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AbstractThe synthesis of [Co(HBZAP)(OAC)2]2H2O and [Zn(HBZAP)(OAC)2] H2O complexes was successfully performed through refluxin connection with the Schiff bases synthesized with metal salt acetate hydrate. Identification of the synthesized complexes wasperformed by Fourier transform infrared FTIR, UV-Vis, magnetic moment,1H, and 13C-NMR spectroscopy and X-Ray diffraction XRD.These studies show the Schiff base ligand as bidentate due to oxygen from the phenolic group and nitrogen from the azomethanegroup for complexation with Co(II) and Zn(II), resulting in a tetrahedral configuration of the complexes around the metal ions.Conductivity measurements in DMSO demonstrated that none of the complexes would permit the conduction of electricity. Co3O4and ZnO nanoparticles were synthesized from these Co(II) and Ni(II) complexes. FTIR and UV-Vis spectra, as well as FE-SEMimages, were used to identify the synthesized nanostructures. These results show that the Co3O4 and ZnO nanoparticles have cubicand hexagonal systems, respectively. The average crystallite sizes of Co3O4 and ZnO are 36.5 and 31.9 nm, respectively. Thesenanoparticles show excellent photocatalytic activity when used under UV light to degrade Congo red dye in aqueous media for 120minutes of 91.4% and 60.6%.
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1. INTRODUCTION

Schiff base transition metal complexes have garnered signifi-
cant attention recently due to their remarkable properties and
diverse applications. These complexes exhibit various bio-
logical activities, including antibacterial, anti-inflammatory,
antipyretic, antioxidant, and antiviral effects. Additionally, they
serve as versatile catalysts in numerous chemical reactions,
such as alkene halogenation, polymerization, ketone reduction,
thionyl chloride reactions, Henry reactions, aldol reactions, and
the oxidation of organic compounds. Owing to their exten-
sive utility, Schiff bases represent a critically important class
of compounds in pharmaceutical and medical sciences (Abass
et al., 2020; Abdelrahman and Al-Farraj, 2022; Gaur et al.,
2023) .

Using Schiff base complexes to synthesize metal oxide
nanoparticles (NPs) offers several advantages. First, Schiff
bases can effectively stabilize metal ions in solution; hence, they
can prevent the coalescence of metal ions and promote con-
trolled nucleation in NP synthesis (Patil et al., 2020) . Second,
they can produce uniform NPs of certain shapes and sizes. This
control over morphology is essential to tailoring the desired

properties of the metal oxides. Finally, metal oxides prepared
from Schiff bases usually possess improved catalytic activity
due to the organic ligand, which is believed to modify the elec-
tronic and surface reactivity of the metal oxide (Mahadevi and
Sumathi, 2023; Nassar et al., 2017) .

Due to their ability to coordinate with numerous metal
ions, Schiff base metal complexes have received wide attention
in the literature for producing metal complexes with custom
properties (Adaji et al., 2024) . For example, several recent
reports have demonstrated that Schiff base metal complexes
can produce metal oxide NPs with small crystallite sizes, such as
Co3O4, CuO, and NiO, using simple and inexpensive methods.

The significance of these nanomaterials lies in their broad
application. For example, they can degrade roxarsone, adsorb
secondary inorganic arsenic, detect acetone with high selec-
tivity, act as the anode in Li-ion batteries, have antibacterial
properties, or be used in the photocatalytic degradation of or-
ganic dyes (Abdelrahman and Al-Farraj, 2022) . More recently,
the use of coordination compounds as novel precursors for the
synthesis of nanometer-sized metal oxides is one of the easiest
and most practical routes because it eliminates the need for
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special equipment and complex procedures and produces novel
structures and high-purity by-products (Nwaiwu et al., 2024) .
Schiff base complexes have gained popularity as precursors for
metal oxide NPs because they permit the controlled release of
metal ions during the thermal decomposition step (Subhi et al.,
2022) .

Co3O4 and ZnO NPs obtained from Schiff base complexes
possess improved physical adsorptions, which enhance pho-
tocatalytic activity. For example, Co3O4 and ZnO NPs syn-
thesized from Schiff base complexes have improved the pho-
todegradation of various dyes, such as Congo red (CR) and
rhodamine B (Abass et al., 2020; Abdelrahman and Al-Farraj,
2022) . ZnO has shown good activity as a photocatalyst for
degrading organic dyes even in UV light; many researchers
have confirmed this. In particular, the efficacy of ZnO against
the degradation of dyes, including methyl orange, methylene
blue, and CR, has been studied.

