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Abstract

Ag–Co3O4 nanoparticles were synthesized via an eco-friendly green route using Gum Arabic as a natural biopolymer,
serving simultaneously as a reducing and stabilizing agent to enable controlled nanoparticle growth. The as-prepared
nanomaterials were investigated for the visible-light-driven photocatalytic degradation of methyl orange (MO).
Structural and morphological characterization using X-ray diffraction (XRD) confirmed the formation of a highly
crystalline cubic phase with an average crystallite size of approximately 20 nm, which was in good agreement with the
nearly uniform particle size observed by scanning electron microscopy (SEM). Ultraviolet-visible diffuse reflectance
spectroscopy revealed a reduced optical band gap of 2.09 eV compared to pristine Co3O4, indicating enhanced visible-
light absorption. Owing to these favorable structural and optical features, the Ag–Co3O4 nanoparticles exhibited
excellent photocatalytic performance, achieving up to 96% degradation of MO within 3 h under visible-light irradiation
at room temperature. To complement the experimental findings, density functional theory (DFT) calculations were
carried out at the B3LYP level to examine the electronic structure and nonlinear optical (NLO) properties. The
computed frontier molecular orbital (FMO) and charge-transfer characteristics revealed improved electronic
delocalization, while significantly enhanced first hyperpolarizability values (β = 11,441.88 and 54,398.78 a.u.)
confirmed strong NLO responsiveness. The combined experimental and theoretical results highlight the potential of
green-synthesized Ag–Co3O4 nanomaterials for advanced photocatalytic and optoelectronic applications.
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1. Introduction

Nanotechnology has become a revolutionary field because materials at the nanoscale show amazing chemical and
physical properties. This is the reason for the enormous research taking place in the synthesis and modification, and
application of nanomaterials in various fields, which include catalysis, nanomedicine, pollutant adsorption, and
photocatalysis [1-3]. Among many metal oxide nanomaterials, Co3O4 has been given significant attention because it is
inexpensive, naturally abundant, chemically stable, and possesses multifunctional properties [4]. Co3O4 is a p-type
semiconductor with a cubic spinel structure; Co2+ ions are found at tetrahedral sites, while Co3+ ions are at octahedral
sites. Such an arrangement of atoms provides good electronic properties to this compound, which possesses an optical
bandgap of about 3.95-2.13 eV [5-8].

Due to its unique structural and electronic features, Co3O4 has been widely explored in organic synthesis,
supercapacitors, water-splitting reactions, and photocatalytic degradation of organic pollutants [9-13]. However, pristine
Co3O4 is severely plagued by quick charge carrier recombination and limited visible-light absorption, thereby seriously
jeopardizing its photocatalytic efficiency. To overcome these drawbacks, noble metal incorporation, particularly silver
(Ag), has been demonstrated as an effective strategy to enhance charge separation, improve light harvesting, and
promote interfacial electron transfer, thereby significantly improving photocatalytic performance.

Co3O4 nanoparticles are normally fabricated via hydrothermal, sol-gel, sonochemical, and co-precipitation methods. In
most cases, these methods have major drawbacks, such as excessive energy consumption, toxic chemicals, and
hazardous conditions [14-17]. Alternatively, the green synthesis methods include plant extracts, biopolymers, and
microorganisms, and their interest has significantly increased, due to their compatibility with the environment, low cost,
simplicity, and reduced production of hazardous waste [18-22]. Among different biopolymers, one should consider
Gum Arabic (Acacia gum) due to its rich polysaccharide content and abundance of functional groups, which enable it to
act simultaneously as reducing, stabilizing, and templating agent in one step for nanoparticles.

