Asian Journal of Chemistry; Vol. 36, No. 2 (2024), 505-515

ASIAN JOURNAL OF CHEMISTRY

€, MSIAN JOURNAL
 OF CHEMISTRY

5121 Journa) of Chems

https://doi.org/10.14233/ajchem.2024.31089

A Hybrid Synthesis Approach: Tailoring Photocatalytic
Activity of Co;04 Nanoparticles by PEG Functionalization

ARSHDEEP KAURM™, SANJEEV KUMAR™®, HARPREET KAUR® ", PrIT PAL SINGH>"®,
KuaLip Musasam Baroo*®, Jyort Gaur>® and SUPREET*

'Department of Physics, Sri Guru Granth Sahib World University, Fatehgarh Sahib-140406, India

*Department of Physics, Chandigarh University, Gharuan Mohali-140413, India

*Department of Chemistry, Sri Guru Granth Sahib World University, Fatehgarh Sahib-140406, India

*King Abdullah Institute for Nanotechnology, King Saud University, Riyadh-11451, Saudi Arabia

*School of Basic and Applied Sciences, RIMT University, Mandi Gobindgarh-147301, India

®Amity School of Applied Sciences, Amity University Haryana, Amity Education Valley Gurugram (Manesar)-122412, India

*Corresponding authors: E-mail: kumarsanju25 @ gmail.com; mann.khant91 @gmail.com; dhillonps2003 @ gmail.com

Received: 21 December 2023; Accepted: 19 January 2024; Published online: 31 January 2024; AJC-21540

This study presents a novel fusion of precipitation and hydrothermal methods for the synthesis of polyethylene glycol (PEG)-functionalized |
cobalt oxide (Cos;0,) nanoparticles. The synthesized PEG/Co;O,4 nanoparticles characterized using various techniques to elucidate their |
structure, composition, properties and application. The XRD analysis confirmed the formation of cubic phase of Co;O4 with a crystallite
size of 2.04 nm. Two direct bandgap (E,) transitions were observed at energy levels of 1.68 and 2.5 eV, exhibiting intensities that exceeded |
those reported in prior studies. The synthesized nanoparticles exhibited distinct structural features as revealed by FESEM and HRTEM |
investigations. Furthermore, the FTIR analysis provided evidence of interactions between PEG and Co;0s, suggesting successful |
functionalization. The high crystallinity of the PEG-mediated Cos;O. nanoparticles was further confirmed by the selected area electron |
diffraction (SAED) pattern. The XPS analysis revealed the presence of Co** and Co** ions, along with defect sites, confirming the successful
synthesis of Co;O, NPs with controlled oxidation states. These findings offer valuable insights into the chemical composition and electronic |
structure of the synthesized PEG-mediated Co;O4 nanoparticles. The photocatalytic activity of the PEG/Co30, nanoparticles was evaluated |
through the degradation of Congo red dye, a typical azo dye pollutant. The study revealed that PEG/Co;0, (dose 200 mg L) acted as an |
efficient photocatalyst for Congo red degradation. These results suggest that PEG-mediated Cos;O, nanoparticles hold promising potential |
as efficient photocatalysts for the treatment of wastewater containing organic contaminants. |
|

Keywords: PEG-Co03;0; nanoparticles, Multi-structural form, Dye degradation, Hydrothermal, Photocatalytic activity.

INTRODUCTION

The dye industry has undergone a remarkable evolution
inrecent years, with the United States Colour Index now docum-
enting tens of thousands of commercially available dyes. How-
ever, this progress comes with a significant environmental
challenge. According to Liu ez al. [1], global dye waste exceeds
60,000 tonnes annually, with azo dyes constituting a staggering
80% of this waste. Furthermore, certain azo dyes and their meta-
bolites are known to be toxic and carcinogenic, raising serious
concerns about their environmental impact. Textile effluents
are a major source of dye pollution, with dye concentrations

ranging from 10 to 800 mg L' [2]. This significant variability
highlights the complex nature of dye pollution in textile waste-
water. Different factories use diverse types and concentrations
of dyes, making the problem multifaceted and requiring tailored
solutions. The dyes employed in these industries not only pose
threats to aquatic ecosystems and the organisms dwelling there-
in but also present serious risks to human health, including muta-
genicity and carcinogenicity [3-5]. Addressing the pollution
caused by industrial dyes necessitates advanced detection and
removal techniques.

