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ht-driven catalysis for hydrogen
generation and dye remediation using synergistic
p-Co3O4/n-TiO2 nanocomposites

Sandhya S. Gadge,a Ratna Chauhan,b Dattatray J. Late, c Indra Jeet Chaudhary,b

Muthupandian Ashokkumar d and Suresh Gosavi *ade

In this study, p-Co3O4/n-TiO2 nanocomposites were synthesized using different ratios of cobalt and

titanium precursors through a hydrothermal method. These nanocomposites demonstrated notable

potential in photocatalytic applications for hydrogen production and orange-red dye degradation under

sunlight. Various techniques, including XRD, Raman spectroscopy, XPS, FESEM, TEM, and BET analysis,

were used to comprehensively characterize their structural, morphological, and optical properties. The

nanocomposites exhibited both cubic and tetragonal phases of Co3O4 and TiO2, and their combined

effect resulted in a narrowed band gap. Additionally, the presence of Co3O4 induced surface plasmon

resonance on the TiO2 surface, effectively impeding electron–hole recombination. The nanocomposites

displayed an average particle size of ∼20 to 30 nm with substantial visible light absorption. High

crystallinity and well-dispersed nanocomposites were confirmed by XRD and Raman, with BET surface

areas ranging between 49 and 106 m2 g−1. Notably, the p-Co3O4/n-TiO2 nanocomposite showed

superior photocatalytic activity, achieving a maximum hydrogen generation rate of 1120 mmol h−1 g−1

and an 83% degradation efficiency of the orange-red dye within 6 minutes under sunlight. This study

emphasizes the enhanced performance of the p-Co3O4/n-TiO2 nanocomposite, indicating its potential

in photocatalytic applications, conforming to a pseudo-first-order kinetics model.
1. Introduction

The escalating global energy demand driven by population
growth and rapid industrialization has precipitated severe
environmental issues. Efforts to secure sustainable energy
alternatives, particularly from renewable sources, are para-
mount to mitigate reliance on nite fossil fuels.1–10 Solar energy,
as a free and abundant resource, holds promise for hydrogen
production through water splitting and remediation of envi-
ronmental contaminants in wastewater treatment. Semi-
conductor nanomaterials, especially titanium dioxide (TiO2)
with a substantial band gap of 3.2 eV, have emerged as prom-
ising photocatalysts due to their low cost, efficient photo-
chemical stability, and non-toxic nature. However, the wide
band gap of TiO2 limits its efficiency under solar illumination,
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primarily utilizing a mere 4–5% of the solar spectrum consist-
ing of UV light. To enhance its utilization of solar energy,
various strategies have been explored, such as structural and
electronic modications involving doping, coupling with other
semiconductors, and introducing metal or non-metal ions and
metal oxides.11–15 These modications aim to extend the light
absorption efficiency of TiO2 to the visible spectrum. Conse-
quently, the development of visible light-driven catalysts is
a current research focus to improve water treatment efficiency.
The formation of TiO2 nanocomposites with other semi-
conductors has shown potential to enhance visible light
absorption and catalytic efficiency. Recent research efforts have
aimed at designing photocatalysts with intriguing properties
such as high surface area, uniform pore size distribution, and
large pore volumes that signicantly inuence the behavior of
photogenerated electrons and holes. Until now, a large number
of semiconductor materials have been introduced as fruitful
photocatalysts for elimination and mineralization of organic
dyes including CdO, SnO2, ZnO, CeO2, CuO, TiO2, Co3O4 and so
many.16–21

Semiconductor materials like Co3O4 and TiO2 nanoparticles
have garnered attention for their favorable photocatalytic
performance and sunlight harvesting capability. The narrow
band gap of Co3O4 (∼2.19 eV) and the broad band gap of TiO2

make them potential candidates for photocatalysis.22–26 Their
Nanoscale Adv., 2024, 6, 1661–1677 | 1661
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nanocomposite formation is anticipated to enhance photo-
catalytic activities, making them effective in degrading organic
dyes like orange-red (OR) dye. This study aims to explore the
efficiency of p-Co3O4/n-TiO2 nanocomposites as catalysts for OR
dye degradation and hydrogen generation, and their potential
in environmental remediation. The utilization of these nano-
composites offers promising prospects for developing efficient
photocatalysts for environmental cleanup.27–30

This study focuses on the synthesis, characterization and
investigation of the potential of p-Co3O4/n-TiO2 nano-
composites as efficient catalysts for solar-driven hydrogen
generation and the degradation of organic dyes, particularly
orange-red dye. The nanocomposites were synthesized using
a hydrothermal method with varying cobalt-titanium ratios (1 :
1, 1 : 2, and 2 : 1) to examine their catalytic performance for
different compositions. The research aims to ascertain the
inuence of varying ratios on the nanocomposites efficacy in
photocatalysis. By systematically exploring the synthesis and
characterization of p-Co3O4/n-TiO2 nanocomposites, this study
contributes to the development of advanced photocatalytic
materials capable of harnessing solar energy more effectively.
The ultimate goal is to pave the way for the creation of inno-
vative nanocomposite photocatalysts that can efficiently
address environmental challenges while promoting sustainable
energy production.
2. Materials and methods
2.1 Chemicals

The analytical grade reagents, CoCl2$6H2O, (TiC4H9O)4, anhy-
drous urea ($98%), ethanol (99.9% purity) and orange red
($97% purity) dye were procured from Sigma Aldrich. No
additional purication steps were employed, and all chemicals
were used as received. For the degradation experiments, all
stock solutions were prepared using deionized (DI) water.
Additionally, DI water served as the solvent for synthesizing the
p-Co3O4/n-TiO2 nanocomposite.
2.2 Synthesis of p-Co3O4/n-TiO2 nanocomposites