Co3O4 (cobalt (II,III) oxide) is a mixed-valence metal oxide
consisting of Co2+ and Co3+ ions, giving it unique electronic
and catalytic properties. There are tetrahedral and octahe-
dral sites on the spinal structure. These structures give good
stability and magnetic properties (Gaur et al., 2023; Nwaiwu
et al., 2024; Singh and Major, 2016) . Co3O4 is an antiferro-
magnetic material with a Neel temperature of roughly 40 K.
Nevertheless, at room temperature, it functions as a param-
agnetic material, which is beneficial to certain magnetic and
electronic applications. It is a notable p-type semiconductor
with a direct optical band gap of 2.44 eV, making it highly
suitable for various applications, including biomedical imaging,
cancer therapy, pharmacology, chemical sensing, catalysis, and
semiconductor transistors. It finds applications in lithium-ion
batteries, supercapacitors, and electrocatalysis because of its
reversible redox reaction that increases energy storage (Naikoo
et al., 2024; Zhu et al., 2008) .

Zinc oxide (ZnO) is a binary compound in which zinc is in
the +2-oxidation state (Zn2+) while oxygen is in an oxidation
state of -2 (O2−). ZnO has a wurtzite structure at room tem-
perature; this is the most stable form. This specific structure
is characterized by hexagonal crystal symmetry and polar sur-
faces, producing piezoelectric and pyroelectric effects (Saeed
et al., 2024) . ZnO is an outstanding thinned semiconducting
material with a direct wide band gap (3.3 eV) at room temper-
ature. Thus, it is in the UV spectrum and can be utilized for
optoelectronics, including UV LEDs, laser diodes, and solar
cells. It possesses great stability, cost-efficiency, superior elec-
trical conductivity, higher binding free energy (approximately
60 meV), and biocompatibility, which are outstanding features
(Kumar et al., 2022) . Because of its strong oxidative abili-
ties and stability, ZnO is a very effective photocatalyst for the
breakdown of organic pollutants through UV light. Zinc oxide
NPs can play a significant role in degrading dyes, such as CR
and methylene blue, during wastewater treatment. Known for
their versatility, these NPs are used across various industries, in-
cluding nanodiagnostics, nanocomposites, antimicrobial agents,
antioxidants, paints, and coatings, due to their effective UV pro-

tection properties (Dao et al., 2023) .
In this study, 13C, 1H-NMR, FTIR, and UV-Vis spec-

troscopy were used to describe the structure of the compounds.
In addition, SEM and XRD were employed to examine the
shape and structure of the as-prepared Co3O4 and ZnO NPs.

2. EXPERIMENTAL SECTION

2.1 Material
Materials used were 2-hydroxy benzaldehyde (99%, Merck,
Germany), 4-aminophenol (98%, Merck), cobalt acetate tetrahy-
drate (Co(CH3COOH) 2 · 4H2O), zinc acetate dihydrate (Zn(C
H3COOH) 2.4H2O, 98%, BDH, England) and CR dye (ana-
lytical standard grade, Merck).

2.2 Instrument
A SMP30 digital melting point apparatus (Stuart), a 8400s
FTIR spectrometer (Shimadzu), a 1700 UV-visible spectropho-
tometer with Lisper diffuse reflectance capability (Shimazu),
a Bruker DMX-400 NMR spectrometer, a Shimadzu XRD-
6000 X-ray diffractometer, and a TESCAN MIRA III FESEM
were used in this work.

2.3 Methods
2.3.1 Synthesis of N-(2-Hydroxybenzylidene)-4-aminophe

nol (HBZAP)
A condensation reaction was used to synthesize the ligand, as
illustrated in Figure 1. A round-bottom flask was preheated to
100◦C and filled with a solution of 5-hydroxybenzaldehyde (3
mL) and p-aminophenol (3.05 g), which was dissolved in the
same amount of ethanol and acetic acid. After 4 h of reflux,
the mixture was cooled. The precipitate was recrystallized after
vacuum filtration. We recrystallized 3.02 g (74%) of the sol-
vent from ethanol under reduced pressure. The recrystallized
product was collected and dried in a vacuum desiccator (Ashraf
et al., 2011) .