Traditional methods, such as precipitation, coagulation
and flotation, have been utilized for the dye treatment [6], but

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.



https://orcid.org/0009-0006-9797-956X
https://orcid.org/0000-0002-7560-1973
https://orcid.org/0000-0002-9754-3487
https://orcid.org/0000-0002-8729-2653
https://orcid.org/0000-0001-8264-8203
https://orcid.org/0000-0003-2695-5609
https://orcid.org/0000-0002-5554-8482

506 Kaur et al.

Asian J. Chem.

they come with significant drawbacks, including high chemical
costs and environmental damage stemming from the byproducts
of the treatment process. In response to these challenges, there
has been a significant shift toward developing improved oxid-
ation methods for dye degradation, with a focus on highly active
photocatalysts. This approach is gaining prominence due to
its cost-effectiveness, stability and environmental friendliness
[7]. An advantageous characteristic of this photocatalytic appr-
oach s its ability to completely oxidize organic pollutants within
a relatively short timeframe. Importantly, the process results
in the mineralization of organic dyes into water, carbon dioxide
and mineral acids, avoiding the generation of secondary pollu-
tion [8,9]. This innovative method represents a promising
avenue for the efficient and environmentally friendly treatment
of industrial dye effluents.

Among the plethora of photocatalysts, Co;O4 emerges as
a particularly prominent nanomaterial, primarily owing to its
exceptional photocatalytic capabilities, UV absorption charac-
teristics and environmentally friendly behaviour [10]. Co3O;
nanoparticles exhibit remarkable photocatalytic activity, parti-
cularly when their size is reduced during the production process.
Cobalt(ILIII) oxide CosO4 possesses a spinel structure and
functions as a p-type semiconductor with a band gap ranging
from 1.29to 5 eV [11]. Co;04 synthesis can be achieved through
several processes, each offering unique advantages. These
synthesis methods include co-precipitation [12], reflux [13],
sol-gel [ 14], chemical spray pyrolysis [15], solvothermal [16],
ball milling [17], hydrothermal [18] and more. The wide range
of synthesis approaches highlights the versatility of tailoring
Co;04 nanoparticles for specific applications and desired prop-
erties. For instance, the sol-gel method [19] is recognized for
producing high purity Co;0,4, while hydrothermal synthesis
allows for precise control over particle size and morphology
[20]. The choice of synthesis method becomes crucial in deter-
mining the nanoparticle’s characteristics and performance in
different applications [21]. The tuneable band gap, spanning
from 1.29 to 5 eV, allows for the customization of Co;O4nano-
particles to suit specific requirements in different technological
applications [22].

The surface engineering of Co;O, nanoparticles plays a
pivotal role in tailoring their properties for specific applications.
Depending on the desired application, polymers and surfactants
can be employed to generate a surface coating on Co3O4 nano-
particles [23]. Polymers exhibit significant influence over
particle size and surface morphology, offering a means to finely
tune the characteristics of Co;O, nanoparticles [24]. These agents
essentially serve as a protective layer, influencing the overall
behaviour and functionality of the nanoparticles in various
environments [25,26]. Polyethylene glycol (PEG) stands out
as a particularly noteworthy polymer in this context. In addition
to being non-flammable and non-toxic, it is also very easy to
use, which contributes to its widespread use as a surfactant.
Studies have demonstrated that PEG, with its consistent and
ordered chain structure, readily adsorbs at the surface of metal
oxide colloids, including Co;O, nanoparticles. When PEG is
adsorbed onto the colloid’s surface, it significantly diminishes
the colloid’s activities and constrains the development rate in

specific aspects [27]. It was observed that there is a significant
gap in the literature on the photocatalytic activity of PEG-capped
Co;0, nanoparticles. Despite several studies on the photo-
catalytic characteristics of PEG-mediated ZnO [28,29] and TiO,
[30,31] nanoparticles, there is a significant lack of published
work on the similar behaviour of PEG-mediated Co3;O4 nano-
particles. Considering this, present study intends to provide unique
insights by synthesizing Co3;O; nanoparticles using PEG as a
stabilizing agent, with a focus on establishing their photo-
catalytic behaviour. In this pioneering work, a simplified preci-
pitation-cum-hydrothermal approach is used to synthesize
multi-structured Co3;0, nanoparticles functionalized with PEG.
This novel method enables the simple and one-step synthesis
of unique nanostructured CosO,. The resulting material exhibits
exceptional efficiency in the degradation of toxic Congo red
dye.

