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ABSTRACT

Developing earth-abundant, cost-effective, sustainable and efficient multifunctional catalysts for 

oxygen evolution reaction (OER), catalytic dye degradation, and antibacterial activity is 
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extremely challenging. Herein, a novel ternary heterogeneous catalyst polyacrylic 

acid/polyethylene glycol-cobalt vanadate nanoparticles (PAA/PEG-Co3V2O8 NPs) was 

effectively synthesized using co-precipitation method. This study reported the multifunctionality 

of PAA/PEG-Co3V2O8 in degrading RhB, enhancing OER activity, and multiple drug resistant 

Staphylococcus aureus (MDR S. aureus) inhibition along with molecular docking analysis 

providing insights into binding interactions. The samples were comprehensively analyzed by 

conducting an array of analytical techniques including XRD, SAED, FTIR, UV-Vis 

spectroscopy, TEM, HRTEM, and EDS. The electrochemical activity of prepared material was 

evaluated by linear sweep voltammetry (LSV), and electrochemical impedance spectroscopy 

(EIS). The optimized sample exhibited maximum degradation of 96.34 % in an acidic medium 

within 10 minutes and demonstrated minimal overpotentials of 270, 299, and 362 mV at 30 , 50 , 

and 100 mA/cm2 respectively. Lowest Tafel slope, and charge transfer resistance, indicated the 

superior OER performance. The corresponding material showed maximum inhibition zone of 

8.25±0.93 mm against MDR S. aureus. The bactericidal action of PAA/PEG-Co3V2O8 NPs was 

further elucidated through molecular docking, that substantiated their hindering role for 

topoisomerase II DNA gyrase and dihydrofolate reductase (DHFR) in S. aureus. The findings 

demonstrate the role of PAA and PEG in improving the overall activity of Co3V2O8 and paved a 

pathway to fabricate an efficient, cost-effective, and sustainable material for environmental 

remediation and water splitting applications. 

Keywords: Co3V2O8 NPs; polymers; ternary system; RhB; antibacterial activity; S. aureus, OER

1. INTRODUCTION 

Water is essential for sustaining life [1]. Industrialization increases the release of toxic heavy 

metals poses threats to living species. Several industrial sectors (textile, chemical processing, 
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plastic, and paper) releases large number of cationic and anionic dyes, methylene blue, 

rhodamine B (RhB), methyl orange, and procion red into water bodies [2-4]. RhB often used as 

often used as a fluorescent tracer in textiles and foods is carcinogenic and causes reproductive, 

neurological, and chronic toxicity. Their direct discharge into water causes skin, eye, and 

respiratory tract irritations [5, 6]. Multiple wastewater treatment methods have been reported in 

the literature like ozonation, ion exchange, adsorption, coagulation-flocculation, electrochemical, 

and biological treatment. However, these methods had some limitations including high chemical 

consumption, operational costs, and sludge production. Catalysis among them is economical and 

energy-efficient method for wastewater treatment [7]. Rapid population expansion and 

industrialization significantly increased energy consumption [8]. Clean energy sources like solar, 

tidal, wind and hydrogen has been introduced. Among them, Hydrogen with high energy density 

of 140 MJ Kg-1 considered as an efficient energy source [9]. Electrochemical water splitting 

(EWS) garnered significant interest for capturing hydrogen and store energy via OER and HER 

in the form of chemical energy. O2 production at anode and H2 at cathode via EWS is one of the 

promising cost effective and environment benign approach for sustainable energy conversion 

[10, 11]. Despite its advantages, it requires large overpotential apart from thermodynamic 

potential (1.23 V) necessary for water electrolysis due to sluggish kinetics of OER particularly 

due to complex multi-electron process. Noble OER electrocatalyst (RuO2 and IrO2) demonstrates 

high OER activity but their high cost limits their application [12]. Therefore, there is an urgent 

need of developing low cost, robust electrocatalyst that functions at minimal overpotential and 

improves kinetics and efficiency of reaction [13]. Additionally, among various diseases 

(hepatitis, mastitis, typhoid, and diarrhea) caused by microorganisms mastitis is prevalent issue 

in dairy production systems nationwide, resulting in significant economic losses. It is a 

Page 3 of 40 Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

7/
20

26
 4

:2
0:

53
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5NA01130B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na01130b


4

commonly reported disease and is linked with production related factors in dairy farms. Mastitis 

is associated with physiochemical or traumatic variation in milk and pathological changes in 

mammary glands [14-16]. S. aureus is one of the most contagious pathogen associated with 

mastitis etiology [15]. 

Transition metal oxides, hydroxides, chalcogenides, and their composite are widely used as 

catalyst for electrocatalytic OER. Materials having Co and V stands out as an effective catalyst 

attributed to the presence of V that promotes fast charge transfer and facilitate OER activity [17]. 

Several vanadate including BiVO4, SmVO4, Ag3VO4, and Co3V2O8, were used for dye 

degradation, OER, and antimicrobial activity. Co3V2O8 has a great potential in multiple fields 

including supercapacitors [18], electrodes in lithium-ion batteries [19], and catalysis [20]. 

