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Table S1. Reaction conditions of chemical reduction for the Co-NPs synthesis 
	Crystalline Structure
	Particle Size
	Reducing Agent
	Cobalt Precursor
	Stabilizers/Conditions
	Ref.

	Mixture of hcp and fcc Co phases
	30-70 nm
	Hydrazine hydrate
	Cobalt sulfate
	NaOH concentration 0.5-2.5 M; precursor concentration influences size; ratio Co:N₂H₄ = 1:16; 70 °C; pH ~13
	Alex et al., 2011

	83% hcp, 17% fcc Co
	30 nm (thickness)
	Hydrazine hydrate
	Cobalt(II) chloride
	Strong alkaline medium; pH ~13;  70 °C; nanoplates with hcp/fcc content ratio tuned by synthesis conditions
	Khusnuriyalova et al., 2021

	Face-centered cubic (fcc) Co
	5 nm
	Sodium borohydride (NaBH₄)
	Cobalt(II) chloride
	Ethanol solvent; mineral oil layer; annealing at 600 °C; no Co–B alloy detected
	Zhao et al., 2003

	ε-Co metallic cobalt (interplanar distances in the HRTEM images were 2.17 Å)
	6.2-7.2 nm (monospherical);
3.64 ± 0.64 nm
	1,2-Dodecanediol,
NaBH4
	Cobalt acetate;
cobalt carbonyl
	(i) Oleic acid (OA) and trioctylphosphine (TOP) stabilizers; reaction at 250 °C in N₂ atmosphere; (ii) heating cobalt carbonyl in TOP under vacuum with 1,2-dichlorobenzene (DCB), varying amounts of OA at 180 °C; (iii) addition of a mixture of NaBH4 and ethanol to a solution of cobalt acetate, ethanol and oleic acid in a drop-like manner, at room temperature
	Glavee et al., 1993; Zola et al., 2014;
Rotstein et al., 2002;
Puntes et al., 2001


	Amorphous
	4.5-9.4 nm
	Sodium borohydride (NaBH₄)
	Cobalt(II) chloride
	Trimesyl core dendrimer matrix; size decreases with increasing dendrimer generation (G3.0 to G6.0); hydrodynamic interaction influences morphology
	Wu et al., 2010

	εCo (soft magnetic material)
	2-11 nm
	Dioctylether solution of superhydride (LiBEt3H)
	Cobalt(II) chloride
	oleic acid, trialkylphosphines, 200 °C
	Sun et al., 1999

	Spherical metallic Co-NPs

	80-100 nm
	Sodium borohydride (NaBH₄)
	CoSO4
	tetrabutyl ammonium bromide (TBAB) as stabilizer; at room temperature
	Mondal et al., 2015

	Co(OH)₂ and Co₃O₄ phases
	20-40 nm
	-
	Cobalt sulfate
	Histidine (0.1-0.3 mg/ml); water-ethanol solvent; rhombohedral Co(OH)₂ transitioned to Co₃O₄ with increasing histidine concentration and ethanol.
	Zhao et al., 2012

	Co-NPs
spherical nanocrystals of metallic cobalt

	diameter of crystallites 8 and 5 nm with stabilizers, and 3-60 without stabilizers

	1,2-hexadecandiol

	Cobalt acetate tetrahydrate Co(CH3COO)2·4H2O
	Oleic and lauric acids as stabilizers; 0.013 mmol of platinum(II) acetylacetonate) was added to attain heterogeneous nucleation;  300 °C under stirring and refluxing in a nitrogen atmosphere, within 10 min
	Luna et al., 2003

	hexagonal close-packed (hcp) Cobalt NCs structure, with a fraction containing face-centered cubic (fcc) characteristics
	6-8 nm
when TOP  was used
and 10-13 nm when TBP was used
	1,2-diols
	cobalt acetate tetrahydrate Co(CH3COO)2·4H2O
	Oleic acid, trioctylphosphine (TOP), and tributylphosphine (TBP) due to the ratio of strongly and weakly binding surfactants controls nanoparticle size and serve as stabilizer
	Murray et al., 2001

	hcp ε-Co
	400 nm
	Hydrazine hydrate
	Cobalt (II) sulfate
	Citric acid stabilizer; varying hydrazine concentration affects morphology; room temperature synthesis resulted in spherical particles.
	Smyrnioti et al., 2017