EXPERIMENTAL

Chime Pvt. Ltd. supplied cobalt acetate tetrahydrate (purity
grade = 99%), sodium hydroxide pellets (purity grade = 99%)
and polyethylene glycol-4000 (PEG-4000), all of which were
used without further purification. Ethanol ( purity =99%) was
used to wash the precipitates and distilled water was used for
the preparation of the solutions.

Synthesis of Co;04 nanoparticles: To initiate the experi-
mental process, a solution of cobalt acetate tetrahydrate, with
a concentration of 0.2 M in 50 mL, was prepared according to
the established protocol [32]. Subsequently, 30 mL of 0.01 M
PEG solution was introduced into the solution. The resulting
mixture underwent agitation for 1 h at 100 °C, maintaining a
pH level of 8.5. This step was crucial as the incorporation of
PEG solution played a pivotal role in enhancing the solubility
of solution and preventing the undesirable agglomeration of
particles. The unique crosslinked structure inherent in the poly-
meric material derived from this process imparted exceptional
resistance to chemical degradation. Following the solution
preparation and agitational phase, the composite mixture was
transferred into an autoclave and subjected to a 4 h baking
period at 350 °C. This autoclaving step conducted under elevated
temperature and pressure conditions facilitated the crosslinking
of polymer chains, thereby augmenting the material’s overall
texture. The final product showed an exceptional stability and
durability exhibiting impressive thermal and mechanical chara-
cteristics. After the autoclaving process completed, the system
was allowed to cool down to room temperature, resulting in
the formation of solid particles of the treated material. The preci-
pitates were carefully gathered and then subjected to an exhau-
stive purification procedure. After multiple ethanol and distilled
water washes, the precipitates were dried at 80 °C for 4 h. After
crushing the black precipitates with a pestle and mortar, the
powder was stored for further studies.

Characterization: The X-ray diffraction (XRD) study was
conducted to evaluate the crystallite size and phases. The analysis
was done using an X’PERT PRO apparatus from Panalytical
in Japan, over the range of 10-90° 26. The determination of
the energy band gap (E,) of Co;0, nanoparticles was carried
out by UV-visible absorption spectral analysis. This spectrum
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was performed using a UV-visible spectrophotometer (UV-2600,
Shimadzu, Japan). A Carl Zeiss SUPRA 55VP field emission
scanning electron microscope (FESEM) was used to examine
the morphology of the synthesized nanoparticle, whereas JEM-
2100 high-resolution transmission electron micro-scopy
(HRTEM) from JEOL in Japan was used to measure the
nanoparticle’s size, lattice characteristics and interplanar spacing.
The elemental composition of the CosO, nanoparticles was deter-
mined using energy dispersive X-ray (EDX) spectroscopy (AZtec
system, Oxford Instruments, USA). The functional groups of
the surface of Cos;O, nanoparticles was conducted using FTIR
spectroscopy using an Alpha II instrument, Bruker, Germany
in the wavenumber range from 4000 to 500 cm™. The Raman
spectroscopy technique, specifically using the XploRA™ PLUS
instrument manufactured by HORIBA in Japan, was utilized
to investigate the properties and attributes of Raman phonon
modes.