Co3V2O8 emerged as a potential candidate for pollutant degradation and as a robust catalyst for 

OER ascribed to the synergistic effect of different metal ions [8, 21-25]. Previous study reported 

that multilayered Co3V2O8 nanosheets exhibit better activity than single-phase oxides ascribed to 

the combined effect between metals in mixed metal oxides that improves the stability and 

electrical conductivity [19]. Ding et al. reported that Co3V2O8 demonstrate improved 

photocatalytic and electrocatalytic activity relative to cobalt oxides [20]. Metal ions (silver, 

copper, cobalt, vanadium, and zinc) considered as an efficient antibacterial agents. As reported in 

previous studies vanadium compounds (V2O3, VO2, and V2O5) particularly V2O5 show enhance 

bactericidal activity because of their high valence states. Co3V2O8 shows significant antibacterial 

potential attributed to reactive oxygen species (ROS) generation that damages bacterial cells and 

induces oxidative stress [26]. Co-precipitation method is the simple, efficient, and cost-effective 

technique for NMs synthesis  [27]. Catalytic, electrochemical, and antibacterial activity of 

Co2V3O8 was enhanced with polyethylene glycol (PEG) and polyacrylic acid (PAA). PEG as 
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capping agent is widely used for boosting the catalytic and antibacterial properties owing to its 

solubility, low toxicity, biocompatibility, and thermal stability [28]. Its organized chain like 

structure makes it widely used as a capping agent in nanoscale material synthesis. PEG functions 

as a growth template in NMs synthesis improves structural, surface properties, and 

crystallographic traits of the material. Several studies reported that PEG improves the 

antibacterial and degradation activity of the material [28-30]. PEG modifies the electronic 

structure, improves the charge transport at the electrode interface, and charge storage efficiency 

[31]. Further, PAA is a combination of acrylic acid monomers and is highly effective in 

eliminating pollutants because of its carboxyl group (COOH) that enables the efficient 

adsorption of heavy metal ions and dyes from wastewater [32, 33]. The ability of PAA to make 

metal complexes ascribed to the large number of COOH, coupled with hydrophilicity, and 

mechanical stability enables it to increase the electrochemical activity of material [34]. One 

study investigated the influence of PAA concentration in the electrochemical activity of material. 

Findings reveal that optimized Mo-Ni oxides tailored with PAA shows OER overpotential of 330 

mV to achieve the current density of 10 mA/cm2 [35]. It also improves the antibacterial 

properties against gram-positive and negative bacterial and fungal strains [36]. 

In this study, a simple and environmentaly benign co-precipitation route was employed to 

synthesize PAA/PEG modified Co2V3O8 NPs.  Structural, functional, optical, and morphological 

characteristics of synthesized NPs were examined using XRD, FTIR, UV-Vis 

spectrophotometer, TEM, and HRTEM. The novel PAA/PEG-Co2V3O8 NPs were assessed for 

their catalytic ability to degrade RhB, OER activity, and their antimicrobial effectiveness against 

S. aureus.
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2. MATERIAL SECTION 

2.1 Material 

Ammonium metavanadate (NH4VO3 > 99 %), polyacrylic acid, polyethylene glycol, NaOH (> 

98%), HCl (37 %), ethanol (C2H5OH ≥ 99.8 %), Nafion, RuO2, and sodium borohydride 

(NaBH4) were acquired from Sigma-Aldrich (Germany). Cobalt (II) nitrate hexahydrate 

(Co(NO3).6H2O) was procured from VWR Chemicals, and polyethylene glycol was attained 

from Fluka Chemicals.

2.2 Synthesis of Co3V2O8, PEG-Co3V2O8, (2 wt. % and 4 wt. %) PAA/PEG-Co3V2O8 

The co-precipitation route was employed to synthesize Co3V2O8 and 3 wt. % PEG and different 

concentrations (2 and 4 wt. %) of PAA doped Co3V2O8. Initially, 0.4 M of CoNO3 and NH4VO3 

were dissolved in deionized (DI) water (100 mL). The solution was continuously stirred and 

heated at 90 °C for 45 minutes to ensure homogeneity. An appropriate concentration of 

precipitating agent (NaOH) was integrated to attain a pH~11, facilitating the formation of 

precipitates. To synthesize PAA and PEG doped Co3V2O8, the predetermined amounts of PEG 

and PAA were incorporated into the prepared solutions of CoNO3 and NH4VO3 prior to 

sustaining the pH. The acquired precipitates were centrifuged at 8000 rpm for 8 minutes, and 

subsequently rinsed thoroughly with DI water to eliminate impurities. The washed residues were 

heated at 150 °C for 12 h and crushed to get fine powders (Figure 1).
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Figure 1. Schematic synthesis diagram of PAA/PEG-Co3V2O8.