2.3.2 Synthesis of [Co(HBZAP)(OAC)2]2H2O and [Zn(HB
ZAP)(OAC)2] H2O Complexes

A similar protocol was used to prepare the metal-ion II com-
plexes: two copper or zinc ion solutions, each containing 0.5
g (0.0023 mole) of metal-ion salt in 20 ml of ethanol, were
prepared. During 5 hours of reflux, a hot ethanolic solution
of the Schiff base ligand (1 g, 0.0046 mmol) was gradually
added to each metal salt solution. The solutions were allowed
to cool to room temperature, and the precipitates were filtered
and washed with ethanol. The precipitates were then dried and
weighed to determine the amount of metal-ion II, as shown in
Figure 2.

2.3.3 Synthesis of Co3O4 and ZnO NPs
NPs of ZnO and Co3O4 in Figure 1 were produced by ther-
mally decomposing the Schiff bases for 5 hours at 500◦C (Al-
Wasidi et al., 2022; Pushpanathan and Suresh Kumar, 2014) .
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Figure 1. Syntheses of N-(2-Hydroxybenzylidene)-4-aminophenol (HBZAP) [Co(HBZAP) (OAC) 2]2H2O,
[Zn(HBZAP) (OAC) 2] H2O and Metal Oxide NPs

2.3.4 Photocatalytic Degradation
The photocatalytic efficiency of the Co3O4 and ZnO NPs was
evaluated for the degradation of CR dye under UV irradiation.
The experiments were conducted in a 250-mL photoreactor
equipped with a 125 W high-pressure mercury lamp (𝜆 max =
365 nm). Before irradiation, the lamp was preheated for 10
min to stabilize its output. For each trial, 0.3 g of photocatalyst
(Co3O4 or ZnO) was dispersed in 200 mL of CR solution (10
mg/L). To establish the adsorption-desorption equilibrium,
the mixture was magnetically stirred in the dark for 10 min.
Subsequently, the solution was transferred to the photoreactor,
where continuous aeration (0.1 mL/min) was maintained via
an air diffuser to ensure homogeneous mixing and oxygen
saturation.

Aliquots were collected regularly, diluted appropriately, and
analyzed using a UV-Vis spectrophotometer (Shimadzu UV
mini-1240, Japan) at 𝜆 max = 663 nm (3-cm quartz cell).
Calibration curves derived from standard solutions were used
to quantify residual dye concentrations. The photodegradation
efficiency (%) was calculated based on the relative decrease in
absorbance, and the apparent pseudo-first-order rate constant
(k) was determined using Equation (1) to assess the reaction
kinetics.

PDE% =
A0 − At
A0

× 100% (1)

where:

A0 denotes the initial reactant concentration at time t = 0.
At represents the reactant concentration at a defined irradiation
time, t.
PDE% quantifies the percentage of degradation efficiency achiev
ed through light-driven photocatalytic processes.

3. RESULTS AND DISCUSSION

3.1 Fourier Transform Infrared (FTIR) Spectroscopy Char-
acterizations

3.1.1 Characterizations of Regents (2-Hydroxybenzaldehyde,
p-Aminophenol) and N-(2-Hydroxybenzylidene)-4-
Aminophenol (HBZAP)

The FTIR spectrum of a sample of 2-hydroxybenzaldehyde
(also known as salicylaldehyde) in Figure 2 will show charac-
teristic absorption bands related to the bonds in the molecule.
The hydroxyl group in 2-hydroxybenzaldehyde can form in-
tramolecular hydrogen bonds with the carbonyl group that shift
and broaden the O H stretch to lower wavenumbers. The
broad absorption between 3182-3200 cm-1 indicates a hy-
droxyl group. The carbonyl stretch of the aldehyde is indicated
by a strong band at 1664 cm-1. Multiple peaks at 1400-1600
cm-1 relate to aromatic C C stretching and at 3063 cm-1 for
aromatic C H stretching, confirming the aromatic nature of
the compounds.