RESULTS AND DISCUSSION

Structural studies of PEG/ Co;0, via X-ray diffraction
(XRD): The XRD analysis of as-prepared PEG/Co3;04 sample
(Fig. 1) provides insights into its crystal structure and phases.
The XRD pattern in Fig. 1a shows strong conformity of all
peaks with the standard cubic Co;0, exhibited that the sample
is well-crystallized [33,34]. The XRD patterns exhibit a small
prominent peaks which might be due to the formation of CoO
as trace element. In Fig. 1a, the prominent peaks matched with
the spinel Co;0, phase in the Fd3m space group (JCPDS file
No. 01-074-1657). This alignment further supports the favo-
urable formation of Co;0.. Specifically, the peaks at 31.6534°,
37.2464°, 38.9804°, 45.2704°, 56.0654°, 59.7204°, 65.5854°
and 68.0504° correspond to the (220), (311), (222) (400), (422),
(511), (440) and (531) planes of the cubic Co;0., respectively.
To assess the crystallite size of Co;O4 nanoparticles, the strongest
peak (311) was utilized and its size was determined to be 2.04
nm using Scherrer’s equation [35]:
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where D represents the average particle size of crystallites, A

is the X-ray wavelength, B is the full width at half maximum
(FWHM) of the peak and 6 is the Bragg’s angle.

The X-ray pattern of the synthesized Co;O4 nanoparticles
displayed distinct peaks with both sharp and fine widths, affir-
ming the high crystallinity [36]. The PEG/Co;0, nanoparticles
have extremely tiny crystallite sizes as shown in Table-1. This obser-
vation may be attributed to several factors. For example, addition
of polyethylene glycol (PEG) to the synthesis process may
reduce crystallite size, since PEG stabilizes and controls nano-
particle development, resulting in finer architectures [37].
Additionally, the interaction between PEG and the Co3;0, nano-
particles may influence the nucleation and growth processes,
resulting in reduced crystallite sizes [38]. The presence of PEG
molecules on the nanoparticle surfaces can act as capping agents,
hindering the agglomeration of particles and promoting the
formation of smaller crystallites [39].

TABLE-1
CRYSTALLOGRAPHIC PARAMETERS OF PEG@CO,0,
o FWHM . Crystallite
20() LEVHELALE) (radians) PRt sizer:y(D) (nm)

31.6534 6.95640 0.12141 2.82442 1.24
37.2464 2.06997 0.03613 241214 423
38.9804 3.28100 0.05726 2.30874 2.68
45.2704 12.27400 0.21422 2.00149 0.73
56.0654 4.33500 0.07566 1.63902 2.17
59.7204 4.43700 0.07744 1.54714 2.16
65.5854 4.23300 0.07388 1.42226 2.33
68.0504 12.18900 0.21274 1.37662 0.82

D (average) = 2.04 nm

UV-visible studies: In Fig. 2a, the UV-visible absorption
spectrum of PEG-mediated Co;O, nanoparticles is presented,
spanning the wavelength range of 250-800 nm. The absorption
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Fig. 1. XRD spectra of as-synthesized Co;O,4 nanoparticles (a) and standard JCPDS (b)
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Fig. 2. Electronic band structure analysis of PEG-decorated Co;O4 nanoparticles (a) UV-visible absorption spectrum and (b) Tauc’s plot for

optical band gap energy

spectra exhibit distinct excitonic absorption bands at 430 and
648 nm, corresponding to O*—Co*" and O*—Co’* ligand-
to-metal charge transfer (LMCT) bands [40]. The absorption
peak at 400 nm signifies the formation of a significant number
of Co**-O tetrahedrons, while the absorption at 680 nm suggests
the development of Co*-O tetrahedrons as reported by He e al.
[41]. The LMCT bands show significant changes when comp-
ared to previously reported synthesis methods. The conventional
chemical precipitation methods for the synthesis of Co;O, nano-
particles as reported by Dubey et al. [42], displayed LMCT
bands at 528 and 785 nm. In contrast, the PEG/ Co0s;0,4 nano-
particles in our study exhibit a blue-shifted absorption peak,
moving from 528 to 430 nm for the first absorbance band and
from 785 to 648 nm for the second. This shift in peak location
provides the valuable insights into the size, crystallinity and
imperfection existence of the synthesized nanoparticles. The
observed blue shift in wavelength indicates a reduction in size
and an enhancement in crystallinity for the PEG-decorated
Co;0,4 nanoparticles [43].