2.3 Catalytic activity (CA)

The degradation efficiency of undoped and doped Co3V2O8 nanocatalysts (NCs) in the presence 

of NaBH4 were assessed by monitoring the UV-Vis spectra at specified time interval. Firstly, 400 

µL (NCs and NaBH4) were added into 3 mL RhB in a quartz cell. The degradation of dye was 

evaluated by monitoring the absorption spectra at predetermined intervals with a UV-Vis 

spectrophotometer operating at room temperature. The NCs accelerated the RhB degradation by 

a reduction reaction facilitated by NaBH4, resulting in the transformation of RhB into leuco RhB 

(LRhB). Degradation efficiency was computed using the equation below (Eq. 1):

                                                       Degradation (%) = (C0 − Ct)/C0 × 100                                 (1)

where C0 and Ct shows the initial and final RhB concentrations.

2.4 Electrode preparation 
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Ni foam (NF) measuring (1 × 2 cm2) was used as a substrate for the deposition of the 

electrocatalyst. NF was activated by sonification in dilute HCL, followed by sequential 

sonification in ethanol and DI water for 30 minutes each. The cleaned NF was then dried under 

an IR lamp. The working electrode was prepared by forming a homogeneous mixture of (5 mg) 

prepared sample (Co3V2O8 and doped Co3V2O8), ethanol (600 µL), and Nafion (20 µL). The 

mixture was sonicated for 30 minutes to attain homogeneous electrocatalyst slurry. The resultant 

slurry was uniformly drop cast onto pretreated NF substrate of 1 × 1 cm2 area using micropipette, 

ensuring uniform coating and penetration onto the substrate. The electrocatalyst deposited NF 

was then dried under IR lamp.

2.5 Electrochemical Analysis

The electrochemical measurements of the prepared electrocatalyst were examined on the Corrtest 

CS350M electrochemical workstation at ambient temperature. To conduct this study, three 

electrode configuration comprised of an Ag/AgCl electrode (reference electrode), platinum plate 

with dimensions 1 x 1 x 0.1 mm (counter electrode), and electrocatalyst deposited Ni foam 

(working electrode) was employed. All measurement was carried out in an alkaline media (1 M 

KOH). The electrocatalytic performance was assessed by performing LSV at the scan rate of 5 

mV/s within the optimized potential window to measure the overpotentials at desired current 

density relative to reference (Ag/AgCl) at positive applied potential. Reverse LSV scan was used 

to ensure that no NF oxidation peak overlaps with the catalyst intrinsic response [37]. The 

measured potentials were converted into RHE (reversible hydrogen electrode) using the 

following equation (Eq. 2)

                                                  𝐸RHE = 𝐸Ag/AgCl + 0.059 × pH + E0
Ag/AgCl                                        (2)
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where; 𝐸Ag/AgCl denotes the potential vs Ag/AgCl.

E0
Ag/AgCl is the standard redox potential at 25 °C of Ag/AgCl.

The overpotentials (η) were computed using equation (Eq. 3)

                                                      η@j(V) = ERHE(V) – 1.23 (V)                                                 (3) 

The reaction kinetics and efficiency of the electrocatalyst was evaluated using Tafel slope 

acquired from the linear fitting of Tafel plot. For this evaluation, the following relation (Eq. 4) 

was employed.

                                                                   η = α + b log j                                                             (4)        

where, η denotes the overpotential, b is the tafel slope, and a is constant.

Subsequently, the EIS was performed over the frequency range of 0.01 Hz -100 kHz within an 

applied AC perturbation of 10 mV to measure the resistive parameters.

2.6 Isolation and Identification of MDR S. aureus  

2.6.1 Sample Acquisition

Raw milk samples clinically positive for bovine mastitis were acquired from various locations 

(dairy farms, veterinary clinics) in Punjab, Pakistan. The samples were promptly transferred in 

sterilized containers and kept at 4 °C while transported to the laboratory. To identify the presence 

of S. aureus, the specimens were inoculated on mannitol salt agar following incubation at 37 °C 

for of two days.

2.6.1.1 Identification and Characterization of Bacterial Isolates
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The initial identification of S. aureus was carried out by analyzing colony morphology, followed 

by Gram staining and series of biochemical assays, adhering to the mentioned procedures in 

Bergey’s Manual of Determinative Bacteriology [38].  

2.6.1.2 Antibiotic susceptibility

The antibiotic susceptibility was assessed using the disk diffusion method by Bauer et al. on 

Mueller Hinton agar (MHA) to evaluate antibiotic resistance [39]. The test evaluated S. aureus 

resistance against the classes of antibiotics, including gentamicin (10 μg), imipenem (10 μg), 

azithromycin (15 μg), tetracycline (30 μg), amoxicillin (30 μg), and ciprofloxacin (CIP) (5 μg), 

representing aminoglycosides, carbapenems, macrolides, tetracyclines, penicillins, and 

quinolones [40]. S. aureus was standardized to turbidity of 0.5 MacFarland and then cultured on 

MHA plates. To prevent overlapping inhibition zones, the antibiotic discs were arranged 

accordingly, and the cultured plates were incubated for 24 h at 37 °C. The findings were 

analyzed according to the standard guidelines by the CLSI  [41]. The bacterium was identified as 

multiple drug resistant (MDR) microorganism if found resistant to at least three different 

antibiotic classes [42]. 