The huge amount of synthetic dyes polluting the water bodies has enhanced the environmental significance of this work.
Methyl orange (MO) is one such popular azo dye, which is toxic, chemically stable, and resistant to biodegradation,
hence posing serious threats to aquatic ecosystems and human health [23-25]. Photocatalytic degradation has emerged
as one of the efficient and sustainable approaches out of the available techniques for dye removal, which include
adsorption, electrochemical treatment, and biodegradation due to its low energy requirements, high efficiency, and little
secondary pollution [26-35]. Within this context, the current study discusses the green synthesis of Ag–Co3O4

nanoparticles by using Gum Arabic as a biopolymer. This is followed by extensive structural, morphological, and
optical characterizations. The photocatalytic efficiencies of the synthesized nanomaterials are systematically assessed
toward the degradation of MO under visible-light irradiation. Also, electronic structure and nonlinear optical (NLO)
properties of the Ag–Co3O4 are investigated by means of density functional theory (DFT) calculations. Integration of
experimental photocatalytic performance with theoretical considerations thus provides valuable insight into charge-
transfer behavior, modulation of bandgap, and optoelectronic potential. Such a combined experimental-computational
approach establishes the Ag–Co3O4 nanomaterials with multifunctional usability in environmental remediation and
advanced optoelectronic devices.

2. Experimental Section

2.1 Materials

Gum Arabic (Acacia gum) was obtained from a certified bio-shop. Silver nitrate and Cobalt nitrate hexahydrate
(Co(NO3)2∙6H2O) was procured from Merck and used as such without further purification. MO dye served as a model
pollutant for photocatalytic studies. All aqueous solutions were prepared using double-distilled water [36].

2.2 Green Synthesis of Co3O4 Nanoparticles

One gram of AgNO3 and Co (NO3)2∙6H2O was added to the biopolymer solution under continuous stirring after
preparation of the Gum Arabic solution according to the reported method [36]. After that, the reaction mixture was kept
at 70 °C for 10 h until it became dry gel. The dried precursor calcined at 500 °C for 4 h yielded crystalline Ag–Co3O4

nanoparticles.

2.3 Photocatalytic Degradation Experiments

The photocatalytic activity was tested for MO degradation under visible light irradiation using a batch photo-reactor
fitted with a fluorescent lamp. It explores the effect of three variables: initial dye concentration (5-15 mg/L), catalyst
dosage (0.02-0.04 g), and time of irradiation. Then, the centrifuged solution was analyzed for its absorbance at λmax =
457 nm on a UV-Vis spectrophotometer.

2.4 Computational Methodology

All advanced computer simulations have been performed using DFT calculations, such as geometry optimization,
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frontier molecular orbital (FMO) analysis, computation of global quantum chemical descriptors, molecular electrostatic
potential (MESP)mapping, as well as calculations for first hyperpolarizabilities. These diverse theoretical calculations
together elucidate tremendous charge transfer properties as well as elevated electronic polarization capabilities of the
Ag–Co3O4 system, which are largely acknowledged as significant markers of NLO properties. Significantly, these DFT
calculations together elucidate mechanistic properties to interpret the experimental photocatalytic properties, as well as
confirm multifunctional capabilities of Ag–Co3O4 nanoparticles beyond pollutant cleanup.

3. Results and Discussion

3.1 Fourier Transform Infrared (FTIR) Analysis

Figure 1 shows the FTIR spectra of Ag–Co3O4 in the range of 4000-450 cm-1. The broad absorption peak in the interval
3453-3369 cm-1 is associated with O–H stretching frequencies due to adsorbed hydroxyl groups and physically
adsorbed water molecules on the metal oxide phase. The weaker peak observed in the vicinity of 2120 cm-1 may be
related to overtone or combination bands. The peak at 1708 cm-1 is associated with H–O–H bending modes of
molecular water or adsorbed carbonyl functionalities on the surfaces. The peaks at 1632 cm-1 and 1607 cm-1 are
attributed to bending vibrations of the hydroxyl groups on the surface. These are signs of chemisorbed –OH groups
acting as active sites. The peaks recorded at 1498 cm-1 and 1442 cm-1 could be attributed to the carbonate ion (CO₃2-)
formed as a result of the adsorption of atmospheric CO2. In the fingerprint area, the major bands assigned between 1364
and 1121 cm-1 are due to C–O bonds and Co–O–H vibrations, representative of surface hydroxylation and lattice effects.
Bands in the area 1049-825 cm-1 can be assigned to metal-oxygen stretching vibrations, validating the formation of
cobalt-oxygen networks. Significantly, major bands corresponding to 608, 543, and 502 cm-1 can be assigned to metal-
oxygen vibrations, specifically witnessing Co–O vibrations, definitely establishing the presence of Ag–Co3O4 in the
crystal phase. As a whole, the FTIR analysis verifies the successful preparation of the cobalt oxide with hydroxyl and
carbonate groups, which, in turn, is helpful for improving adsorption capacity and catalytic activities [37].