After analyzing the FTIR spectrum Figure 2 of para-aminop
henol, the N H stretching vibrations have two bands in the
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3354-3294 cm-1 region because of symmetric and asymmet-
ric stretching modes. In this case, the FTIR spectra of the
ligand as showed in Figure 2 (N-(2-Hydroxybenzylidene)-4-
aminophenol (HBZAP)) and the starting material were com-
pared, and several differences were observed. The hydrogen
bond between the NH and OH in the proposed structure agrees
with the band at 3045 cm-1 corresponding to the v(O H) of
the phenolic group (OH). The N H stretch proves the pres-
ence of an OH/NH hydrogen bond intermolecularly, as there
is no indication of the absorption bands (vOH at 3354 cm-1 of
the phenolic group and vNH2 at 3295 cm-1) of 4-aminophenol.
A new vibration band near 1631 cm-1, corresponding to the
v(C N) stretching mode, confirms the formation of the Schiff
base ligand, L (Abdallah et al., 2009; Al-Wasidi et al., 2022;
Pavia et al., 2014) .

3.1.2 FTIR [Co(HBZAP)(OAC)2]2H2O ,[Zn(HBZAP)(OA
C)2] H2O and Metal Oxide NPs

In the study of various metal–ion complexes, the structures of
the complexes can be effectively determined by comparing the
spectra of the free ligand (L) with those of the corresponding
complexes. This comparison provides insights into the ligand
sites involved in chelation, enhancing understanding of the
complexation process. A comparison shows that the absorp-
tion bands in the FTIR spectra of the ligand change during
the chelation process, as shown in Table 1 and Figure 3. The
coordination of this ligand with the metal ions and the deposi-
tion of theC N– and O H-bearing azomethane imine group
changes its position and intensity or shape in relation to the
ligands (L). Thus, the entire complex is usually represented in
the spectral band. Broad bands representing v =C H stretch-
ing frequencies, such as v (3100–3500) cm-1, were observed
for the synthesized complexes and a moving fast track with
the movement of water or decomposed particles (Abdulghani
and Khaleel, 2013; González-García et al., 2016; Nakamoto,
2009) . In the spectra of the complexes, additional vibrational
modes are observed due to the bonding of the metal ions with
the ligands. These vibrations are related to the frequencies
of the ligand and are within the range of 524–561 cm-1 for v
(M-N) and 401–482 cm-1 for v (M-O) (Salavati-Niasari et al.,
2008) . FTIR analysis was used to further the structural char-
acterization of the Co3O4 and ZnO NPs. Co3O4 NPs showed
characteristic Co–O vibrational modes at 580 cm-1 and 670
cm-1, attributed toCo–O bonds and bridging O bonds to Co,
respectively. The FTIR spectra of the synthesized ZnO NPs
showed Zn–O vibrations at 474 cm-1.

3.2 Electronic Spectra Co(HBZAP)(OAC)2]2H2O,[Zn(HB
ZAP)(OAC)2]H2O Complexes

The ultraviolet-visible (UV-vis) spectra of [Co(Schiff base) (OA
C) 2]2H2O and [Zn(Schiff base ) (OAC) 2]2H2O complexes
could reveal information on their electronic structure, ligand
field, and geometry. Figure 4 and Table 2 show the electronic
spectra, magnetic susceptibility, and atomic percentage for the
ligand and metal–ion complexes (Bain and Berry, 2008; Jyothi

Figure 2. FTIR Characterizations for Chemical Reagents
(2-Hydroxybenzaldehyde, p-Aminophenol) and
N-(2-Hydroxybenzylidene)-4-Aminophenol (HBZAP)

et al., 2022; Pavia et al., 2014) .

3.3 1H-NMR Spectra N-(2-Hydroxybenzylidene)-4-Amino
phenol (HBZAP), [Co(HBZAP)(OAC)2]2H2O ,[Zn(HB
ZAP)(OAC)2] H2O Complexes

The 1H-NMR spectra of N-(2-Hydroxybenzylidene)-4-amino
phenol (HBZAP), [Co(C13H11NO2) (OAc) 2]2H2O and [Zn(C
13H11NO2) (OAc) 2]2H2O complexes were acquired in deuter-
ated dimethyl sulfoxide (DMSO-d6) to investigate the struc-
tural and electronic modifications resulting from metal co-
ordination. A comparative analysis of the spectra Figure 5
shows distinct coordination-induced shifts and peak broad-
ening, which directly correlated with changes in the proton
environment of the ligands upon metal binding. The ligand
showed phenolic group signals at 𝛿 9.7 and 13.7 ppm and a
peak for imine proton at 𝛿 8.9 ppm, in addition to the aromatic
protons at 𝛿 6.8–7.6 ppm (Silverstein et al., 2005) .