2.6.1.3 Antimicrobial Activity

The bactericidal effectiveness of the prepared specimens was evaluated against MDR S. aureus 

via agar well diffusion method. This assessment was performed on ten segregates acquired from 

mastitic milk. Mannitol salt agar plates were swabbed with a 0.5 McFarland standard growth of 

MDR S. aureus. Six-millimeter wells were formed via sterile cork borer. 0.005 mg/50 μL of CIP 

and 50 μL of DI water were used as the positive and negative references, respectively. The 

antimicrobial activity of zero-doped and doped NPs was assessed at concentrations of 0.5 and 1.0 
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mg/50 μL. After incubation, the inhibition zone diameters were measured via digital vernier 

caliper [43, 44].

2.6.1.4 Statistical Analysis 

Statistical analysis was conducted using SPSS 24.0 employing one-way analysis of variance 

(ANOVA) upon diameters of calibrated inhibition zones (mm) [15].

2.7 Molecular docking Analysis 

Docking analysis was performed relying on the SYBYL-X 2.0 program to expand 

comprehension of suppressive mechanism and interactions involving PAA/PEG-Co3V2O8 [45]. 

In order to preemptively address the inhibition of protein synthesis, this approach involved 

targeting and obstructing DNA gyrase (topoisomerase II), and folate synthesis, a crucial 

enzymes integral to DNA replication mechanism. The protein data bank accomplished the three-

dimensional structures of gyrase complex with DNA and ciprofloxacin, as well as DHFR, 

accessed via the codes 2XCT [46] and 3FYW [47]. The model complex of  PAA/PEG-Co3V2O8 

was constructed utilizing the Sybyl-X2.0/SKETCH module. Subsequently, Tripos force field and 

Gasteiger Hückel atomic charge were utilized to ensure energy conservation. A convergence 

gradient of 0.05 kcal (mol)−1 was attained following 1000 cycles of energy reduction through 

Powell technique. The Surflex-Dock module that incorporates Hammerhead's empirical scoring 

mechanism, involving molecular similarity approach (morphological similarity) alongside D-

score (dock score), G-score (gold score), Chem-Score, potential mean force (PMF) score, and/or 

complete score facilitated the execution of versatile molecular docking simulations.

3. RESULTS AND DISCUSSION
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12

XRD analysis was carried out to ascertain the crystallographic structure, plane orientation, and 

phase composition of prepared NPs. The XRD spectra were analyzed within the 2 range of 

(18-70), as shown in Figure 2a. Diffraction peaks at 18.75, 31.08, 35.28, 42.98, 61.93, and 

62.69 were related to the crystallographic planes (021), (040), (221), (133), (333), and (172) 

corroborated the orthorhombic phase of Co3V2O8 along with space group of C m c a 

synchronized with JCPDS card no. (96-100-7076). While the peak at 30.0 (220) was related to 

the cubic structure of Co3V2O8 [48]. Additional peak flexing at 29.3 corresponds to (111) plane 

revealed the monoclinic configuration of CoV2O6 along with space group C2, well indexed with 

JCPDS card no. (01-077-1174). With the addition of PEG, a new peak emerged at 19.27, 

indicating the successful incorporation of PEG into the sample [49]. PEG and PAA addition 

decreased the peak intensity and broadening attributed to the capping effect and its amorphous 

nature [28]. SAED analysis indicates the polycrystalline nature of Co3V2O8 and 4 wt. % 

PAA/PEG-Co3V2O8 with discrete bright circular rings. These discrete rings were well indexed 

with different crystallographic facets of the XRD pattern, illustrated in (Figure 2b-c).
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Figure 2. (a) XRD spectra of synthesized NPs and (b-c) SAED images of Co3V2O8 and 4 wt. % 

of PAA doped PEG-Co3V2O8 NPs.

Functional groups, chemical skeleton, and vibrational modes presence in the synthesized NPs 

was scrunitized by analyzing FTIR spectra within the wavenumber range (4000-450 cm-1), as 

shown in (Figure 3a). Broad transmittance band centered at 3000-3600 cm-1 indicates the 

stretching vibration of–OH group, indicative of hydrogen bonding [25]. A weak band ~2337 cm-

1 is associative with symmetric stretching vibration of H-O-H adsorbed on the material surface, 

while the prominent band at 2122 cm-1 indicates the existence of free water characterized by O-H 

vibrations [50, 51]. The sharp band at 1644 cm-1 is characteristic of C=N stretching vibration 

[25]. The prominent band ~1396 cm-1 arises from nitrate residues from the reactant [51]. The 

manifested band ~933 cm-1 is ascribed to V=O symmetrical stretching mode [51]. The 

vibrationsal modes associated with Co-O and V-O-V bonds were validated by the band at 561 

cm-1 [52]. The band observed at 467 cm-1 is attributed to the vibrational modes associated with 

the extended Co-O, Co-O-Co, and Co-O-V linkages [53]. Upon PEG incorporation, an increase 

in bands intensities were observed, confirming the interaction and complexation between PEG 

and Co3V2O8 [54, 55]. The transmittance bands within the 2300-2500 cm-1 range initially merges 

with PAA addition. In contrast, these bands reappear as the additive amount of PAA increases. 