The synthesis of cobalt titanium oxide (p-Co3O4/n-TiO2) nano-
structures involved a hydrothermal method using cobalt(II)
chloride hexahydrate (CoCl2$6H2O), titanium butoxide
((TiC4H9O)4), and urea (0.1 M). This solution mixture was stir-
red continuously for 30 min. Then the solution was transferred
into a Teon-coated stainless-steel autoclave and placed in an
oven at 180 °C for 24 hours. Varying molar weight ratios of
CoCl2$6H2O and (TiC4H9O)4 produced three distinct products,
denoted as CT-11, CT-12, and CT-21, corresponding to ratios of
1 : 1, 1 : 2, and 2 : 1, respectively. Purication involved multiple
washings with distilled water and ethanol in a centrifuge
machine. The puried samples were dried at 80 °C and further
subjected to calcination at 500 °C for 3 hours in the presence of
air. This process yielded the materials p-Co3O4/n-TiO2 (1 : 1), p-
Co3O4/n-TiO2 (1 : 2), and p-Co3O4/n-TiO2 (2 : 1) labelled as CT-
11, CT-12, and CT-21. The synthesized materials were sub-
jected to comprehensive characterization utilizing various
1662 | Nanoscale Adv., 2024, 6, 1661–1677
analytical techniques to elucidate their structural, morpholog-
ical, and compositional properties. Subsequently, these mate-
rials are assessed for their photocatalytic performance,
specically in the realms of dye degradation and hydrogen
production, elucidating their potential in environmental
remediation and renewable energy applications.

2.3 Characterization

X-ray powder diffraction (XRD) was carried out with a Bruker
D8-Advance using Cu-Ka radiation (l = 1.54 Å) with a 2q range
of 10° to 80° at 40 kV and 40 mA to elucidate the structural
information, while UV-DRS spectroscopy was performed with
a JASCO V-770 UV-vis spectrophotometer to determine band
gaps. Fourier-transform infrared spectroscopy (FTIR) was per-
formed using a JASCO FTIR-6100 to analyze the molecular
composition. Morphologies were examined via eld emission
scanning electron microscopy (FESEM) at 10 kV and energy
dispersive X-ray (EDX) analysis was performed using a NOVA
FESEM, NPE303 to identify the elemental composition. X-ray
photoelectron spectroscopy (XPS) was performed with
a PHI5000Versa Probe III instrument using monochromatized
Mg Ka radiation to investigate surface elements. High-
resolution transmission electron microscopy (HR-TEM) was
performed at 300 kV to obtain ne structural details (Philips G-
Technai instrument) and BET surface area analysis was per-
formed using an Autosorb iQ (Quantachrome Inc., USA) to
determine the surface area of materials. These techniques
collectively offered insights into the structural, morphological,
compositional, and surface properties of the materials.

2.4 Photocatalytic degradation of OR dye

Under natural sunlight conditions, the photocatalytic degra-
dation of an organic dye (OR dye) was systematically conducted
using three distinct catalysts: CT-11, CT-12, and CT-21 nano-
composites. The experimental protocol involved introducing CT
nanocomposites into the OR dye solution (25 ppm). Each
reaction consisted of dispersing 25 mg of the CT nano-
composite in 100 mL of the OR dye solution, with solar radia-
tion exposure at an approximate intensity of 650 Watt per m2

while carefully maintaining the temperature at 30 ± 2 °C.
Intermittently, 2 mL aliquots of the reaction mixture were
withdrawn during sunlight exposure and subjected to centri-
fugation at 13 000 rpm for 20minutes facilitating the separation
of the dye from the photocatalyst. Absorbance spectra of the
resulting supernatant samples were recorded using a UV-vis
system for detailed analysis. Comparative assessment revealed
differing efficiencies in photodegradation among the three CT
nanocomposites, with the observed trend of performance
ranking as CT-12 > CT-11 > CT-21. Notably, the CT-12 nano-
composite exhibited superior photocatalytic efficacy in
degrading the OR dye under natural sunlight conditions.

2.5 Photocatalytic hydrogen generation by water splitting

In the evaluation of hydrogen (H2) generation through water
(H2O) splitting, three distinct photocatalysts, labelled as CT-11,
CT-12, and CT-21 in their original synthesized forms, were
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystallite size and band gap energy of CT-11, CT-12 and CT-
21

S. no. CT samples
Average crystallite
size; D (nm)

Band gap
(eV)

Surface area
(m2 g−1)

1. 1 : 2 20 � 0.027 2.13 106
2. 1 : 1 24 � 0.027 2.30 74
3. 2 : 1 33 � 0.027 2.56 49
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employed. The assessment was conducted in a sealed reactor
setup using solar illumination. The reactor comprised a 100 mL
cylindrical quartz vessel with a septum design allowing gas
retrieval using a gas-tight syringe for precise gas quantication.
A typical experiment involved a 30 mL solution composed of
25mL deionized water with 0.5 wt% preloaded platinum as a co-
catalyst and 5 mL methanol as a sacricial reagent, with 20 mg
of CT catalyst powder suspended in it. Prior to irradiation,
dissolved gases were removed by purging nitrogen gas through
the mixture. Continuous magnetic stirring maintained particle
suspension during the experiment. Periodically, 0.5 mL gas
samples were collected via the septum for hydrogen quanti-
cation using a Shimadzu Model GC 2014 gas chromatograph
equipped with a molecular sieve column, referencing a stan-
dard curve for accurate determination. To assess the sustained
performance, the most active catalyst underwent three consec-
utive photocatalytic cycles under identical conditions, offering
insights into its long-term stability and durability.
3. Results and discussion
3.1 X-ray diffraction analysis