1H-NMR spectral studies of paramagnetic Co (II) Schiff
base complexes typically show peaks that have broadened and
shifted due to the paramagnetic nature of Co (II). This broad-
ening results from the interactions between the paramagnetic
center and the nuclear spins. The unpaired electrons on the
metal interact with the nuclear spins of the protons, leading
to rapid relaxation times (Dhale et al., 2023; Pettersen et al.,
2004) . Upon coordination with Zn (II), this proton may expe-
rience a slight shift, often moving upfield (lower ppm) due to
the electron-donating effect of the metal, which increases the
electron density around the nitrogen. A pronounced downfield
shift of the azomethine proton resonance ( CH N ) to 7.5
ppm in the Zn(II) complex spectrum (compared to the free
ligand) provides unequivocal spectroscopic evidence for the
coordination of the imine nitrogen to the metal center. This
deshielding effect arises from electron density withdrawal by
Zn (II) through the 𝜎-bonding framework, consistent with a
metal-imine covalent interaction. Furthermore, the free ligand
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Table 1. FTIR Spectra: Reagents (2-Hydroxybenzadehyde, 4-Aminophenol), Ligand-Metal Complexes, and Characterization of
the Metal Oxide NPs

Compound
v(C=O)
cm−1

v(NH2)
Asym-

sym cm−1

v(CH=N)
cm−1

v(O-H)
cm−1

v(M-N)
cm−1

v(M-O)
cm−1

2-hydroxybenzaldehyde 1664 - - 3182 - -
4-aminophenol - 3354–3294 - - - -

Schiff base ligand - - 1631 3095 - -
[Co(HBZAP)(OAC)2]2H2O - - 1604 - 425 458

Zn(HBZAP)(OAC)2] - - 1614 - 420 460
H2O - - -
CoO 580

OCoO bridging 670
ZnO NPs 474

Table 2. Electronic Data Spectra, Magnetic Susceptibility, and Atomic Percentages for N-(2-Hydroxybenzylidene)-4-
Aminophenol (HBZAP), (b) [Co(HBZAP)(OAC) 2]2H2O,[Zn(HBZAP) (OAC) 2]H2O Complexes

Zn(HBZAP)(OAC) 2] H2O
Absorption
Bands (nm)

Assignments 𝜇e f f B.M. (Cal.) Metal % (Cal.)
Suggested
Geometry

Schiff base ligand 270 n→𝜋* - - -
348 𝜋→𝜋*
433 n→𝜋*

[Co(HBZAP)(OAC) 2]2H2O 426 4A2 (F)→ 3T2 (F) 2.99 11.97 Tetrahedral
533 4A2 (F)→3T2 (p) (2.82) (13.86)
237 MLCT (12.3)
267 MLCT

Zn(HBZAP)(OAC) 2] H2O 418 MLCT 0 13.75
447 MLCT (15.08)

exhibited a distinct resonance at 13.7 ppm, assigned to the hy-
droxyl proton (OH) of the phenolic or enolic moiety (Mishra
et al., 2018) .

3.4 13C-NMR Spectral Characterization for N-(2-Hydroxyb
enzylidene)-4-Aminophenol (HBZAP)

13C-NMR spectroscopy is used to investigate the carbon atoms
in a compound, providing information about the types of car-
bon atoms present and the chemical environments they inhabit.
In the case of Schiff base ligands, the 13C-NMR spectrum offers
valuable insights into the structure and chemical properties of
the ligand. The chemical shift values indicate the shifts of the
carbon atoms in the Schiff base ligand. These chemical shifts
are reported in Table 3 and Figure 6, expressed in (ppm) rela-
tive to an internal standard, typically tetramethylsilane (TMS).
The dramatic shift of these carbon atoms in the Schiff base lig-
ands provides information on various properties of the ligand,
such as the chemical environment and the structure (Silverstein
et al., 2005) .