Figure 1. FTIR spectrum of green-synthesized Ag–Co3O4 nanomaterials. The spectrum shows characteristic metal-oxygen (Ag–O
and Co–O) vibrations and surface functional groups responsible for nanoparticle stabilization.

3.2 X-Ray Diffraction (XRD) Analysis

XRD analysis was conducted to investigate the crystal structure and phase purity of the prepared Ag–Co3O4

nanoparticles. The diffractogram showed in Figure 2 well-defined characteristic peaks corresponding to the cubic spinel
structure of Ag–Co3O4, which agreed well with standard Joint Committee on Powder Diffraction Standards (JCPDS)
data and confirmed successful formation of the crystalline phase. No additional peaks from impurities were observed,
indicating high phase purity for the synthesized material. Estimated average crystallite size according to the Scherrer
equation was found to be around 20 nm. This is strictly a size that represents the coherent diffracting domain and not
the physical particle size, which should be clearly differentiated in any microscopic observation. The difference in
crystallite size as calculated by XRD and the particle size estimated by SEM may be due to the agglomeration of
particles and also to the polycrystalline nature of the nanoparticles where each particle is made up of many crystallites
fused together [38,39].
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Figure 2. XRD pattern of Ag–Co3O4 nanomaterials. The pattern shows a cubic crystal structure and high crystalline; the average
crystallite size (~20 nm) was estimated using the Scherrer equation.

3.3 UV-Visible Diffuse Reflectance Spectroscopy (UV-Vis DRS)

The optical properties of Ag–Co3O4 nanoparticles were studied by using UV-Vis DRS. The obtained absorption
spectrum showed strong and extended absorption in the visible region, and the calculated optical bandgap was 2.09 eV.
This reduced bandgap compared to pristine Co3O4 could be due to the incorporation of Ag, which promotes improved
charge transfer and introduces localized electronic states within the host band structure. In this regard, Figure 3 indicate
the narrowing bandgap can enhance visible-light harvesting capability, which is an important factor for efficient
photocatalytic process applications. Therefore, it is clear that the extent of the absorption in the visible-light region
strongly supports the suitability of Ag–Co3O4 nanoparticles in photoinduced processes under solar irradiation [40].

Figure 3. Optical and physicochemical characterization of Ag–Co3O4 nanomaterials. (A) Tauc plot obtained from UV–Vis diffuse
reflectance data, indicating an optical band gap of approximately 2.09 eV, which suggests improved absorption in the visible-light
region. (B) Nitrogen adsorption–desorption (ADS/DES) isotherm demonstrating the porous nature and surface properties of the
prepared nanomaterial. (C) Raman spectra displaying the characteristic vibrational bands of Co3O4, confirming the crystalline
structure and the successful integration of Ag within the material framework.

3.4 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX) Analysis

SEM analysis indicates in Figure 4, the major morphology of the Ag–Co3O4 nanoparticles is octahedral, with an
average particle size of around 20 nm. However, agglomeration to some extent was observed in line with the high
surface energy and magnetic interactions between nanoscale particles. Elemental mapping further confirmed the
homogenous distribution of the elements, namely cobalt and oxygen, which also justifies the composition purity of the
prepared cobalt oxide frame and confirms the successful incorporation of Ag without altering the main crystal structure.

Figure 4. SEM micrograph of Ag–Co3O4 nanomaterials. The image reveals nearly spherical morphology with slight agglomeration
and an average particle size in the nanometer range.
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3.5 Investigation of Kinetics

The heterogeneous catalyzed reactions are highlycomplex in nature. The cause for this complexity is the simultaneous
adsorption of reactant molecules and the desorption of product molecules. The rate expression for the complex reaction
could be simplified on the basis of certain assumptions, which are Quasi-equilibrium, and Hypothesis, also referred to
as Quasi-Steady-State Hypothesis. The rate expression for MO degradation was designated by utilizing the Power rate
law as shown in equation (1).