Fig. 1 illustrates the X-ray diffraction (XRD) patterns of CT-11,
CT-12, and CT-21 photocatalyst nanocomposites, affirming
their composite nature involving Co3O4 and TiO2. Structural
analyses via XRD unveiled specic 2q peaks at 31.30°, 36.84°,
44.82°, 59.30°, and 65.10°, corresponding to (hkl) crystallo-
graphic planes (220), (311), (400), (511), and (440), respectively.
These peaks signify the presence of the cubic phase of Co3O4

(indexed to JCPDS no 43-1003). Moreover, additional 2q peaks at
25.2, 37.82, 47.90, 54.54, and 62.80 degrees, distinct from the
cubic Co3O4 phase, were observed, aligning with (hkl) planes
(101), (004), (200), (105), and (204), conrming the existence of
the tetragonal phase of TiO2 (associated with space group I41/
amd and JCPDS no 21-1272), indicating the growth of TiO2 in the
anatase phase. Broadened XRD peaks suggest nanoscale crys-
tallite dimensions, indicating a pure phase without unwanted
peaks. Utilizing the Scherrer equation and XRD data, the
Fig. 1 XRD patterns of CT-11, CT-12 and CT-21.

© 2024 The Author(s). Published by the Royal Society of Chemistry
calculated crystallite size ranged between 20 and 30 nanometres,
as outlined in Table 1. The tabulated data reect a reduction in
the crystallite size concurrent with increased cobalt and titanium
content, highlighting an inverse correlation between the crys-
tallite size and the concentrations of these elements.

3.2 FTIR analysis

Fig. 2 depicts the Fourier-transform infrared (FTIR) spectra of CT-
11, CT-12, and CT-21 nanocomposites. The foremost peak
observed at 3409 cm−1 corresponds to the stretching vibration of
the hydroxyl group (O–H) linked to TiO2 nanoparticles. Following
this, the band at 1632 cm−1 signies the bending modes of water
molecules (O–H) adsorbed onto the surface, notably emphasizing
the presence of hydroxyl groups on the anatase surface, particu-
larly in lower temperature preparations, highlighting their
signicance in the photocatalytic degradation process.31 Addi-
tionally, the prominent peak at 1383 cm−1 is related to Ti–O
modes, reecting titanium–oxygen bonding.32–34 The existence of
Co–O bonds in Co3O4 is evident through stretching and bending
mode vibrations at 417 cm−1, along with weak absorptions at
660 cm−1 indicating the formation of Co3O4.35,36 These distinct
absorption peaks in the FTIR spectra of the CT nanocomposites
validate the presence of the specic nanoparticles, affirming the
successful synthesis of the composite materials.

3.3 UV-DRS analysis

The optical characteristics of CT nanocomposites were studied
using diffuse reectance UV-visible absorption spectroscopy
spanning 200–800 nm. The absorption spectra depicted in Fig. 3
Fig. 2 FTIR spectra of CT-11, CT-12 and CT-21.

Nanoscale Adv., 2024, 6, 1661–1677 | 1663
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Fig. 4 Raman spectra of CT-11, CT-12 and CT-21.
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exhibited strong light absorption characteristics for all three
materials. The analysis of these spectra revealed that the CT
nanocomposites effectively absorb both visible and UV light,
leading to a redshi in the absorption edge, which is indicative
of longer wavelengths being absorbed. This redshi enhances
the photocatalytic efficiency of the materials.37 To determine the
optical band gaps, the Tauc plots [(ahn)2 vs. (hn)] were employed,
using the Kubelka–Munk (KM) method, as represented in
eqn (1):

a(hn) = A(hn − Eg)
n (1)

In this equation, a represents the absorption coefficient, hn is
the photon energy, A is a proportionality constant, Eg is the
material's optical band gap, and n characterizes the type of
electronic transition (direct or indirect). The resultant optical
band gap values for CT-11, CT-12, and CT-21 were determined to
be 2.30 eV, 2.13 eV, and 2.56 eV, respectively, as summarized in
Table 1. Notably, these values reect a substantial reduction in
the band gap in comparison to the pure constituent materials
like Co3O4 and TiO2. This reduction arises from additional sub-
bandgap energy levels induced by abundant surface and inter-
face defects within the CT nanocomposite nanoparticle struc-
ture.38 This reduced band gap is of signicance as it enables the
activation of the photocatalytic degradation process under visible
and even sunlight irradiation, offering a more cost-effective and
safer alternative to UV irradiation across diverse applications.
3.4 Raman analysis

The Raman spectra of CT nanocomposites are shown in Fig. 5 to
further support crystalline nature in addition to the vibrational
modes of the atomic arrangement. Both Co3O4 and TiO2

components displayed distinct vibrational modes in their
respective Raman spectra due to the coexistence of mixed
phases. In the Raman spectrum displayed in Fig. 4, ve active
Raman modes characteristic of cobalt oxides were observed at
188, 476, 518, 607, and 685 cm−1, consistent with previously
reported data.39 Furthermore, the Raman spectra revealed
distinct bands at 144 cm−1 (Eg) and 393 cm−1 (B1g), corre-
sponding to the O–Ti–O bending mode, as well as a band at
517 cm−1 (A1g + B1g) for the Ti–O stretching mode, and a band at
Fig. 3 UV-visible spectra of CT-11, CT-12 and CT-21; Tauc plot of CT-
11, CT-12 and CT-21 (inset).