Although there are no visible peaks in the optical spectrum,
which is a typical feature of Co;0. nanoparticles since they
do not exhibit strong d-d transitions, which are responsible for
the visible absorption in transition metal complexes, the work
focuses on calculating the band gap energy. Utilizing the UV-
vis spectroscopy and Tauc’s approach [44], the optical band
gap energy (E,) of Co;O4 was determined (Fig. 2b). Two direct
E, transitions were identified at 1.68 and 2.5 eV, surpassing
the intensity reported for Co;O4 nanostructures in previous study
[45]. The current work further investigates the electronic struc-
ture of Co;0,4 nanoparticles, emphasizing the Co(IT) and Co(IIT)
coordination and the distribution of orbitals in the valence and
conduction bands.

The structural composition of Co;O4 nanoparticles with a
spinel structure involves one-third of cobalt atoms having tetra-
hedral oxygen coordination as Co(II), while the remaining two-
thirds exhibit octahedral oxygen coordination as Co(III) [46].

Understanding the electronic configuration is crucial in eluci-
dating the behaviour of the material. The 3d-orbitals of Co(III)
comprise three T,, levels and one e, level, whereas those of
Co(Il) consists of two e, levels and three T», levels. The intricate
interplay of O, levels with the e, and T, orbitals of both tetrahe-
dral Co(II) and octahedral Co(III) contributes to the formation
of valence band (VB) of Co;0.. Specifically, the valence band
is dominated by O,, orbitals, highlighting the role of oxygen
in the electronic structure. Simultaneously, the conduction band
(CB) comprises T, orbitals of tetrahedral Co(Il) and e, orbitals
of octahedral Co(III). In this arrangement, the T, of Co(II)
3d-orbital emerges as the dominant CB orbital [47].

The distinctive two-energy band gap of Co;O4 nanoparticles
reflecting the ability of cobalt to contribute eight electrons for
nanoparticle formation, positions PEG-mediated Co;O4 nano-
particles as promising photocatalysts. The wide band gap energies
of these nanoparticles make them suitable for various photo-
catalytic and photo-responsive applications suggesting enhan-
ced photocatalytic activity due to their ability to absorb more
UV-visible light [48].

FTIR studies: In Fig. 3a-c, the FTIR spectra of PEG,
cobalt acetate and PEG-capped Co;0, nanoparticles are pres-
ented, shedding light on the molecular interactions and func-
tional groups present in each sample. In the FTIR spectrum of
PEG, a broad absorption band in the range of 3800-3300 cm
is indicative of H-bonded O-H stretching (Fig. 3a) [49]. This
region highlights the presence of hydroxyl groups in PEG indi-
cating its hydrogen bonding capabilities. Additionally, a band
at 2925 cm™ corresponds to C-H bond stretching, while the
C-O-C stretching vibration is evidenced by peaks at 1349-1089
cm™ [50]. These characteristic peaks confirmed the molecular
structure of PEG. The FTIR spectrum of cobalt acetate reveals
the significant absorption bands corresponding to its molecular
structure. The asymmetric and symmetric carbonyl stretching
vibrations are observed at 1688 and 1545 cm™, respectively,
indicating the presence of acetate groups. The Co-O stretching
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Fig. 3. FTIR spectra of (a) PEG in distilled water, (b) cobalt acetate in distilled water and (c) PEG-mediated Co;O., nanoparticles

vibration is evident at 643 cm™, providing information about
the cobalt-oxygen bonding in the acetate complex [51,52].
Furthermore, the broad band at 3300-2800 cm™ is attributed
to H-bonded O-H stretching, which is like due to the presence
of water molecules associated with cobalt acetate [53]. In the
FTIR spectrum of PEG-capped Co;O, nanoparticles, the peak
at 652 cm™ is associated with the Co-O stretching of Co™
ions trapped in the octahedral site, confirming the presence of
cobalt oxide in the synthesized nanoparticles [54]. Moreover,
the peaks at 3650-3450 cm™ correspond to the O-H stretching
of PEG [55], reinforcing the attachment of PEG molecules to
the nanoparticle surface. Also, the peaks at 1695 and 1518 cm™
are attributed to the carbonyl stretching of acetate moiety of
Co050,, further confirming the successful capping of Co;O;,
nanoparticles with PEG.