Rate=k [MO]a[O2]b…..(1)

Partial pressure of oxygen equation (1) kept constant then following equation obtained equation (2):
Rate = k [MO]a…..(2)

Where

k = the rate constant.

a = Order of reaction of rhodamine B.

b = Order with respect to oxygen.

Assuming pseudo-first-order kinetics, the rate law can be expressed as equation (3):

- d[MO]
dt

=k[MO]…..(3)

Rearranging equation (3) gives equation (4):

- d[MO]
[MO]

=kdt…..(4)

Integrating equation (4) from initial concentration MO o at t = 0 to [MO]t at time t yields equation (5):

o

t d MO
MO� =k

o

t
dt…..(5)�

Performing the integration results in equation (6):

ln
MO o

MO t
=kt….. 6

Here

MO o= The MO with initial concentration.

[MO]t= The MO with concentration at time t.

The plot of equation 6 based on experimental data at varying temperatures is shown in Figure 5. From the kinetics study,
straight lines represent pseudo first order reaction. The slope of straight lines provides the value of rate constants and
from the slope of straight lines in Figure 7, values of rate constants are presented in Table 1.

Figure 5. Pseudo-first-order kinetic plots for the photocatalytic degradation of methylene orange (MO) over Ag–Co3O4/MOF at
different temperatures (303 K, 313 K, and 323 K). The linear relationship between ln(MO0/MOt) and reaction time indicates that the
degradation process follows pseudo-first-order kinetics. The increase in slope with rising temperature suggests enhanced reaction
rates and improved catalytic activity at higher temperatures.
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Table 1. Rate constant determined by application of Eq 6 to Ag–Co3O4 catalyzed degradation of MO at various temperatures.

Temperature (K) Rate Constant(min-1)
303 0.009
313 0.012
323 0.019

Similarly, equation 6 was applied to Ag–Co3O4 catalyzed degradation of MO with different initial concentrations 100,
200 and 300ppm. The application of equation 6 to experimental data is given in Figure 6. The straight lines indicate the
applicability of equation to data. The rate constant with different concentrations of MO dye determined from the slopes
of a straight line are given in Table 2.

Figure 6. Application of Eq 6 to Ag–Co3O4catalyzed degradation of MO at various concentrations.

Table 2. Rate constant confirmed by application of Eq 6 to Ag–Co3O4 catalyzed MO degradation at various concentrations.

Concentration in (ppm) Rate Constant(min-1)

100 0.004

200 0.009
300 0.017

3.6 Energy of Activation

It is well established that the rate of reaction increases to an appreciable extent with a rise in temperature.
Experimentally, it has been found that for a 10℃ rise in temperature, the velocity of reaction is doubled or trebled.
Arrhenius equation (7) explains the effect of temperature on the rate of reaction. The rate constant “k” changes by
changing the temperature. According to Arrhenius.

k = A e-Ea/RT…..(7)

So ‘k’ is exponentially related to energy of activation Ea and temperature, T and R is general gas constant, and e is the
base of logarithm. The equation shows that the rate of reaction increased by increasing temperature and the reaction of
high activation energy has low ‘k’ values. The factor ‘A’ is called Arrhenius constant and it depends upon the collision
frequency of reacting substances. The Arrhenius plot is shown in Figure 7. From the slop of Arrhenius graph energy of
activation was calculated and was found 30.31 kJmol-1.

Figure 7. Arrhenius plot for Ag–Co3O4 catalyzed photo degradation of MO.
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3.7 Mechanism of Reaction

When radiation falls on the catalyst, the electron will absorb radiation and get excited with the formation of a positive
hole (e–/h+). This mechanism is called photo catalytic degradation mechanism. Oxygen adsorbed on the surface of the
catalyst and takes up electron, it is converted into superoxide anion (O₂-). This superoxide anion reacts with water
molecule and is converted into OH radicals. It was observed that positive hole produced in valence band of catalyst and
OH radical produces by reacting with water. These active radicals have much more significance to mineralization the
pollutants. When ‘Ag’ doped on Co3O4 the photo catalytic activity of Co3O4 enhances. Ag nano particle doped on
Co3O4 act as trapper for photo excited electrons. The well-known Schottky effect explain electron-positive hole pair
avoids from the re-union.