1664 | Nanoscale Adv., 2024, 6, 1661–1677
639 cm−1 (Eg) for another Ti–O stretching mode, all of which are
indicative of the typical features of TiO2 anatase.40,41
3.5 BET surface area analysis

The surface areas and BET surface area graph of all three CT
nanocomposites are detailed in Table 1 and Fig. 5 respectively.
The CT-12 nanocomposites exhibited a signicantly larger
surface area in comparison to the other variants. This charac-
teristic of CT-12 provides an abundance of active sites, which
play a crucial role in facilitating the interaction between the
photocatalyst and dye molecules, thereby promoting their
degradation.22 The substantial surface area observed in calcined
materials is oen attributed to the evolution of gases such as
CO2 and H2O during the calcination process.42,43 This increased
specic surface area of the catalyst has been previously reported
and can signicantly enhance the mass transfer of gas mole-
cules, thereby expediting catalytic reaction processes.44 As
described in Table 1, it is evident that the specic surface area
exhibits a positive correlation with the Ti content, wherein an
increment in Ti content is associated with an increase in specic
surface area. Conversely, an inverse relationship is observed in
relation to the Co content, where higher Co content corresponds
to a decrease in specic surface area. These trends highlight the
interplay between the compositional constituents and the
resulting surface characteristics of the CT nanocomposites.
3.6 XPS analysis

X-ray photoelectron spectroscopy (XPS) analysis was conducted
to elucidate the chemical composition of the CT-12 nano-
composite. Fig. 6(a) displays the survey scan of CT-12, along
with specic scans for Co 2p, Ti 2p, and O 1s regions. In
Fig. 6(b), the Co 2p spectrum reveals two discernible peaks at
binding energies of 779.6 eV and 795.18 eV, corresponding to
Co 2p3/2 and Co 2p1/2, respectively. These peaks exhibit a char-
acteristic orbital splitting energy of 15.58 eV, indicative of the
coexistence of Co2+ and Co3+ states, a nding consistent with
prior reports.45,46 Additionally, two satellite peaks at 786.01 eV
and 802.16 eV are associated with Co2+.47 Fig. 6(c) displays the
high-resolution XPS spectrum of the Ti 2p region. The Ti 2p
peak exhibits two well-dened peaks at 457.8 eV and 463.5 eV,
corresponding to the core levels of Ti 2p3/2 and Ti 2p1/2,
respectively.48,49 This observation aligns with existing literature
and signies that the titanium species exist predominantly in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 BET surface area plots of (a) CT-11, (b) CT-12, and (c) CT-21.
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the tetravalent state, Ti4+, consistent with pure TiO2.50 The
energy difference of 5.7 eV between Ti 2p3/2 and Ti 2p1/2
conforms precisely to the accepted binding energy difference.51

The presence of the O 1s peak at 529.30 eV, attributed to lattice
oxygen, holds signicant implications for the structural and
chemical characteristics of the CT-12 nanocomposite (Fig. 6d).
3.7 FESEM analysis

Fig. 7 presents eld emission scanning electron microscopy
(FESEM) images of the CT nanocomposites. These images
reveal a predominant feature of uniform particle size distribu-
tion and a nearly spherical morphology. The typical agglomer-
ated particle size falls within the range of 10 to 25 nanometres.
The observed spherical shape of the particles carries notable
signicance in the context of photocatalysis, as it contributes to
the ne-tuning of the electronic structure of the nano-
composites. This adjustment in the electronic structure holds
the potential to enhance the photocatalytic activity, particularly
in the visible light spectrum.52 The EDS analysis of the CT-12
sample shows that the weight percentage of Co, Ti and O is
18.60%, 26.70% and 54.71% respectively.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.8 TEM analysis

Fig. 8 illustrates the TEM image of the CT-21 nanocomposite
with its SAED pattern. Polycrystalline nature of the CT nano-
composite has been clearly seen in the magnied TEM images.
They appeared as approximately spherical shaped particles with
uniform size distribution. The average particle size is obtained
to be approximately in the range of 10–20 nm as conrmed from
Fig. 8b and c due to high magnication TEM which is in good
agreement with FESEM as well as with the crystallite size
revealed from XRD results. Predominantly, TiO2 nanoparticles
look to be in a translucent spherical shape. Thus, aer making
a composite with cobalt nanoparticles, forbidden patches are
noticed on the surface of transparent TiO2 nanoparticles.53 The
electron diffraction pattern, as depicted in the SAED pattern
(Fig. 8d), provides further insights into the crystallinity of the
nanocomposite. This pattern displays bright and intense poly-
morphic rings, signifying a high degree of crystallinity within
the particles. The presence of clearly visible lattice fringes in the
TEM images indicates a well-ordered crystalline structure in the
CT-12 nanocomposite, with the interlayer spacing measuring
approximately 0.1825 nanometers.
Nanoscale Adv., 2024, 6, 1661–1677 | 1665
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Fig. 6 X-ray photoelectron (XPS) spectra of (a) survey spectrum, (b) Co 2p, (c) Ti 2p and (d) O 1s.

Fig. 7 FESEM micrograph of (a and d) CT-11, (b and e) CT-12 and (c and f) CT-21 NPs.

1666 | Nanoscale Adv., 2024, 6, 1661–1677 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 TEM images of CT-12 nanocomposites (a) polyhedral structure, and (b) and (c) high resolution images; (d) the SAED pattern with the lattice
plane view.
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3.9 Photoluminescence study

Photoluminescence spectroscopy (PL) has been performed
extensively to elucidate the processes governing electron
transmission, separation, and recombination of photo-
generated charge carriers. The PL spectra of p-Co3O4/n-TiO2

nanocomposite nanomaterials at different ratios (1 : 1, 1 : 2, and
2 : 1) are delineated in Fig. 9. M. Alhaddad et al. reported
Fig. 9 PL spectra of CT-11, CT-12 and CT-21.