Electronic spectroscopy was conducted to investigate the optical properties of the doped and 

undoped NPs. The obtained spectra were examined to determine maximum absorption 

wavelength (λmax), and band gap energies (Eg) within the 250-550 nm wavelength range (Figure 

3b). The maximum absorption observed at 266 and 325 nm was linked with Co-V bond, 

indicating charge transfer between Co, V and oxygen atoms. This absorption shoulder verified 

the metal-ligand interactions and optical response of the material. A characteristic n-π* 
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electronic transition was observed in the absorption spectrum of Co3V2O8, manifested by a band 

at ~430 nm [25, 56, 57]. The Eg was extracted from the absorption data employing the equation 

Eg = hc/λmax [58]. The Eg for Co3V2O8 was determined to be 2.85 eV [25]. With the addition of 

PEG and PAA, absorption enhanced in the visible region and a slight shift towards a longer 

wavelength (redshift) was observed reduces Eg from 2.85 to 2.44 eV. Eg was calculated to be 

2.72, 2.57, and 2.44 eV for PEG-Co3V2O8, 2 wt. % PAA/PEG-Co3V2O8, and 4 wt. % PAA/PEG-

Co3V2O8, respectively (Figure S1). 

Figure 3. (a) FTIR spectra, and (b) Absorption spectra of Co3V2O8, PEG-Co3V2O8, (2 and 4 wt. 

%) PAA/PEG- Co3V2O8 NPs.

TEM analysis was conducted to elucidates the morphological aspects of the synthesized samples. 

TEM micrograph reveals the agglomerated nanoparticles (NPs) of cobalt vanadate (Figure 4a-

a՛՛). The addition of PEG (capping agent) formed a layer on the surface of NPs, resulting in the 

dispersion of NPs with no distinct morphology and reduced agglomeration, as evident from 

Figure 4b-b՛՛. Upon PAA incorporation, NPs agglomerates and this effect become more 
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pronounced as the additive amount of PAA increases from 2 to 4 wt. % (Figure 4c, d՛՛). Lattice 

spacing measurements for undoped and doped samples were found to be 0.253, 0.258, 0.260, and 

0.262 nm, respectively using HR-TEM micrograph (Figure S2). These results synchronized with 

XRD data. 

Figure 4(a-d՛՛). TEM images at (a-d) 100 nm, (a՛-d՛) 50 nm, and (a՛՛-d՛՛) 20 nm of (a-a՛՛) Co3V2O8, 
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(b-b՛՛) 3 wt. % PEG-Co3V2O8, (c-c՛՛) 2 wt. % of PAA doped PEG-Co3V2O8, and (d-d՛՛) 4 wt. % of 

PAA doped PEG-Co3V2O8 NPs.

EDS was used to determine the elemental composition and purity of synthesized NPs (Figure 

S3(a-d)). Prominent peaks of cobalt (Co), vanadium (V), and oxygen (O) validate the successful 

synthesis of Co3V2O8 (Figure S3a). Additional carbon (C) peaks in Figure S3b-d confirm the 

successful incorporation of dopant species. Furthermore, Au peaks were appeared in spectra 

attributed to gold coating onto the sample to minimize the charging effect (Figure S3a-d). The 

elemental distribution of synthesized NPs was assessed via mapping analysis, revealing 

uniformly distributed Co, V, O, and C elements in the highly doped specimen (Figure S4a-e).

The combined effect of the reducing agent NaBH4 and the prepared NCs within the RhB solution 

is crucial in the catalytic mechanism that involves electron transfer from NaBH4 to RhB, 

resulting in dye degradation (Figure S5). Without NCs, the reaction proceeds sluggishly. To 

overcome the energy barrier, the redox reaction involving Co3V2O8 and PAA/PEG-doped 

Co3V2O8 was added to accelerate the transfer of electrons between NaBH4 and RhB. The NCs 

facilitate electron transfer, thereby accelerating the reaction kinetics. NaBH4 dissociates into 

BH4⁻ and Na⁺ ions, with BH4⁻ adsorbing onto the catalyst surface and releasing electrons that 

split it into H+ ions. The NCs then channel electrons from BH4⁻ to the RhB molecule. 

Subsequently, the H+ attacked the dye molecule, breakdown the π bonds within the dye and 

convert it into colorless RhB. The size and surface area of the catalyst provides abundant active 

sites, augmenting catalytic degradation when coupled with the reducing agent. 