	Zerovalent metal Co NPs
	20-60 nm
	NaBH4
	CoSO4·
7H2O
	carboxymethyl cellulose (CMC) as stabilizer;  room temperature synthesis
	Ngo et al., 2014





Table S2. Reaction conditions of sol-gel method for the Co-NPs synthesis 
	Crystalline Structure
	Particle Size
	Precursor
	Stabilizers/Synthesis Conditions
	Reference

	Co₃O₄
	60-85 nm
	Cobalt nitrate hexahydrate in ethylene glycol (1:3)
	Sintering at 700 °C for 1-3 h, optimized at 2 h
	Sardjono et al., 2020

	Co₃O₄ (fcc structure,
lattice constant a = 8.09 Å, space group Fd-3m)
	67 nm (500 °C);
80 nm (550 °C)
	Metal salt (type unspecified)
	Tetrahydrofuran, 25% ammonia solution; calcination at 500-550 °C.
	Jagtap et al., 2017

	CoO, Co₃O₄
	~85 nm
	Cobalt nitrate or cobalt chloride
	Sol-gel synthesis in 1-propanol and ethyl acetate with surfactants (PDMS, Triton X-100, NaDS, etc.); pH and precursor concentration adjusted.
	Sinko et al., 2011

	CoFe₂O₄ (spinel structure; FTIR peaks at 460-603 cm⁻¹) confirms Co-O and Fe-O bonds.
	100-220 nm
	Cobalt (II) acetate tetrahydrate and iron (III) nitrate
	Methoxyethanol and diethanolamine; boiled at 125 °C for 24 h, centrifuged at 5000 rpm
	Saragi et al., 2015





Table S3. Reaction conditions of thermal decomposition method for the Co-NPs synthesis
	Crystalline Structure
	Particle Size
	Precursor
	Stabilizers/Synthesis Conditions
	Reference

	Multiply twinned fcc (mt-fcc)
	8-10 nm
	Cobalt octacarbonyl (Co₂(CO)₈)
	Dioctyl ether solvent, oleic acid and tributylphosphine as stabilizers, heated to 200 °C under N₂ stream, slow solvent evaporation to achieve ordered superlattices
	Murray et al., 2001; Blums et al., 1996

	fcc Co, protected by amorphous matrix
	12-15 nm
	Cobalt acrylamide complex
	Thermolysis at 873–1073 K after frontal polymerization; amorphous matrix prevents oxidation; coercivity depends on temperature
	Sówka et al., 2006

	ε-Co (cubic structure)
	3-17 nm
	Cobalt octacarbonyl (Co₂(CO)₈)
	Mixture of oleic, lauric, and trioctylphosphonic acids as surfactants; rapid pyrolysis in an inert atmosphere; size controlled by precursor/surfactant ratio, temperature, and injection time
	Puntes et al., 2001

	fcc Co; hcp + fcc mixture
	13.9 nm;
86.0 nm (triangular prisms)
	Cobalt acetate
	Dissolved in 2-pyrrolidinone with trioctylphosphine (TOP), oleylamine, and oleic acid; reaction at 260 °C for 90 min under N₂ stream. Addition of 1,2-dodecanediol as reducing agent, heated in the presence of surfactants. Higher coercive force observed but less suitable for high-density magnetic applications compared to smaller particles
	Lu et al., 2015

	Pure cubic Co
	25-35 nm
	Bis(salicylidene)
cobalt(II)
	Oleylamine and triphenylphosphine (TPP) as stabilizers; dry argon atmosphere at 100 °C for 90 min; high yield (70%) with uniform size distribution
	Salavati-Niasari et al., 2008





Table S4. Reaction conditions of the ‘green synthesis’ methods for Co-NPs synthesis
	Crystalline Structure
	Particle Size
	Plant Extract
	Precursor (Cobalt Compound)
	Stabilizers/Conditions
	Ref.