Topographical studies: FESEM with an EDAX detector
was used for the microanalysis of PEG-mediated Cos;O4 nano-
particles, i.e. the texture and its assembly at various magnifi-
cations. FESEM image displays a 2D image that provided insight
into the surface texture of PEG/Co30,, elucidating the features
such as the exterior morphology of material at varying magnifi-
cations and the nanoparticles’ orientation. The FESEM images
of PEG/Co;0, nanoparticles are shown in Fig. 4a-d, acquired
at magnifications ranging from 10 to 100 kX. A FESEM image
of PEG/Co0;04 NPs is shown in Fig. 4a with a 10 kX resolution.
Clustering of nanostructures of varying sizes and shapes has
been detected. The findings demonstrated that the chemical
synthesis of PEG/Co;04 nanoparticles yielded spherical particles
with coated interconnecting stratified frameworks and average
particle dimensions of a few nm. The FESEM magnification
was increased from 10 to 30 kX (Fig. 4b) to have a better view
of the aggregated nanoparticles (Fig. 4a). It revealed the irregu-
larly shaped nanoclusters formed by the accumulation of the
spherical particles. At higher magnification, the FESEM image
revealed distinct nanoclusters comprised of spherical particles
(Fig. 4c-d). The Co304 nanoparticles exhibit comparable morp-
hologies but possess significantly larger particle sizes [56,57].
The addition of the surfactant PEG to cobalt salt has altered
the size of the resulting PEG/ Co;04 nanoparticles. The physical
action between Co;0, and the PEG ion precipitates out uni-
formly sized and shaped spherical nanoparticles [58]. The
cationic side of PEG and the cobalt species’ positive end are
electrostatically repelling one another. PEG molecules form a

bilayer on the surface of Cos;0, to neutralize the electrostatic
repulsion, resulting in the formation of Co;O4 nanoparticles
[59]. The Co30. nanoparticles may be capped by the positively
charged PEG ions, preventing them from growing laterally or
changing shape from spherical (Fig. 4c-d). The average dia-
meter of the crystallized size of annealed samples is about 20
nm. Similar to the reported PEG-assisted Co;O, nanoparticles
using the sol-gel method, tiny structures were identified in the
current investigation [60-62]. PEG coatings surrounding the
Co;04 nanoparticles prevent agglomeration and allow for more
precise sizing control.

As shown in the inset of Fig. 4a, Co;O,4 nanoparticles were
subjected to EDAX analysis and are composed of 69.44% cobalt
and 30.56% oxygen by atomic weight. Only the surface funct-
ional groups have an impact on biosorption, whether it comes
to physical or chemical characteristics. The results raise the
possibility that cobalt and oxygen contribute to the significant
photocatalytic activity by sequestering the dye molecules.

Morphological studies: The TEM image reveals the nano-
particle clusters (Fig. 5a). More detailed images were acquired
to better portray the particle morphologies (Fig. 5Sb-d). The
average nanoparticle size determined from the particle distri-
butions was 15 nm. Analyses using SEM and TEM techniques
showed that the synthesized Co;O4 nanoparticles were roughly
spherical in form and varied in size from 10 to 18 nm [61]. In
the synthesis process, during the early stages of Co salt reduction,
the tiny Co nanoparticles expanded to generate bigger Co nano-
particles. These particles quickly turned into CoO particles,
which kept ending up bigger in the solution. As the amount of
surfactant varied, they evolved into distinct forms and sizes.
Earlier study describes the shape-selective CoO nanoparticle
synthesis using polyvinyl alcohol (PVA) as a capping [63]. How-
ever, polymerization of PVA at higher concentrations may
result in the formation of templates that facilitate the develop-
ment of anisotropic nanosheets or nano dendrites.

The appearance of discrete lattice fringes in the HRTEM
image at high magnification (600 kX) is an indicative of the
formation of extremely crystalline Co;O, revealing the 0.25 nm
d-spacing of the atomic planes. The monocrystalline character
of PEG/COs0, was verified by the presence of a single crys-
tallite. Fig. 5f depicts a TEM micrograph of the SAED pattern
of the PEG/Co0;0; in dark field diffraction mode. It displays a
flawless single crystal pattern with first-, second- and third-
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Fig. 4. FESEM images of PEG/Co;0. NPs: (a) 10 kX, (b) 30 kX, (c) 50 kX and (d) 100 kX