Ag–Co3O4 + hv (visible light) → e-CB + h+VB (Photo excitation under visible light)

e-CB(Co3O4) → e-(Ag) (Electron transfer to Ag (charge separation))

e-+ O2→∙O₂⁻ (Formation of superoxide radicals)

h++ H2O→ ∙OH + h+ (Formation of hydroxyl radicals)

∙O₂⁻ / ∙OH + dye (MO) →oxidative products (intermediates) → CO2 + H2O + (inorganic ions)

MO (dye) → H2O + CO2 + NH₄⁺+ NO₃⁻ + SO₄²⁻ (Final mineralization products)

3.8 Photocatalytic Degradation of MO

Photocatalytic tests showed the decolorization efficiency of 14% (photolysis), 43% (adsorption), and 96%
(photocatalysis), proving the prevailing importance of the photocatalytic oxidation mechanism. An increase in the
amount of the catalyst led to an improvement in the efficiency of decolorization, although an increase in the dye
concentrations decreased decolorization. Complete decolorization (96%) was accomplished within a short duration of 3
h. The structural and optical properties of the Ag–Co3O4 nanoparticles can thus be directly related to their enhanced
photocatalytic performance. Specifically, the crystallinity of the material contributes to good charge transport, while its
narrowing bandgap and expanded visible-light absorption allow for the increased generation of electron-hole pairs
under visible light irradiation. Moreover, Ag impurities provide electron sinks for charge carriers, hindering the
recombination of these charge carriers and further increasing photocatalytic efficiency. In conclusion, these synergistic
effects explain the excellent photocatalytic degradation performance obtained experimentally and lighten the role of
structural engineering in optimizing photocatalytic activity.

4. Computational Advances for NLO Processes

The complementary DFT analysis performed with FMO, NBO, and hyperpolarizability calculations showed high charge
transfer and increased electronic polarization. Such properties are a clear intimation of high NLO response, warranting
the experimental observation and furthering the application capacity of Ag–Co3O4 nanoparticles from contaminant
remediation.

4.1 DFT Geometry Optimization: Bond Length and Bond Angle Analysis

DFT geometry optimization was carried out to interpret structural variation occurring in pristine MO as well as in the
Ag–Co3O4@MO composite. Optimized values of bond lengths, as well as bond angles, help in understanding direct
electronic redistribution, metal-oxide coupling, as well as intermolecular interaction.

4.1.1 MO

In the isolated MO structures, the optimized geometry retains the conjugated aromatic system as predicted. The C–C
bond lengths in the aromatic rings measure 1.38 to 1.42 Å, as expected for a π-bonded system with delocalized
electrons. The C–N and N–N bonds, such as C–N bonds = 1.37 to 1.48 Å, N–N bonds = 1.30 Å, show partial double
bond character as a result of resonance between the azo and ammonia functional groups. S-O bond distances (roughly
1.64-1.59 Å) and the S–Na bond (about 2.75 Å) reflect the ionic character of the sulfonate moiety, whereas O–S–O
bond angles (roughly 52-53°) and C–S–O bond angles (approximately 125-128°) do not represent tetrahedral geometry
due to the asymmetry in the negative charge distribution and sodium coordination. The bond angles around sp² carbons
are found to be close to the ideal value of 120°, thus retaining planarity and conjugation in the molecule.

4.1.2 Ag–Co3O4@MO Composite

Interaction with Ag–Co3O4 causes discernible geometric distortions for MO. Some C–C and C–N bonds are revealed to
slightly extend (C–C ≈ 1.39-1.42 Å; C–N ≈ 1.39-1.45 Å), reflecting the allocation of electron density in the charge
transfer process between the MO molecules and the metal oxide surface. The S–O and S–C bonds extending up to ≈
1.68 Å for S–O and ≈ 1.85 Å for S–C also reflect high coordination between the sulfonate group and metal ions, thereby
reducing the initial covalent bonds. New metal-oxygen and metal-chloride bonds are definitely formed, for example,
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Co–O (1.56-1.60 Å) and Ag–Co (2.50 Å), which rule out physisorption. These bonds also impose geometrical
restrictions, which lead to the consequent distortion of the surrounding bond angles. For example, angles like O–Co–O
(142°) and Co–O–Ag (87°) differ from the ideal angles of an octahedral and tetrahedral geometry, respectively.