3.5 Characterizations of Cobalt and Zinc Oxide NPs
3.5.1 XRD of Cobalt and Zinc Oxide NPs
The sharpness and intensity of the peaks in the XRD pattern of
the [Co(C13H11NO2) (OAc) 2]2H2O complex Figure 7 indicate
the crystalline nature of the complex. The 2𝜃 values of the
peaks were indexed to find the lattice parameters and the tetrag-
onal crystal structure (El-Gammal et al., 2021) . The peaks in
the XRD pattern of Co3O4 are shown in Figure 6: 19.10◦,
31.25◦, 36.90◦, 44.90◦, 55.65◦, 59.40◦, 65.25◦, and 77.45◦.
These peaks were compared with standard reference data for
Co3O4, such as those available in the Joint Committee on
Powder Diffraction Standards (JCPDS card (98-006-9365))
database (Lin et al., 2016) . Co3O4 has a cubic symmetry, char-
acterized by a few symmetric peaks, unlike the Schiff base
complexes, which have lower symmetry (Razmara and Janczak,
2021) . However, specific diffraction patterns that correspond
to its cubic crystalline phase can be used to index these peaks to
the appropriate Miller indices: (111), (022), (113), (222), (004),
(224), (115), (044), and (335) (Boureguig et al., 2020) . The
average crystallite size, 36.65 nm, was determined using the
Debye–Scherrer Equation (2) to estimate the crystallite size:
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Table 3. 13C-NMR Characterization of N-(2-Hydroxybenzylidene)-4-Aminophenol (HBZAP)

C/H
Chemical Shift

(𝛿)ppm
Interpretation References

C OH8 161
due to OH from
salicylaldehyde

(Bader et al., 2019; Silverstein et al., 2005)

C OH16 154
due to OH from
p-aminophenol

(Bader et al., 2020)

CH N7 160
due to formation of
imine group C=N

for Schiff base
(Al-Qasii et al., 2023)

(C-aromatic)C13 C17 114-144
due to aromatic

carbons
(Silverstein et al., 2005)

𝛿(DMSO) 40 DMSO (Silverstein et al., 2005)

Figure 3. FTIR Spectral Analyses for (a)
N-(2-Hydroxybenzylidene)-4-Aminophenol (HBZAP), (b)
[Co(HBZAP) (OAC) 2]2H2O ,[Zn(HBZAP)(OAC)2] H2O
complexes, (d)Co3O4, and (e) ZnO nanoparticles

x =
k𝜆

𝛽 cos(𝜃) (2)

where: D is the average crystallite size, Kis the dimensionless
Scherrer constant (K≈ 0.9 for spherical crystallites), 𝜆 is the X-
ray wavelength nm (typically 0.154 nm for Cu-K𝛼 radiation),
𝛽 is the full width at half maximum (FWHM) of the diffraction
peak, 𝜃 is the Bragg angle (in radians) These peaks were at
the expected positions for Co3O4, confirming the cubic spinel
structure of Co3O4 (Matinise et al., 2018) .

Similarly, X-ray powder diffraction analysis was performed
for the polycrystalline material of the coordinated complex.
The XRD patterns of these complexes indicated a well-defined
crystalline structure Figure 8 for the [Zn(C13H11NO2) (OAc) 2]
2H2O complex, which indicated a cubic crystal system. The
average grain size was calculated as 22.8 nm using the De-
bye–Scherrer formula. In the case of ZnO NPs, the typical
XRD pattern of ZnO NPs exhibited several characteristic peaks,

Figure 4. Electronic Spectra for
N-(2-Hydroxybenzylidene)-4-Aminophenol (HBZAP), (b)
[Co(HBZAP) (OAC) 2]2H2O ,[Zn(HBZAP) (OAC) 2] H2O
Complexes

which were indexed to the hexagonal wurtzite crystal structure
according to JCPDS No. 36–1451 (Sutharappa Kaliyamoor-
thy et al., 2022) . In general, the most prominent peaks are
observed at 31.8◦, 34.4◦, 36.3◦, 47.5◦, 56.6◦, and 62.9◦, which
correspond to the (100), (002), (101), (102), (110), and (103)
crystal planes (Katouah, 2021) . The crystallite size of the ZnO
was calculated using the Debye–Scherrer Equation (2), yielding
an average value of 31.9 nm.