The degradation efficiency of prepared NPs against RhB with NaBH4 was assessed with UV-Vis 

spectrophotometer. A 0.5 M H2SO4 and 1 M NaOH were added to the RhB solution to stabilize 
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the pH at ~2.5 and ~12, respectively. In the absence of catalyst degradation efficacy were found 

to be 8.7, 8.2, and 4.9 % in acidic, basic, and neutral medium, respectively as reported in our 

previous study [59].  The efficacy of the Co3V2O8, PEG-Co3V2O8, 2 wt. % of PAA/PEG-

Co3V2O8, and 4 wt. % of PAA/PEG-Co3V2O8 in degrading RhB was determined to be 81.69 %, 

82.39 %, 83.66 %, and 96.34 % in acidic, 84.39 %, 85.63 %, 86.6 %, and 87.43 % in basic, and 

88.1 %, 88.82 %, 89.25 %, and 90.33 % in neutral medium within 10 minutes, respectively 

(Figure 5). The pH of the solution is essential influences the degradation efficacy of synthesized 

NCs. The pH determines the surface charges of dye and catalysts, influences the catalytic 

activity. The maximum catalytic activity was observed in acidic medium attributed to H+ ions 

that absorbs readily on the catalyst surface. At low pH degradation efficacy increases attributed 

to fast electron transfer and catalyst extensive surface charge density [60]. Moreover, in acidic 

conditions (pH <7), catalysts becomes positively charged, in contrast RhB become negatively 

charged because of the ionization of their carboxyl (-COOH) group. This electrostatic interaction 

facilitates the RhB reduction in an acidic medium [61]. In contrast, the OH concentration in basic 

environment increases ascribed to the use of NaOH to increase the pH. This excess of OH ions 

enhances the degradation efficiency but also oxidizes the dye molecule. Additionally, excessive 

OH generation restrict the direct contact between dye molecules and catalysts, resulting in lower 

degradation efficacy compared to acidic medium. PEG enhances the degradation in all media 

attributed to its unique structure and the ability to act as a hole scavenger, promotes charge 

separation, and reduce excitons recombination [62]. With PAA addition the catalytic activity 

increases attributed to the decreases in the size of the NPs that provides larger surface area 

thereby augmenting their degradation efficiency. Furthermore, the presence of carboxylic acid (-

COOH) significantly enhanced the degradation by promoting electrostatic interactions [63].
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Figure 5. Degradation efficacy of undoped and doped NPs in an (a) acidic, (b) basic, and (c) 

neutral medium, respectively.

The intrinsic electrochemical activity of the prepared electrocatalyst designated as Co3V2O8, 

PEG-Co3V2O8, 2% PAA/PEG-Co3V2O8, and 4% PAA/PEG-Co3V2O8 was determined by LSV. 

The voltametric analysis was performed within the potential window of 1.0-2.0 V vs RHE and 

current density in response to applied potential was monitored (Figure 6a). Commercial RuO2 

was also assessed under same parameters to serves as a benchmark electrocatalyts for 

comparative analysis, as previously reported (10.1016/j.ijbiomac.2025.140433). Among all 

tested electrocatalyst, the optimized sample (4% PAA/PEG-Co3V2O8) demostrates superior OER 
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activity requiring 270 mV @30 mA/cm2. In contrast,  PEG-Co3V2O8 exhibits highest 

overpotential of 275 mV to deliver the similar current density of 30 mA/cm2. Moreover, the 

comparative analysis of overpotentials at 50 and 100 mV/cm2 shows that 4% PAA/PEG-

Co3V2O8 outperforms the other prepared electrocatalysts with the overpotential of 299 and 362 

mV to achieve the desired current density of 50 and 100 mA/cm2 (Figure 6b). This highlights the 

role of PAA in enhancing the overall activity of the Co3V2O8. The overpotential of prepared 

electrocatalysts are much lower than the benchmark RuO2 that demonstrates 351, 409, and 528 

mV at 30, 50, and 100 mA/cm2, respectively. These findings unequivocally shows the enhanced 

electrocatalytic activity of the prepared electrocatayst relative to commercial RuO2. With the 

incorporation of PAA, the observed lower shift in overpotential was attributed to enhanced 

electronic conductivity and porous nature of electrocatalyst [35]. Tafel slope is a pivotal kinetic 

parameter in evaluating the electrocatalyic activity of electrocatalyst providing isights into 

reaction kinetics and activation energy associated with OER. It predict the change in the 

coupling transfer mechanism in electron-proton and determine the rate of increase in current 

density with applied potential. The smaller slope value suggests rapid reaction kinetics and 

impoved activity. As shown in (Figure 6c) the optimized sample reveals the smaller tafel slope of 

115.8 mV/dec than Co3V2O8 (124.6 mV/dec), PEG-Co3V2O8 (129.1 mV/dec), and 2% 

PAA/PEG-Co3V2O (127.8 mV/dec). This indicates the faster kinetics corresponding to lower 

activation energy barrier of optimized sample at electrode and electrolyte interface, consistent 

with lower overpotential and high current density [64]. EIS was carried out to probe the 

electrochemical behavior offering insights into the reaction kinetics. The charge transfer kinetics 

of the prepared electrocatalysts at electrode-electrolyte interface was determined by the 

corresponding Nyquist plots were shown in (Figure 6d). The EIS fitting model for prepared 
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electrocatalyst was displayed in (Figure S6) was used to compute the resistive parameters as 

shown in (Table S1). All prepared electrodes demonstrate Nyquist plot composed of semicircles 

where the diameter of semicircle corresponds to Rct and the intercept at x-axis was associated 

with equivalent series resistance (Rs). The Rct reflects the ease of electron transfer at interface 