© 2024 The Author(s). Published by the Royal Society of Chemistry
a substantial reduction in PL intensities upon the introduction
of Co3O4, with the intensities of p-Co3O4/n-TiO2 nano-
composites notably lower than those of pristine TiO2 nano-
particles (NPs). This observation aligns with the outcomes
presented herein.22

In correlation with photocatalytic results, it becomes
apparent that the p-Co3O4/n-TiO2 nanocomposites adeptly
capture photoinduced holes or electrons, thereby mitigating
surface charge recombination and augmenting the oxidative
degradation of organic contaminants. The p-Co3O4/n-TiO2

binary composite exhibits an obvious reduction in PL intensi-
ties, attributed to the potential disruption of the Ti–O–Ti
linkage and the introduction of surface defects. Remarkably,
the CT-12 composite demonstrates a signicant decrease in PL
intensities, supporting the observed superior photocatalytic
activity in the same sample. Consequently, there exists a pros-
pect to enhance the photocatalytic efficacy of the photocatalyst
and restrict the rate at which photogenerated charge carriers
undergo recombination.54
4. Photocatalytic activity
4.1 Dye degradation (orange red)

Evaluation of the CT photocatalyst's efficacy in degrading OR
dye under sunlight revealed substantial reductions in dye
Nanoscale Adv., 2024, 6, 1661–1677 | 1667
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Fig. 10 UV-vis absorption spectra of OR solutions treated with CT nanostructures (a) CT-11 (b) CT-12 and (c) CT-21.
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absorbance, initially at 25 ppm, within the rst 6 minutes of
the reaction with absorbance drop of 79%, 83%, and 73% as
depicted in Fig. 12. Following this initial phase, the degrada-
tion process reached a saturation point. To facilitate detailed
analysis, UV-visible absorbance spectra were recorded at
regular (1 minute) intervals for an additional 6 minutes,
offering insights into the dye's absorbance evolution over
time, particularly in the initial degradation phase. Fig. 10a–c
portray characteristic degradation curves of OR dye for CT-11,
CT-12, and CT-21, illustrating diminishing peak intensities as
the dye degrades. Notably, a maximum absorbance loss of 83%
was achieved aer 6 minutes, highlighting a saturation
threshold. The photodegradation efficiency followed the order
of 83% > 79% > 73% for CT-12, CT-11 and CT-21, aligning well
with the observed red shi in the UV-DRS study (Fig. 3) and
correlating with the degradation order, conrming the inu-
ential role of catalyst band gap reduction in enhancing the
photoactivity. Moreover, a higher TiO2 ratio relative to Co3O4

in the nanocomposites resulted in more pronounced degra-
dation. Both CT-12 and CT-11 demonstrated over 83% and
79% degradation within the initial two minutes, reaching 81%
degradation within 4 minutes. Beyond this, a marginal
improvement in degradation was noted for CT-12, ultimately
reaching a saturation point at 6 minutes. This enhanced
photoactivity is due to the incorporation of Co3O4 with TiO2

facilitating the narrowing of band gap and reducing electron–
hole recombination, thereby enhancing photoreactivity. The
photocatalytic degradation of OR dye using pristine TiO2 and
1668 | Nanoscale Adv., 2024, 6, 1661–1677
Co3O4 was 34% and 22% in 6 minutes which suggests that the
p-Co3O4/n-TiO2 (CT-12) composite is 2.3 and 3.8 times more
active in comparison to pristine TiO2 and Co3O4 respectively.
These ndings underscore the pivotal role of catalyst compo-
sition in optimizing photocatalytic processes for enhanced
efficiency.

Fig. 11a and b illustrate that both CT-12 and CT-11 achieved
the degradation of over 83% and 79% of OR dye within the
initial two minutes. Additionally, 81% of OR dye degradation
was achieved by both CT-12 and CT-11 within 4 minutes.
Beyond this point, a slight improvement in degradation is
observed for CT-12, and within 6 minutes, both catalysts reach
a saturation point. This enhanced photoactivity can be attrib-
uted to the incorporation of Co3O4 with TiO2 in the CT nano-
composites, resulting in a narrower band gap. This alteration
reduces electron (e−) and hole (h+) recombination, ultimately
leading to increased photoreactivity. These ndings underscore
the critical role of catalyst composition in optimizing the pho-
tocatalytic process for enhanced efficiency.

According to the histogram, deterioration reaches aer
saturation for both CT-12 and CT-11 at 10 minutes while CT-21
exhibits a modest rate of deterioration and saturation at about
10 minutes. The rapid kinetics of OR dye under sunlight irra-
diation support good degradation performance of CT-12 when
compared to CT-11 and CT-21. The relationship between the
irradiation period and dye concentration ratio (C/C0) is shown
in Fig. 12. The photocatalysis degradation reactions with the OR
dye displayed pseudo-rst-order kinetics (the Langmuir–
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Degradation kinetics of CT nanocomposites (a) C/C0 vs. time and (b) −ln (C/C0) vs. time (min).

Fig. 11 (a) Percentage degradation of OR dye and (b) corresponding histogram of OR dye degradation over a period of time for CT-11, CT-12,
and CT-21.
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Hinshelwood model) with regard to the rate of deterioration.
The outcomes were almost in accordance with the linear
equation.

ln

�
C

C0

�
¼ �kt (2)

where C0 is the initial concentration of a dye, C is the concen-
tration at time t, and k is the reaction constant of the rst order
reaction.