The measured variations in bond length and bond angles from those in pristine MO and in the Ag–Co3O4@MO
composite, as listed in Table S1, are mainly attributed to the evident electronic and geometric coupling effects at the
organic-inorganic interface. Upon adsorption, there is considerable charge transfer from the electron-donating
functional groups in the MO molecule to the Ag–Co3O4 surface, causing a reduction in bond order for donor bonds and
resulting in marked bond lengthening. Concurrently, binding of the MO molecule through sulfonate and azo groups also
triggers geometricrestrictions that cause reorientation of these functional groups, thereby causing bond angles to deviate
from their expected sp² or tetrahedral structures. In addition, steric repulsion and electrostatic interactions between the
dye molecule and the metal oxide surface also contribute to further geometric distortions. Roles of hybridization
changes in the vicinity of coordination sites also contribute significantly to bond angle variations. In effect, such
geometric variations provide affine evidence for the existence of substantial electronic coupling effects in the
interaction of the Ag–Co3O4 surface and the MO molecule, thereby favoring high degrees of charge delocalization and
coupling. Geometric effects that favor efficient charge separations and also highly enhance nonlinear polarization
effects are highly desirable in the context of both photocatalytic activity and NLO properties.

4.2 FMOAnalysis and Global Quantum Reactivity Descriptors

The FMO analysis of Figure 8 and Table S2 gives fundamental insights on the electronic reactivity and charge-transfer
behavior of MO and Ag–Co3O4@MO hybrid system. In the isolated MO molecule, the energies of HOMO and LUMO
have been calculated as -5.24 and -2.02 eV, respectively, with an energy gap (ΔE₍gap₎) of 3.22 eV. Both the frontier
orbitals were stabilized upon interaction with Ag–Co3O4, shifting the HOMO to -5.80 eV and LUMO to -2.69 eV,
associated with a concomitant decrease in energy gap to 3.11 eV. This reduction in HOMO-LUMO gap points toward
improved electronic delocalization and facile intramolecular/interfacial charge transfer within Ag–Co3O4@MO system,
which itself is one of the prime requirements for enhanced photocatalytic and NLO.

LUMO

HOMO

EL= -2.02(eV)

ΔE = 3.22(eV)

EH= -5.24(eV)

LUMO

HOMO

EL= -2.69(eV)

ΔE = 3.11(eV)

EH= -5.80(eV)

MO Ag-Co3O4@MO

Figure 8. DFT-derived FMO energies of MO and Ag–Co3O4@MO.

This trend of behavior can also be clearly observed in the global reactivity descriptors. Entering the composite system,
the ionization potential has been found to rise from 5.24 eV for MO to 5.80 eV for the Ag–Co3O4@MO composite. This
clearly indicates an increase in its resistance to electron loss. But at the same time, its electron affinity (EA), which was
2.02 eV for MO, increases to 2.69 eV for the composite. This clearly indicates an increase in the electron acceptance
ability of the composite material. Its electronegativity (χ) value has been observed to increase in magnitude for the
composite material. The η values slightly decline from 1.61 eV in MO to 1.56 eV in Ag–Co3O4@MO, while the S
values increase. The negative trends in the above two parameters clearly denote the electronically softer nature of the
hybrid material. Most prominently, the electrophilicity index values increase considerably from 4.09 eV in MO to 5.78
eV in Ag–Co3O4@MO. This clearly indicates the enhanced electron-accepting capacity of the Ag–Co3O4@MO
nanocomposite duo to greater polarization capability. The primary reason behind this increase in η values is the high
NLO efficiency.