3.6 Field Emission Scanning Electron Microscopy (FESEM)
Characterization of Co3O4 and ZnO

Field emission scanning electron microscopy (FESEM) offers
higher resolution and superior surface detail than conventional
SEM, making it an excellent choice for analyzing Co3O4 and
ZnO NPs (Lewczuk and Szyryńska, 2021) . FESEM provides a
detailed understanding of NP morphology and size distribution
when combined with size distribution analysis (Bin Mobarak
et al., 2022) . By employing appropriate sample preparation,
imaging, and analysis techniques, comprehensive insights into
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Figure 5. 1H-NMR Spectral Characterizations
N-(2-Hydroxybenzylidene)-4-Aminophenol (HBZAP),
Co(C13H11NO2) (OAc) 2]2H2O and
[Zn(C13H11NO2) (OAc) 2]2H2O Complexes

the structural properties of these NPs can be obtained. Such
insights are crucial for the application of the NPs in various
fields.

The morphology of theCo3O4 NPs was analyzed using FE-
SEM, as shown in Figure 9a. The low-magnification FESEM
image in Figure 9b reveals that many Co3O4 NPs are uniformly
distributed over the nanosheets. The high-magnification FE-
SEM images demonstrate two sizes of Co3O4 NPs, small and
large, on the surface (Figure 9c and inset). The diameter of the
Co3O4 NPs was measured using the ImageJ software (1.53v)
and represented as a histogram, as shown in Figure 9. The
Co3O4 NPs have an average size of about 55 nm.

3.7 Optical Absorption and Band Gaps of Co3O4 and ZnO

The optical absorption spectra of the Co3O4 and ZnO NPs gen-
erally contain discernible peaks that correspond to electronic
transitions across the material that provide insights into the
electronic structures and band gaps of these particles. Co3O4
NPs typically exhibit absorption in the UV-visible range. The
major absorption Figure 9 peaks observed at 447 nm and 733
nm can be attributed to charge transfer transitions from O2−

to Co2+ and O−2 → Co3+, respectively (Makhlouf et al., 2013) .
Co3O4 was measured in water using a UV-Vis spectrophotome-
ter based on the Tauc relation with Equation (3).

𝜀hv = P (Eg − hv) (3)

where: 𝜀 represents the molar extinction coefficient, h is Planck’s
constant, v corresponds to the frequency of light, Eg is the
bandgap energy, p is a constant. The plot of (𝜀hv) 2 versus
the photon energy (hv) shows a distinct absorption edge for
the powdered catalyst. The bandgap energy (Eg) was calcu-
lated by extrapolating the linear region of the plot, as shown

Figure 6. 13C-NMR Spectral Characterization for
N-(2-Hydroxybenzylidene)-4-Aminophenol
(HBZAP)

Figure 7. XRD Patterns of a [Co(HBZAP) (OAC) 2]2H2O
Complex andCo3O4 NPs

Figure 8. XRD Patterns of a [Zn(C13H11NO2) (OAc) 2]2H2O
Complex and ZnO NPs
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Figure 9. (a,c) FESEM Images and (b,d) Size Histograms for Co3O4and ZnO Nanoparticles

in Figure 10. The direct bandgap (Eg) is size-dependent, as
expected from the quantum confinement effect, which causes
the bandgap of a semiconductor to increase as the particle size
decreases. Co3O4 has a spinel structure composed of Co2+ and
Co3+ ions; therefore, its electronic properties are unique. The
mixture of two cobalt ions yields two different electronic tran-
sitions and corresponding band gaps (Debanath and Karmakar,
2013; Xu et al., 2016) . The calculated direct band gaps for the
Co3O4 NPs are 1.57 and 1.95 eV because it is a mixed-valence
compound with a complex electronic structure. Similarly, the
absorption spectrum of ZnO nanopowder is shown in Figure
11. It shows a strong absorption band around 362 nm, assigned
to the ZnO NPs. There is no significant difference between
this wavelength and the bandgap wavelength of 362 nm (Eg =
3.2 eV) (Lopes de Almeida et al., 2021) .