The superior photocatalytic efficiency of CT-12 nanoparticles
to the other materials, as depicted in Fig. 12a, is due to the
predominant presence of titanium, crucial in the mechanism
driving dye degradation. Titanium dioxide (TiO2) within CT-12
exhibits exceptional light absorption capability, enabling
more electrons to reach higher energy levels, thereby enhancing
overall performance. Notably, TiO2 possesses a wider band gap
compared to Co3O4, promoting the retreat of weaker electrons
Table 2 OR dye degradation% and rate constant for CT-11, CT-12 and
CT-21

S. no. Sample
Dye degradation in 6
minutes (%)

Rate constant
K (min−1)

Surface area
(m2 g−1)

1. CT-12 83 0.29 106
2. CT-11 79 0.21 74
3. CT-21 73 0.22 49

© 2024 The Author(s). Published by the Royal Society of Chemistry
to the valence band upon stimulation. This characteristic
minimizes energy loss, enhancing dye degradation efficiency.55

The higher k value of 0.2958min−1 for CT-12, evident in Fig. 12b
and Table 2, is attributed to robust nanocomposite interfaces
between Co3O4 and TiO2. The Co3O4 integration within the TiO2

matrix potentially facilitates charge carrier transfer while
hindering the recombination of photoinduced electron–hole
pairs. Additionally, the crystalline nature of CT photocatalysts
promotes swi charge transfer from the bulk to the surface.22
4.2 Effect of temperature on photocatalytic degradation

Fig. 13a and b show the temperature effect on photocatalytic dye
degradation and its kinetics. Temperature plays a crucial role in
photocatalytic dye degradation. Elevated temperatures typically
enhance the efficiency of photocatalytic processes by promoting
better mobility of charge carriers and facilitating surface reac-
tions. However, there is an optimal temperature range, as
excessively high temperatures may lead to thermal degradation
or alterations in the catalyst's structure. The interplay between
temperature and photocatalytic efficiency underscores the need
for careful temperature control in applications aiming for
effective and sustainable dye degradation using photocatalysis.
In the initial 30 seconds, rapid degradation occurred during
photocatalytic dye degradation. Subsequently, at temperatures
of 35 °C, 40 °C, and 45 °C, there was a modest improvement in
degradation. The highest level of degradation was observed at
Nanoscale Adv., 2024, 6, 1661–1677 | 1669
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Fig. 13 (a) Percentage degradation of OR dye with the CT-12 photocatalyst at 35 °C, 40 °C and 45 °C (b) degradation kinetics of CT-12 at 35 °C,
40 °C and 45 °C (graph of −ln (C/C0) vs. time (min)).

Table 3 OR dye degradation% and rate constant for CT-12 at 35 °C,
40 °C and 45 °C

S. no. Temperature
Dye degradation (%)
in 2 minutes

Rate constant
K (min−1)

1. 35 °C 84 0.91
2. 40 °C 82 0.85
3. 45 °C 91 1.19

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 8
:2

5:
33

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the 2-minute mark. This indicates that temperature inuences
the efficiency of photocatalytic dye degradation, with an initial
burst followed by a more gradual improvement, reaching
maximum effectiveness at the 2-minute duration. The consis-
tent and sustained photocatalytic activity throughout the 2-
minute duration implies a stable performance of the photo-
catalyst. The initial burst of activity, followed by a gradual but
sustained improvement, highlights the catalyst's effectiveness
and ability to maintain its efficacy over a reasonable timeframe.
Table 3 shows the calculated degradation percentage at
different temperatures.
Fig. 14 Schematic of the energy level and electron–hole mobility in p-C

1670 | Nanoscale Adv., 2024, 6, 1661–1677
4.3 Reaction mechanism

Fig. 14 illustrates the schematic of the energy level and elec-
tron–hole movement in the Co3O4–TiO2 p–n junction struc-
ture. Co3O4 exhibits a much smaller band gap (∼2.3 eV) than
TiO2 (∼3.1 eV). Upon sun light irradiation, electron–hole pairs
are generated in both Co3O4 and TiO2. According to the energy
level structure in Fig. 7, photogenerated electrons would move
from the conduction band of Co3O4 to that of TiO2, leaving
a hole behind in the valence band. In contrast, holes are
injected from the valence band of TiO2 to that of Co3O4. As
a result, a high concentration of electrons and holes is formed
in the conduction band of TiO2 and the valence band of Co3O4,
respectively. As a result, holes in the valence band and water
combine, and an OH radical is generated. Furthermore, the
electron in the conduction band and O2 will combine to form
an O2 radical. Both of these produced radicals cause the
breakdown of organic materials present in the aqueous
medium.56,57 Typically, the oxidation of superoxide radical
anions (cO2), holes (h+), and cOH groups result in the break-
down of OR.58
o3O4/n-TiO2 nanocomposites under natural sunlight.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Photocatalytic hydrogen generation via water splitting using
samples CT-11, CT-12, and CT-21.
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The following equations are used to clarify the particular
mechanism of OR degradation as follows:

Co3O4 − TiO2 + hn / Co3O4 − TiO2 (h
+ + e−) (3)

H2O + h+ / OH* + H* (4)

O2 + e− / O2
−* (5)

O2
−* + 2H+ / O2 + H2O2 (6)

H2O2 / OH* (7)

OR + OH* / CO2 + H2O + inorganic product (8)

Table 4 presents a comparative analysis of dye degradation
efficiency employing diverse Co3O4–TiO2 nanocomposites
under specied conditions, outlining variations in photo-
catalytic performance.
4.4 Reusability test