4.3 MESP Analysis

The MESP study in figure 9 provides additional insights into the charge distribution on the molecular surface,
supplementing the FMO study. The MESP study suggests for MO molecules, where the negative potential regions are
mainly localized around the sulfonate oxygen and azo nitrogen atoms, while positive regions are distributed over the
aromatic hydrogen atoms. The effect in the Ag–Co3O4@MO system indicates large intensified regions around the
sulfonate oxygen and azo nitrogen atoms, signifying large charge transfer from the MO molecules to Ag–Co3O4. The
study suggests for Ag–Co3O4@MO, where the reduced energy gap, lower hardness, higher softness, and large
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electrophilicity index unambiguously show the hybrid system to be more chemically reactive, more polarizable, and
electronically more preferable for the applications involving charge-transfer mechanism compared to the individual MO
molecules.

-1.099e0 1.099e0 -0.668e0 0.668e0

Ag-Co3O4@MOMO

Figure 9. DFT-derived optimized geometries and MESP of MO and Ag–Co3O4@MO.

4.4 NLO Behavior and Effect of Ag–Co3O4 Coupling

The DFT calculations also confirm that there is an observable increase in the NLO properties of MO upon its interaction
with Ag–Co3O4. There is an appreciable rise in the dipole moment from 8.08 Debye in free MO to 11.78 Debye in Ag–
Co3O4@MO, thereby manifesting higher charge asymmetry/polarization caused by metal-oxide interactions. A
simultaneous rise in the average polarizability (α) also indicates increased deformability of the electronic cloud with
regard to the extended charge delocalization at the organic-inorganic interface. In particular, the value of the first
hyperpolarizability β, which is a prominent marker for second-order NLO properties, is increased by a factor of
approximately 4.8 after Ag–Co3O4 incorporation. The reason for this considerable enhancement is mainly due to
efficient intra- and intermolecular charge-transfer transitions from MO to Ag–Co3O4 clusters, decreased stiffness in the
electronic structure, and increased donor-acceptor interactions. In general, the great improvement in μ, α, and
particularly β values significantly verifies the fact that Ag–Co3O4 functionalization enhances the MO material into an
improved NLO-sensitive medium, thus verifying the application potential of MO in optoelectronic devices, frequency
doubling materials, and photonic modulation technologies.

5. Conclusion

In this study, Ag–doped Co3O4 nanoparticles were synthesized through an environmentally benign and cost-effective
green route using Gum Arabic as a renewable biopolymer that simultaneously functions as a reducing and stabilizing
agent. Structural and morphological investigations confirmed the formation of highly crystalline cubic spinel Ag–Co3O4
nanoparticles with uniform dispersion, features that are favorable for photocatalytic applications. Optical
characterization revealed a reduced optical band gap of 2.09 eV compared to pristine Co3O4, leading to improved
visible-light absorption and enhanced photocatalytic performance. Under visible-light irradiation at room temperature,
the Ag–Co3O4 system achieved up to 96% degradation of MO, demonstrating its effectiveness for aqueous pollutant
removal under mild operating conditions. Complementary DFT calculations were employed to provide molecular-level
insight into the electronic and NLO behavior of the system. Importantly, the DFT-derived HOMO-LUMO energy gap,
which reflects electronic reactivity and charge-transfer propensity at the molecular scale, was analyzed independently
from the experimentally determined optical band gap. FMO analysis and global quantum descriptors indicated enhanced
electronic softness, electrophilicity, and polarization upon interaction with the dye molecule. Furthermore, a
pronounced increase in dipole moment, mean polarizability, and first hyperpolarizability highlighted the strong NLO
response of the Ag–Co3O4 system. Overall, the revised findings demonstrate that green-synthesized Ag–Co3O4

nanoparticles represent a multifunctional material platform that combines efficient visible-light photocatalytic activity
with favorable electronic and NLO properties. The integrated experimental__computational approach adopted in this
work provides a robust framework for the rational design of sustainable nanomaterials for environmental remediation
and advanced optoelectronic applications.
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Table S1. DFT-optimized bond lengths and bond angles of MO and Ag–Co3O4@MO.

