreased to 89% and 82%, respectively, by the
10" cycle. The dye degradation percentage gradually
decreased over the course of 10 cycles for both UV
and visible light, with a slightly higher rate of decrease
observed under visible light. The standard devia-
tion values also decreased gradually over the number
of cycles, from 1.9 to 1.8 for UV light and from 1.8 to
1.6 for visible light, indicating increased consistency
in the results. Based on the results, it can be inferred
that the GTN211 exhibits more effective photocatalytic
activity under UV light than visible light. Although the
dye degradation percentage decreased gradually over

the course of cycles, this decline was more prominent
under visible light.

The photodegradation mechanism of MB by GTN211
under visible light was investigated using various scav-
engers with the same concentration of 3 mM. The scav-
engers were p-benzoquinone for superoxide radical ion,
AgNO; and K,S,0q4 for electrons, NaNj; for singlet oxy-
gen, DMSO for "OHy, tert-butanol for free OH radical,
Nal for *OH, 4, and EDTA for holes [15, 34, 35]. The pres-
ence of the suitable scavenger would slow down or inhibit
the photodegradation of MB by the photocatalyst if the
corresponding reactive species was involved in the reac-
tion [15, 36].

The experimental results, presented in Fig. 11 and
obtained from three repetitions, indicate that MB is a
photostable dye and did not undergo any degradation
under light irradiation in the absence of the photocata-
lyst. However, in the presence of GTN211 and in the
absence of any scavenger, the highest percentage of dye
degradation was observed, with a 98% degradation of
the dye after 60 min. The addition of AgNO,, K,S,0;,
p-benzoquinone, and sodium azide did not significantly
affect the photodegradation process, as the dye degrada-
tion percentages after 60 min were 95, 96, 95, and 90%,
respectively. This suggests that electrons, superoxide
radicals, or singlet molecular oxygen are not the primary
active species in MB photodegradation. In contrast, the
addition of EDTA significantly reduced the degradation
efficiency of MB by GTN211, with a dye degradation
percentage of only 23% after 60 min. This finding sug-
gests that holes are the main active species throughout
the photocatalytic degradation process and that EDTA is
the strongest scavenger among those tested. Moreover,
the addition of Nal, tert-butanol, and DMSO decreased
the efficiency of photocatalytic degradation, with dye
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Fig. 11 Influence of several radical scavengers (AgNO;, K,S,04, PBQ, NaN;, DMSO, t-BuoH, Nal and EDTA) on the photodegradation of MB
by GTN211 under visible light irradiation. The concentration of MB was maintained at 20 ppm

degradation percentages after 60 min of 40, 53, and 57%,
respectively. This indicates that free and ‘OHy play a
supporting role in the process and that these scavengers
had a moderate effect on the photodegradation efficiency.
Hence, the results suggest that holes are the strongest
oxidant species in MB photodegradation by GTN211
under visible light irradiation.

3.3 Antibacterial activity

The antibacterial properties of GTN211 nanocompos-
ite were tested against E. coli and S. aureus bacteria,
based on its effective photocatalytic capability. GTN211
showed a good antimicrobial activity, with the same MIC
value of 1 mg mL™" for both bacteria. The MBC values
were 0.8 and 1 mg mL ™! for E. Coli and S. aureus, respec-
tively (Fig. 12). These results indicate that GTN211 has
a bactericidal effect on both Gram-negative and Gram-
positive bacteria, which could be attributed to the syner-
gistic effect of rGO, TiO,, and NiFe,O, NPs in generating
ROS and disrupting the bacterial membrane. In our pre-
vious work [16], we compared the antimicrobial activity
of the nanocomposites of GO with TiO, with different
mass ratios of TiO, and GO (2:1, 1:1, 1:2, and 1:4), named

as T2G1, T1G1, T1G2, and T1G4, respectively. We found
that T2G1 had the highest antibacterial properties among
nanocomposites, because the GO sheets in the sample
enhanced the surface area for bacterial inactivation. The
bacterial membranes were destroyed by the interaction
with T2G1. In this work, GTN with the mass ratio of
2:1:1 had similar properties to T2G1. GTN211 was more
effective against E. coli than S. aureus. The antibacterial
activity of GTN211 was comparable to that of rGO/TiO,/
PVA composite, which showed a similar bacteria removal
percentage of 78% against E. coli [37]. This implies that
the polymer matrix (PVA) did not affect the antibacte-
rial activity of rGO/TiO, NPs, but rather improved their
stability and dispersion. Some other studies have also
reported the antibacterial properties of rGO against E.
coli and S. aureus. For example, Mann et al. [38] inves-
tigated the antibacterial activity of RGO against E. coli
and found that RGO exhibited concentration-dependent
effects. At high concentrations (200 and 400 pg mL™),
RGO showed antibacterial activity, while at low concen-
trations (10 and 50 ug mL™!), RGO showed no antibacte-
rial effect but rather enhanced the bacterial growth. They
suggested that RGO might interact with the bacterial
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Fig. 12 MBC test of GTN211 nanocomposite for (a) E. coli and (b) S. aureus bacteria

cells and provide carbon source for their growth, as evi-
denced by X-ray photoelectron spectroscopy analysis.
Therefore, the antibacterial activity of GTN211 can be
further improved by modifying its structure or composi-
tion. For example, adding a shell layer of rGO or another
metal oxide could enhance its ROS generation and mem-
brane disruption ability, as demonstrated by NiFe,O,@
TiO,@rGO nanocomposite [39]. Alternatively, changing
the polymer matrix or the mass ratio of rGO, TiO,, and
NiFe,O, could affect its surface area, porosity, stability,
and interaction with bacteria, as shown by rGO/TiO,/
PVA and rGO/TiO,/PEG composites [37].

4 Conclusions

Using a simple hydrothermal method, we successfully syn-
thesized GTN nanocomposites with varying mass ratios
of rGO, TiO,, and NiFe,O,. The nanocomposites were
characterized using various techniques, and their photo-
catalytic and antibacterial properties were evaluated. Our
results showed that the GTN nanocomposites exhibited
superior properties compared to their pure components,
including enhanced visible light harvesting, reduced e”/h™
recombination, improved magnetic properties, high photo-
catalytic efficiency, and good antibacterial activity. Among
the nanocomposites, GTN211 exhibited the best perfor-
mance under both UV and visible light irradiation, achiev-
ing 95 and 89% degradation of MB in 15 min, respectively.
The photodegradation mechanism was dominated by holes
as the main active species. Additionally, the GTN211 nano-
composite demonstrated good antibacterial activity against
both E. coli and S. aureus bacteria, with a microbial inhi-
bition concentration of 1 mg mL™ and MBC of 0.8 and 1
mg mL~}, respectively. Overall, our findings suggest that

the GTN211 nanocomposite is a promising material for
environmental remediation and biomedical applications.
Future work will focus on optimizing the synthesis condi-
tions, exploring other applications, and investigating the
stability and toxicity of the nanocomposites.
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