(electrode-electrolyte) and Rs arises from the intrinsic resistance of electrolyte (KOH). The 

optimized electrocatalyst exhibits smaller semicircle diameter compared to other prepared 

electrocatalyst, suggesting rapid kinetics and enhanced electrical conductivity. The simulated 

values of Rs and Rct of prepared electrodes show that the 4% PAA/PEG-Co3V2O8 exhibit the 

smallest Rs (0.969 Ω) and Rct (3.02 Ω), as detailed in (Table S1). This reduced interfacial charge 

transfer resistance contributes to its minimal overpotential and tafel slope. The LSV, tafel slope, 

and EIS analysis shows that the optimized sample exhibits the highest electrocatalytic activity 

among other prepared samples, affirming its superior OER activity.
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Figure 6. (a) LSV polarization curve at scan rate of 5 mV/s, (c) Bar graph showing camparison 

of overpotential at the current density of 30, 50, and 100 mA/cm2 (c) Tafel plots, and (d) EIS 

nyquist plots of prepared prepared electrocatalyst.

The agar well diffusion technique was used to evaluate the in-vitro antibacterial activity of 

prepared NPs against MDR S. aureus by measuring the inhibition zones (mm) depicted in 

(Figure 7, S7 and S8). The zones against MDR S. aureus were measured at low (0.5 mg/50 μL) 

and high (1.0 mg/50 μL) concentrations (Table 1). The zones ranges were determined to be 

1.65±0.15 to 6.95±0.82 mm and 4.75±0.42 to 8.25±0.93 mm for the low and high dosages, 
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respectively. Acquired results were assessed in correlation with positive control CIP (10.55±0.08 

mm) and negative control DI water (0±0.00 mm). Results demonstrates that the undoped sample 

exhibits smallest inhibition diameter. In contrast, the highly doped sample showed maximum 

inhibition diameter at both concentrations, indicating the significant potential of NPs against 

MDR S. aureus.

Table 1. Antibacterial activity of PAA/PEG-Co3V2O8.

Material Inhibition zone (mm)

(0.5 mg/50 μL)

Inhibition zone (mm)

(1.0 mg/50 μL)

Co3V2O8

PEG-Co3V2O8

2 wt. % PAA

4 wt. % PAA

CIP

DI water

1.65±0.15

4.85±0.44

6.05±0.64

6.95±0.82

10.55±0.08

0±0.00

4.75±0.42

6.65±0.65

7.45±0.87

8.25±0.93

10.55±0.08

0±0.00
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Figure 7. In-vitro antibacterial activity of prepared NPs against MDR S. aureus at (a) minimum 

(b) and maximum concentrations

Transition metal oxides encourage ROS generation attributed to their hydrophobic and 

electrostatic interactions with surface water and hydroxyl groups, thereby exhibiting significant 

antibacterial activity. These generated ROS induce oxidative stress and disrupts bacterial cell 

wall. The oxidative stress is influenced by the size and concentration of the NPs. Smaller 

particles generate higher ROS including H2O2, superoxide (O2
•), and OH radicals. These ROS 

disrupt the bacterial membrane, resulting in the release of cytoplasmic components, eventually 

leading to bacterial cell destruction. The electron-hole pair directly influences ROS emission and 

exerts a detrimental effect on bacterial cells, ultimately ruptures the cell membrane. The 

synthesized NPs interact with bacteria cells, disrupting membranes integrity and causing the 

leakage of cellular components, resulting in cell death (Figure S9) [65-68]. Co3V2O8 

demonstartes significant antibacterial activity attributed to the presence of cobalt ions that binds 

with thiol group and disrupt enzymatic function. These Co2+ ions influence bacterial membrane 
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integrity due to electrostatic interactions and substantially increase ROS production especially 

H2O2, leading to bacterial cell death [24]. The antibacterial activity is enhanced with PEG 

attributed to the synergistic effect between Co3V2O8 and PEG. PEG contains carbonyl groups 

enhances penetration, consequently increases its efficacy in inhibiting bacterial growth [69]. The 

PAA inclusion resulted in enlarged inhibitory zones and increased antibacterial activity, 

facilitating ROS formation via its carboxylic and hydroxyl groups [70]. The addition of polymer 

(PEG and PAA) reduces the crystallite size, enhances active sites and promotes the ROS 

generation, thereby improving antimicrobial activity.