The reusability of the photocatalyst was evaluated through four
repeated cycles. The photo-catalyst (CT-12) was extracted aer
use, then washed twice and dried. The dried powder was again
utilized to degrade the orange-red dye. In this set of experi-
ments, the ratio of the catalyst and dye was maintained the
same in all cycles. It was observed that the degradation of OR
dye was decreased from 83%, 78%, 68%, 59% and 47% at the
end of every cycle (Fig. 15).
4.5 Photocatalytic hydrogen generation from water splitting

In the hydrogen production process via photocatalysis, a solution
comprising 100 ml of deionized water with 0.5 wt% preloaded
platinum as a co-catalyst, a CT nanocomposite catalyst, and
methanol as a sacricial agent is employed. Notably, the CT-12
nanocomposite exhibited the highest hydrogen production rate
at 1120 mmol h−1 g−1, followed by CT-11 at 780 mmol h−1 g−1 and
CT-21 at 522 mmol h−1 g−1, aligning with earlier observed dye
Fig. 15 Photocatalytic reusability performance of p-Co3O4/n-TiO2

(CT-12).

1672 | Nanoscale Adv., 2024, 6, 1661–1677
breakdown efficiencies (Fig. 16). The exceptional photocatalytic
activity of CT-12 is attributed to its narrow band gap of 2.13 eV,
enabling efficient utilization of visible light. As established in
prior research by J. Tang et al., methanol hinders oxygen (O2)
generation by inducing free radicals and reducing charge carrier
recombination.67 Methanol's irreversible interaction with photo-
generated holes augments hydrogen yield while diminishing
recombination. Under visible light, meeting or exceeding the
semiconductor's band gap energy, photocatalysis activates the
material's surface, generating hole–electron pairs within the
composite material's valence band (VB) and conduction band
(CB). Methanol interaction with VB holes generates protons (h+)
and radicals, while CB electrons facilitate h+ ion breakdown,
resulting in molecular hydrogen formation.68 The fundamental
mechanism of water splitting involves generating electron–hole
pairs within semiconductors, followed by their migration to the
reaction surface during aqueous methanol reactions.

The following are the reactions involved in the generation of
hydrogen:

Co3O4 − TiO2 + hn / Co3O4 − TiO2 (h
+ + e−) (9)

CH3OH + h+ / CH2OH + H (10)

CH2OH + h+ / HCHO + H+ (11)

H2O + h+ / OH + H+ (12)

H+ + 2e− / H2 (13)

Table 5 shows the amount of hydrogen generated for CT-11,
CT-12, and CT-21, whereas Table 6 is a comparison table for the
generated H2 utilizing various p-Co3O4/n-TiO2 nanocomposites.
4.6 Total organic carbon (TOC) and biocompatibility of
photo-catalytically treated OR dye solution

4.6.1 TOC study. Total organic carbon (TOC) analysis: total
organic carbon (TOC) was determined to know the amount of
carbon found in orange red dye that was degraded to CO2
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na01167d


Table 5 The rate of hydrogen generation for CT-11, CT-12, and CT-21

S. no. Sample code H2 evolved (mmol h−1 g−1)

1. CT-11 780
2. CT-12 1120
3. CT-21 522
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during oxidation. The orange red dye was analysed for miner-
alization based on the total organic carbon (TOC) removal (%).
The TOC analysis was done using a TOC analyser (TOC-VCPN,
Shimadzu, Japan) before and aer the photocatalysis of the
OR dye using the standard SM 5310B method. The TOC removal
efficiency was calculated as eqn (14):

TOC removal ð%Þ ¼ TOCi � TOCt

TOCi

� 100 (14)

where TOCi and TOCt are the total organic carbon concentra-
tions (mg L−1) of the OR dye before and aer photocatalysis,
respectively. The total organic carbon (% TOC) levels before and
aer the degradation of orange-red dye were measured using
catalyst CT-12 under sunlight. A remarkable decrease in TOC
was obtained which implies efficient mineralization of OR dye
with CT-12. The TOC decreased from 62 to 9 mg L−1, which
corresponded to 85% removal of the OR dye. This result was
supported by experimental photocatalytic degradation of the
OR dye (83%).

4.6.2 Biocompatibility test. The germination experiment was
conducted using a 20 cm round bottom glass dish with a complete
randomized design. The experiment was performed with three
treatments, which contained 30 uniform seeds of gram (Cicer
arietinum L.) treated with (T1) tapwater, (T2) OR dye (25 ppm) and
degraded OR dye (T3), at room temperature. The experiment was
monitored continuously until the radicle length reached half the
length of the seed, indicating germination. Germination charac-
teristics were measured using the following formula:76

germination percentage ¼ number of germinated seeds

total number of seeds sown
� 100

(15)
Table 6 Various Co3O4/TiO2 nanocomposites for the generation of H2

S. no. Photocatalyst
Co-
catalyst Light source

Hyd
prod
(mm

1. Co3O4–TiO2 — Visible light 6.5
2. Co3O4–N–TiO2@Pt Pt Visible light 197
3. TiO2/Co3O4 H2PtCl6 Sunlight 721

4. TiO2/Co3O4 composite Co3O4 Sunlight 20.2
5. Co3O4/TiO2 — 300 W Xe arc lamp 342

6. Pt@Co3O4/TiO2 (CTP) Pt Sunlight 964
7. Co3O4 quantum dots (QDs)/

TiO2

Pt Sunlight 41.8

8. Co3O4/TiO2 Pt Sunlight 112

© 2024 The Author(s). Published by the Royal Society of Chemistry
The ndings of photocatalytic degradation of OR dye
substantiate the progressive transformation of pollutant mole-
cules into smaller entities. Subsequently, an investigation into
the biocompatibility of the resulting post-degradation solution
of orange red (OR) dye was conducted by assessing the growth of
gram seeds (Cicer arietinum). For this purpose, gram seeds were
subjected to cultivation under distinct conditions: tap water
(control sample; T1), tap water containing OR dye (untreated
solution; T2), and the OR dye solution treated with a p-Co3O4/n-
TiO2 photocatalyst (T3) (Fig. 17). Observations depicted in the
accompanying gure reveal a lack of signicant growth in gram
seeds immersed in the untreated solution. Conversely, seeds
exposed to the photocatalytic-treated solution exhibited
substantial growth, closely approximating the growth observed
in the control sample. Hence, it can be inferred that the solution
treated with the p-Co3O4/n-TiO2 photocatalyst demonstrates
noteworthy efficacy for cultivation purposes.
5. IPCE and transient current–time
profile