3.8 Photodegradation of CR Dye
CR dye, a toxic industrial effluent, is carcinogenic, and much
effort has been made to degrade it through semiconductor pho-
tocatalysis. Recent reports (Gaur et al., 2023; Magdalane et al.,
2019) have shown the photocatalytic degradation of CR dye
by Co3O4 and ZnO nano-heterostructures with a degradation
efficiency of 95%. Other similar nanocomposite photocata-
lysts have been reported, which showed higher photocatalytic
degradation efficiencies of 90% and 94%. The photocatalytic ef-
ficiency of the prepared Co3O4 and ZnO NPs was evaluated in
comparison with the standard ZnO NPs used as a photocatalyst.
The prepared samples were found to be suitable for environ-
mental applications. The metal oxide NPs were used for the

Figure 10. Electronic Transitions and Tauc Plot (direct allowed
transition) for Co3O4NPs

photocatalytic treatment of CR through UV light irradiation
for 1 hour. The UV-Vis spectra of the reactant solutions at
different irradiation periods were collected with an absorbance
meter at 25◦C to identify the absorbance of the reactant so-
lutions, and the percentage photocatalytic decomposition was
calculated from the change in absorbance after a given time
using the UV-Vis spectra.

The potential mechanism of CR degradation in the pres-
ence of ZnO particles under UV illumination is as follows: an
electron (e−) absorbs energy and is excited from the valence
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Figure 11. Electronic Transitions and Tauc Plot (direct allowed
transition) for ZnO NPs

band (VB) to the conduction band (CB) of the MO; this leaves
a hole (h+) in the valence band (VB) of the MO. Consequently,
an e−–h+ pair separates; this creates an active radical species,
which is responsible for the degradation of the dye.

3.8.1 Photoeffect of Initial Dye Concentration
The initial concentration of the CR dye was varied (30-60 ppm),
while the catalyst loading constant (0.1 g/100 mL) remained
the same to investigate the impact of the initial concentration on
the degradation rate. The results, presented in Figure 12, show
a linear relationship between the normalized dye concentration
and the irradiation time during the photocatalytic degradation
of the dye. Furthermore, the results presented in Figure 13
suggest that the initial concentration of the dye influences its
degradation rate. The dye degradation rate drops significantly
for dye concentrations above this critical value.

Figure 12. Effect of Initial Concentration on Dye Degradation
Using ZnO and Co3O4 as the Catalyst

Figure 13. Photodegradation Efficiency (PDE%) of ZnO and
Co3O4 for Dye Degradation

Figure 14. Variation in (At / A0) With Irradiation Time

Figure 15. Photocatalytic Degradation Efficiency Using 0.1 g /
100 ml ZnO and Co3O4 NPs Against Different
Concentrations of Congo Red Dye

3.8.2 Effect of Catalyst Loading
To systematically evaluate the influence of initial dye concen-
tration on the photocatalytic degradation kinetics, a series of
experiments were conducted under constant catalyst loading
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(0.1 g/100 mL) while varying the dye concentration from 30
to 60 ppm. Figure 14 shows the evolution of the normalized
dye concentration (C/Co) as a function of irradiation time, re-
vealing distinct pseudo-first-order degradation kinetics across
lower concentrations (30–50 ppm). However, as shown in Fig-
ure 15, a marked deviation from this trend occurs at higher
concentrations (>50 ppm), where the apparent rate constant
(kobs) decreases significantly.

4. CONCLUSIONS

New N-(2-Hydroxybenzylidene)-4-aminophenol),and their
Co(C13H11NO2)(OAc) 2]2H2O and [Zn(C13H11NO2)(OAc) 2]
2H2O complexes were prepared and characterized. These
complexes were used to prepare Co3O4 and NiO NPs, which
display excellent photocatalytic activity in CR degradation. The
adsorption efficiency of the ZnO NPs for removing CR dye was
better than that of Co3O4. Increasing the amount of catalyst
used increased the PDE after reaching optimum conditions.
Increasing the Congo red dye concentration decreased the pho-
todegradation rate but, at the same time, reduced the degra-
dation efficiency. The prepared oxide NPs exhibited elevated
photocatalytic activity toward the decomposition of the CR dye
under UV irradiation. The degradation rates for CR dye were
91.4% and 60.4% at 60 min for ZnO and Co3O4, respectively.
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