Molecular docking was employed as qualitative modeling approach to explore probable 

prohibitive effects of synthesized NPs on bacterial enzyme DHFR from Staphylococcus aureus 

(Fig. 8a). The enzyme DHFR is ubiquitous across all cellular structures and plays crucial role in 

sustaining intracellular folate reserves in biochemically active reduced form. DHFR catalyzes 

reduction of dihydrofolate to tetrahydrofolate, in synthesis of amino acids, purines, and 

thymidylate. Inhibitors of DHFR have capacity to impede synthesis of DNA, RNA, and proteins, 

thereby halting cellular proliferation. The intricate Co3V2O8 NPs exhibited binding score of 5.23, 

indicating significant binding interactions with essential amino acid residues within active site, 

by forming hydrogen bonds with Gly15, Gln95, Leu20, and Gly94 (Fig. 8b). PEG-Co3V2O8 NPs 

demonstrated a binding score of 6.24, indicating significant binding interactions with Gln95, 

Phe92, Thr121, and Trp22 (Fig. 8c). Similar to ciprofloxacin, which demonstrates standard score 

of 7.26 and participates in hydrogen bonding with Thr121 and Gln95 (Fig. 8e), the binding score 

of 8.62 for PAA/PEG-Co3V2O8 NPs indicates multifaceted interaction that involves hydrogen 

bonds with Gly94, Lys45, Ala7, and Thr121 (Fig. 8d) (Table S2).
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Figure 8. Binding interaction within the active site of DHFRS. aureus superimposed ligands (a), 

Co3V2O8 (b) PEG-Co3V2O8 NPs (c), PAA/PEG-Co3V2O8 NPs (d), and Ciprofloxacin (e).

The gyrase enzyme is integral for DNA replication, as it cleaves both strands of supercoiled 

DNA, interweaves them, and subsequently reseals them, facilitating the unwinding of DNA 

necessary for replication. The evaluation of synthesized NPs in their capacity to inhibit the 

activity of topoisomerase II enzyme, identified as promising molecular target, was conducted in 

conjunction with ciprofloxacin serving as reference compound. The molecular modelling of co-
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crystallized ligand elucidated interactions within active site of topoisomerase II enzyme, 

including hydrogen bonding and pi-cationic interactions with DNA nucleotide base (Fig. 9a). 

The Co3V2O8 NPs demonstrate binding score of 3.57 signifying hydrogen bonds with Arg458 

(Fig. 9b). The PEG-Co3V2O8 NPs exhibited a binding score of 4.23 in Fig. 9c. Similar to 

ciprofloxacin having standard score of 6.73 and participates in conventional hydrogen bonding 

with Asp43 (Fig. 9e), whereas, binding score of 4.74 for PAA/PEG-Co3V2O8 NPs indicates 

hydrogen bonds with Met1121, Gly1082, Ser1084, and Asp1083 (Fig. 9d, Table S3). The 

docking models illustrate basic inorganic–polymer clusters and may not fully capture the 

comprehensive aggregation state seen in experimental observations. Consequently, the docking 

scores are not intended to represent quantitative binding affinities or enable direct comparisons 

with small-molecule antibiotics. The docking data are provided as qualitative, supporting 

evidence of possible interaction tendencies. These data indicate that surface functionalization 

may affect enzyme-nanoparticle interactions and underscore necessity for experimental 

validation to verify antibacterial processes.
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Figure 9. Binding interaction within the active site of topoisomerase II in DNA gyrase S. aureus 

superimposed ligands (a), Co3V2O8 (b) PEG-Co3V2O8 NPs (c), PAA/PEG-Co3V2O8 NPs (d), and 

Ciprofloxacin (e).

4. CONCLUSION

In this study, an environmental benign coprecipitation route was employd to fabricate Co3V2O8 

and polymers (PEG and PAA) doped Co3V2O8 NPs. The objective of this study is to assess the 
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catalytic potential, OER activity, and antimicrobial efficacy of NPs against S. aureus. XRD 

revealed the orthorhombic phase of the Co3V2O8 NPs. The polycrystalline nature of the 

synthesized NPs was verified by SAED analysis. FTIR endorsed V=O symmetrical stretching 

vibration at 933 cm-1, and Co-O and V-O-V bond vibration at 561 cm-1. PAA and PEG insertion 

enhanced the absorption capability consequently reduces the Eg from 2.85 to 2.44 eV. TEM 

elucidates the formation of NPs of Co3V2O8 and agglomeration was observed with polymers 

incorporation. Additionally, EDS and mapping further verified the succesfull synthesis of 

PAA/PEG-Co3V2O8 NPs by assessing their elemental composition. Doped materials exhibits 

superior activity compared to pristine sample in degradation, OER, and antibacterial 

performance against RhB and S. aureus, respectively. 4 wt. % of PAA/PEG-Co3V2O8 NPs 

outperformed other samples by achieving maximum degradation of 96.33 % in an acidic medium 

and remarkable antibacterial efficacy with zone of 8.25±0.93 mm. Similarly, the optimized 

electrocatalyst shows superior OER activity with minimal overpotential of 270, 299, and 362 mV 

at 30, 50, 100 mA/cm2 respectively, lowest Tafel slope, and Rct. Computational investigations 

have demonstrated that these NPs may serve as potential inhibitors of topoisomerase II and 

DHFR in S. aureus. These findings highlights the potential of the polymer (PAA and PEG) 

modified Co3V2O8 NPs as an efficient multifunctional catalyst.
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