order nanostructure facets and scattering of the circular arrang-
ement, with brighter and clearer regions in the circles. This
suggests that the crystals are in the nm range and are oriented
randomly. The XRD spectrum of the PEG/Co030., nanoparticles
and the corresponding electron diffraction spots depicted the
same hexagonal crystal structure with space group P63mc.
X-ray photoelectron spectroscopy (XPS) studies: In this
investigation, XPS technique was employed to scrutinize the
valence states of elements at the surface of PEG-mediated Co;O4
nanoparticles. Fig. 6a reveals the elements presence on the
surface of PEG-mediated Co;0,4 nanoparticles and exhibited
the distinct peaks corresponding to Co, C and O elements.
Specific XPS peaks were identified, including Co (2s) at 926.58
eV, Co (2pip) at 793.2 eV, Co (2psp) at 777.96 eV, O (1s) at
529.4 eV, C (1s) at 283.07 eV, Co (2p) 134.60 eV, Co (3s) at
99.56.4 eV and Co (3p) at 57.21 eV [64,65]. The existence of
each peak indicates the presence of the respective components
and offers an insight into the surface chemistry. Two primary
peaks are observed, arising from spin-orbit coupling (2p;» and
2psp) (Fig. 6b). The binding energy of Co 2p;,, peak at 778.31
eV indicates Co® in Co3;0, and Co 2py; peak at 792.43 eV

further supports the presence of Co’* and confirmed the CoO
formation [66]. Prominent peaks at 778.04 eV (Co 2ps) and
793.4 eV (Co 2pi») suggest the presence of Co ions in both +2
and +3 oxidation states [67], the absence of peak at 776.1 eV
confirms the absence of metallic cobalt, which is consistent
with the XRD and SAED findings.

Fig. 6d reveals a captivating four-peak structure in the O
Is spectrum, providing crucial insights into the chemical
composition and surface characteristics of the material. The
first peak O, positioned at 527.90 eV corresponds to the strong
metal-oxygen bonds, an indicative of Co-O linkages within the
sample. The O; peak at 529.23 eV shows the presence of defect
sites characterized by the minimal oxygen coordination [68].
These deviations from the ideal crystal structure could arise
from missing oxygen atoms, vacancies or other structural
imper-fections. Further analysis revealed the O;; peak (530.16
eV), attributed to oxygen present in hydroxyl groups (-OH)
[11]. This observation underlines the involvement of hydroxyl
func-tionalities in the surface composition suggesting the
presence of absorbed water molecules, adsorbed oxygen
species or even surface oxides [69,70]. The presence of these
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groups can significantly influence the surface properties
including wettability, surface acidity/basicity and catalytic
activity. The O,, peak (532.15 eV) sheds light on the interaction
between the material surface and water molecules in its
surrounding environment. This peak is associated with the
oxygen content in physically adsorbed or chemisorbed water.
Physical adsorption involves weak van der Waals forces, while
chemisorption involves stronger chemical bonds. The intricate
four-peak structure observed in the O 1s spectrum (Fig. 6d)
has provided valuable insights into both the chemical
composition and surface characteristics of the material under
scrutiny. The XPS analysis provides strong evidence for the
successful synthesis of Co;O, nanoparticles with controlled
oxidation states. The presence of both Co** and Co®* ions, along
with defect sites, suggests potential for further investigation
and application in various fields.

Photocatalytic potential of Co;O04 nanoparticles

Degradation of Congo red dye: This study explores the
complex field of photocatalysis, specifically examining the
synthesized PEG-mediated Co;O4 nanoparticles and their imp-
ressive capacity to enhance the breakdown of azo dye Congo
red dye. The existence of two stable aromatic rings intricately
connected by the chromophore [71] adds to the complexity of
Congo red, resulting in a strong resistance to degradation [72].
In order to establish a baseline, we examined the photostability
of Congo red dye in the absence of a photocatalyst under ultra-
violet light (Fig. 7a). Surprisingly, there was no significant
decrease in Congo red dye concentration even after being exposed
for 60 min. This observation clearly demonstrates that UV light
alone has a negligible effect on changing the physical and chemical
characteristics of the dye. Fig. 7b-c illustrate the photocatalytic
process of the synthesized Co;O4 nanoparticles under various
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Fig. 6. XPS spectra of PEG-mediated Co;O.4 nanoparticles: (a) Overview scan, (b) Co 2p spectrum, (c) O 1s spectrum and (d) C 1s spectrum