MO Bond length MO Bond angles Ag–Co3O4@MO Bond length Ag–Co3O4@MO Bond angles
S17Na1 2.753 C14S17Na1 125.174 C6C5 1.424 C7C6C5 120.824
C14S17 1.83 O18S17Na1 52.239 C7C6 1.377 C8C7C6 120.884
O18S17 1.643 O20S17Na1 51.886 C8C7 1.408 C22C5C6 117.455
O20S17 1.642 C13C14S17 119.425 C22C5 1.428 C21C22C5 121.332
C13C14 1.385 C15C14C13 122.579 C21C22 1.378 N9C8C7 115.177
C15C14 1.388 C12C13C14 118.483 N9C8 1.394 N10N9C8 120.02
C12C13 1.391 C11C12C13 120.348 N10N9 1.304 C11N10N9 105.99
C11C12 1.403 C16C15C14 118.812 C11N10 1.452 C12C11N10 118.086
C16C15 1.388 N10C11C12 115.758 C12C11 1.408 C16C11C12 120.911
N10C11 1.426 N9N10C11 113.601 C16C11 1.399 C13C12C11 118.858
N9N10 1.299 C8N9N10 114.973 C13C12 1.395 C15C16C11 118.412
C8N9 1.406 C7C8N9 116.78 C15C16 1.398 C14C15C16 118.521
C7C8 1.404 C21C8C7 118.141 C14C15 1.389 S17C14C13 114.803
C21C8 1.407 C6C7C8 121.462 S17C14 1.847 O18S17C14 96.988
C6C7 1.383 C5C6C7 120.852 O18S17 1.683 O20S17O18 103.465
C5C6 1.42 C22C21C8 121.096 O20S17 1.627 Na1O20S17 93.818
C22C21 1.379 N3C5C6 121.465 Na1O20 2.279 N3C5C6 121.355
N3C5 1.375 H29C6C5 120.036 N3C5 1.368 O19S17C14 111.683
H29C6 1.08 H30C7C6 120.761 O19S17 1.581 H29C6C5 120.146
H30C7 1.083 H31C12C11 117.976 H29C6 1.08 H30C7C6 121.733
H31C12 1.082 H32C13C12 122.668 H30C7 1.088 H31C12C11 120.465
H32C13 1.082 H33C15C14 118.797 H31C12 1.083 H33C15C14 119.347
H33C15 1.083 H34C16C11 118.103 H33C15 1.085 H34C16C11 119.878
H34C16 1.081 H35C21C8 117.799 H34C16 1.083 H36C22C5 119.683
H35C21 1.082 H36C22C5 119.75 H36C22 1.08 O39Na1O18 97.637
H36C22 1.081 O19S17Na1 127.921 O39Na1 2.133 H32C13C12 121.161
O19S17 1.585 C2N3C5 120.399 H32C13 1.085 H35C21C8 118.805
C2N3 1.472 C4N3C2 119.383 H35C21 1.082 C2N3C5 120.55
C4N3 1.471 H23C2N3 108.665 C2N3 1.474 C4N3C2 119.163
H23C2 1.091 H24C2N3 111.448 C4N3 1.475 Co37O39Na1 130.446
H24C2 1.098 H25C2N3 111.452 Co37O39 1.595 O38Co37O39 142.388
H25C2 1.098 H26C4N3 108.722 O38Co37 1.558 Ag40Co37O38 87.219
H26C4 1.091 H27C4N3 111.395 Ag40Co37 2.499 H23C2N3 108.617
H27C4 1.098 H28C4N3 111.408 H23C2 1.09 H24C2N3 111.313
H28C4 1.098 H24C2 1.097 H25C2N3 111.273

H25C2 1.097 H26C4N3 108.664
H26C4 1.09 H27C4N3 111.117
H27C4 1.097 H28C4N3 111.316
H28C4 1.097

Table S2. DFT-derived FMO energies and global reactivity descriptors of MO and Ag–Co3O4@MO.

Parameter MO Ag–Co3O4@MO Unit
HOMO (EH) −5.24 −5.80 eV
LUMO (EL) −2.02 −2.69 eV
Energy Gap (ΔE₍gap₎) 3.22 3.11 eV
Ionization Potential (IP) 5.24 5.80 eV
Electron Affinity (EA) 2.02 2.69 eV
Electronegativity (χ) 3.63 4.25 eV
Chemical Potential (μ) −3.63 −4.25 eV
Hardness (η) 1.61 1.56 eV
Softness (S) 0.31 0.32 eV⁻¹
Electrophilicity (ω) 4.09 5.78 eV
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