The IPCE values provide insights into the photo response effi-
ciency of different p-Co3O4/n-TiO2 nanocomposites concerning
their ability to convert incident photons into electrical current.
In this context, the comparative trend of IPCE values indicates
the order of efficiency among the synthesized nanocomposites
(Fig. 18a). CT-12 exhibited the highest IPCE percentage among
the investigated nanocomposites, indicating its superior ability
to convert photons into current compared to CT-11 and CT-21.
This enhanced efficiency of CT-12 suggests optimized photo-
excitation and charge carrier generation, likely owing to specic
ratios of cobalt and titanium precursors, resulting in enhanced
photocatalytic activity. CT-11 followed with a slightly lower IPCE
percentage than CT-12, implying a slightly reduced photon-to-
current conversion efficiency. In contrast, CT-21 displayed the
lowest IPCE percentage among the investigated nano-
composites. This comparatively lower efficiency suggests that
the specic synthesis ratio or composition in CT-21 might be
less favourable to efficient photon absorption or charge carrier
rogen
uction
ol h−1 g−1) Sacricial reagent Ref.

No 69
Methanol 70

.6 10 vol% triethanolamine solution (50
mL)

71

2 Methanol 72
.7 Na2S (0.25 M) and Na2SO3 (0.15 M)

solution
73

45 mL of water and 5 mL of glycerol 74
No sacricial agent 75

0 Methanol Present
work
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Fig. 17 Seed germination and plant growth under (T1) tap water, (T2) orange red dye (25 ppm) and (T3) degraded orange red dye at 2 DAS, 4 DAS,
5 DAS and 13 DAS.
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generation compared to CT-12 and CT-11. The differences in
incident photon-to-current efficiency (IPCE) among the p-
Co3O4/n-TiO2 nanocomposites can be attributed to the specic
ratios of cobalt and titanium precursors used during synthesis.
CT-12 likely possesses an optimized composition that promotes
superior charge separation and transfer, resulting in higher
IPCE. A well-calibrated ratio of p-Co3O4/n-TiO2 enhances inter-
faces, crystal phases, and charge transfer dynamics, optimizing
photon absorption and subsequent current generation, reect-
ing their photocatalytic activity.

The transient current–time proles for CT-11, CT-12, and CT-
21 nanocomposites exhibit a consistent trend analogous to the
observed patterns in incident photon-to-current efficiency (IPCE)
and photocatalytic activity (Fig. 18b). This similarity underscores
the direct correlation between photoresponse dynamics and the
1674 | Nanoscale Adv., 2024, 6, 1661–1677
efficacy of thesematerials in catalyzing light-driven reactions. CT-
12, demonstrating the highest IPCE and superior photocatalytic
activity, aligns with a transient current–time prole characterized
by robust and sustained current generation upon light exposure.
This sustained current reects efficient charge carrier generation,
minimal recombination, and effective charge transfer within the
nanocomposite, supporting its enhanced performance in photo-
induced reactions. The similarity between the trends in transient
current–time proles, IPCE values, and photocatalytic activity
reaffirms the intimate relationship between the nanocomposites
photo-response dynamics and their effectiveness in catalysing
light-driven reactions. This correlation highlights the crucial role
of efficient charge carrier generation, dynamics, and transfer in
dictating the overall performance of p-Co3O4/n-TiO2 nano-
composites in photocatalysis.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 (a) %IPCE vs. wavelength graph and (b) transient current–time profile (I–t) graph of CT-11, CT-12 and CT-21.
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6. Conclusion

The research focused on synthesis of p-Co3O4/n-TiO2 (CT)
nanocomposites as potential photocatalysts for two crucial
applications: degrading organic dyes and generating hydrogen
under sunlight. In-depth structural analyses, including XRD,
revealed the composite nature of these materials, conrming
specic crystalline phases corresponding to Co3O4 and TiO2.
FTIR, UV-DRS, Raman, and BET analyses provided critical
insights into the CT nanocomposites' chemical compositions,
optical properties, surface characteristics, and specic surface
areas, respectively. These analyses highlighted the materials'
ability to efficiently absorb visible and UV light, crucial for
initiating photocatalytic reactions, while also revealing correla-
tions between surface properties and cobalt/titanium content.
Photocatalytic valuations conrmed remarkable efficiency in
degrading organic dyes (OR) and generating hydrogen under
sunlight irradiation. Notably, CT-12 showcased superior perfor-
mance owing to its narrow band gap, efficient charge separation
mechanisms, and interactions with methanol, leading to
enhanced hydrogen production rates and dye degradation effi-
ciency. Overall, the comprehensive characterization and perfor-
mance evaluations of CT nanocomposites underscore their
immense potential for environmental remediation and sustain-
able energy production, positioning them as promising candi-
dates for various industrial and environmental applications
requiring efficient and sunlight-driven photocatalysis.
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