conditions. The results clearly depicted a steady decrease in surface of PEG-mediated Co;O, nanoparticles when exposed
Congo red dye concentration over time as evidenced by the to UV-visible light. This phenomenon is supported by the well-
diminishing peak at 501.2 nm in the UV-Vis spectra. After established photocatalytic mechanism for metal oxides [73]
150 min of UV irradiation, the peak disappears entirely indic- (Fig. 8). Upon irradiation with UV light, electrons are excited
ating the complete degradation of Congo red dye. The visible from the valence band to the conduction band of Co;0,, crea-
colour of the solution change from original to transparent ting electron-hole pairs (e /h*). These energetic charge carriers
supports this observation. These results emphasize the crucial then migrate to the surface of the nanoparticles, where they
role of Co;0, nanoparticles in facilitating the breakdown of ~ react with water and adsorbed oxygen molecules to generate
the Congo red dye molecule. Fig. 7d delves deeper into the active hydroxyl radicals:
influence of Co;O,4 nanoparticles dosage on the photocatalytic *H,0O + h* — *OH + H*
efficiency. In this study, higher dosages (150 and 200 mg L.™")
translated to a greater availability of active surface sites on the
Co;0, nanoparticles, thereby enhancing the degradation rate. The highly reactive *OH radicals then attack the complex
An estimated degradation of 96.44% of the dye was achieved  structure of the Congo red dye, leading to its degradation through
using a catalyst dose of 200 mg L™'. This observation highlights ~ various pathways, including cleavage of the azo bond (-N=N-)
the importance of optimizing the photocatalyst dosage for ~ and oxidation of aromatic rings [74].
maximizing the photocatalytic efficiency. Comparative study: The synthesized Co;O, nanoparticles
Mechanism: The observed photocatalytic activity can be demonstrated superior performance as compared to commer-
attributed to the generation of hydroxyl radicals ("OH) on the  cially available photocatalysts such as ZnO and TiO, (P25)

.02 +e — 02_
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Fig. 8. Schematic of degradation of Congo red dye dye via PEG/Co;O, NPs

for the degradation of Congo red dye (Fig. 9). This superior
perfor-mance can be attributed to several factors, for example
(a) smaller crystallite size, which translates to a larger surface
area, providing more active sites for photocatalytic reactions
[75,76]; (b) lower band gap energy facilitates the generation
of more electron-hole pairs (e/h*) pairs under UV light, ulti-
mately enhancing photocatalytic activity [77] and (c) presence
of specific functional groups introduced onto the surface of
the PEG-mediated Co;0, nanoparticles may promote adsor-
ption and degradation of Congo red dye molecules by providing

additional catalytic sites or improving the interaction between
the dye and the photocatalyst [78]. The observed dependence
on dosage and superior performance highlights the potential
of these nanoparticles for wastewater treatment and environ-
mental remediation applications.

Conclusion

This study presents a novel synthetic method for Cos;04
nanoparticles utilizing polyethylene glycol (PEG) as a capping
and directing agent. The combined precipitation-cum-hydro-
thermal approach offers several advantages including (a) enhanced
control over morphology which was confirmed through FTIR
analysis about the interaction between PEG and Co;0, sugge-
sting the PEG’s role in stabilizing and shaping the nanopatrticles.
The FESEM and HRTEM micrographs revealed unique multi-
structured morphologies, unlike conventional spherical Co;O,
nanoparticles. (b) The UV-vis spectroscopy reveals two distinct
bandgap transitions at 1.68 and 2.5 eV suggesting the influence
of PEG on the electronic structure of CosO,. This tunability is
crucial for enhancing light absorption and photocatalytic activity
in the targeted wavelength range. Remarkably, PEG-mediated
Co;0, nanoparticles demonstrated exceptional photocatalytic
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performance, achieving nearly complete Congo red dye degra-
dation (96.44%) within 150 min of UV irradiation. This work
paves the way for systematic polymer-assisted synthesis of
Co;0, nanoparticles with diverse morphologies and tenable
electronic properties.
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