	Co₃O₄ (Cubic Spinel)
	20-80 nm
	Azadirachta indica leaves
	Cobalt nitrate
	Large content of flavonoids; reaction at ambient temperature
	Singh et al., 2024

	Co₃O₄
	60-85 nm
	Spent coffee extract (SCE)
	Cobalt nitrate
	pH-neutral to alkaline; annealing at 75 °C increased particle yield; lower temperatures reduced particle size
	Drummer et al., 2024

	Co₃O₄
	34.9 nm
	Hibiscus rosa-sinensis flowers
	Cobalt nitrate
	Neutral pH; functional groups capped NPs; antimicrobial properties against Xanthomonas oryzae
	Govindasamy et al., 2021

	Co₃O₄ (Cubic Spinel)
	26 nm
	Curcuma longa (Turmeric)
	Cobalt nitrate
	pH 7-10; enhanced crystallinity due to annealing at 100 °C; antibacterial and photocatalytic dye degradation activity
	Ryntathiang et al., 2024

	Co₃O₄
	21.7-77.5 nm
	Piper nigrum (Black Pepper)
	Cobalt nitrate
	Calcination at 100-900 °C; increasing temperature reduced antibacterial activity but increased crystallinity
	Chelliah et al., 2023

	Co and Co-Zn BMNPs; Spherical morphology; Co/Zn BMNPs
	22.77 nm (Co), 14.8 nm
	Cymbopogan citratus (Lemongrass)
	Cobalt chloride
	SEM images showed spherical cluster-shaped monometallic and bimetallic NPs, which is explained by their polymeric nature. EDX analysis of bimetallic NPs confirmed that the sample was enriched in cobalt (69.94%) compared to zinc (30.06%).
	Haq et al., 2021

	Co₃O₄
	20-30 nm
	Allium sativum and Allium cepa husk
	Cobalt nitrate
	pH 6-7; zeta potential ~-20.4 mV; effective antimicrobial activity against E. coli, Proteus, S. aureus, Klebsiella pneumonia
	Riaz et al., 20221

	Co₃O₄
	21-72 nm
	Celery stem and green tea leaves
	Cobalt nitrate
	pH 14; strong antimicrobial activity against GNB and GPB
	Ali et al., 2023

	Co₃O₄ (Cubic Spinel)
	31.3-68.9 nm
	Aerva javanica plant extracts
	Cobalt chloride
	Aqueous and methanolic extracts showed varying sizes; methanol extracts produced smaller particles; antibacterial activity varied based on reducing agent source
	Najrul Islam et al., 2013

	Co (fcc)
	21 nm
	Periconia prolifica culture extract
	Cobalt chloride
	Stabilization by proteins; FTIR confirmed functional group capping; effective antibacterial activity due to Co²⁺ ion release on bacterial membranes
	Mubraiz et al., 2021






Table S5. Optimal combinations of methods for comprehensive characterization of Co-NP
	Property
	Primary Method(s)
	Complementary Method(s)
	Reference

	Crystalline Structure
	XRD
	TEM
	Khusnuriyalova et al., 2021; Lisiecki et al., 2003; Zhao et al., 2012; Smyrnioti et al., 2017; Sardjono et al., 2020; Kumar et al., 2017;  Saragi et al., 2015; Lu et al., 2015; Salavati-Niasari et al., 2008; Govindasamy et al., 2021; Ryntathiang et al., 2024;
Haq et al., 2021; Ali et al., 2023; Najrul Islam et al., 2020;  Fultz et al., 2012; Abu-Abdeen et al., 2020; Zhludenko et al., 2018; Ischenko et al., 2008; Pryhunova et al., 2023; Dyachenko et al., 2024

	Particle Size and Shape
	TEM, SEM
	DLS
	Zola et al., 2014; Zhao et al., 2012; Luna et al., 2003; Sówka et al., 2006; Puntes et al., 2002; Lu et al., 2015; Fultz et al., 2012;
 (TEM), Puntes et al., 2001; Kumar et al., 2015; Zhludenko et al., 2018; Pryhunova et al., 2023; Dyachenko et al., 2024
(SEM); Riaz et al., 2022 (DLS)

	Surface Chemistry
	FTIR, XPS
	EDX
	Mondal et al., 2015;  Lu et al., 2015; Govindasamy et al., 2021;
Ogunyemi et al., 2023; Ryntathiang et al., 2024; Fultz et al., 2012; Almeida Junior et al., 2024  (FTIR), Khusnuriyalova et al., 2021;  Pryhunova et al., 2023; Dyachenko et al., 2024
(XPS); Sardjono et al., 2020;  Dyachenko et al., 2024
 (EDX) Kamal et al., 2017; Kumar et al., 2017.

	Elemental Composition
	EDX
	XPS
	Sardjono et al., 2020; Dyachenko et al., 2024 (EDX), Pryhunova et al., 2023; Dyachenko et al., 2024
 (XPS)

	Magnetic Properties
	VSM
	XRD (for phase identification)
	Klabunde et al., 1996;  Giri et al., 2002; Saragi et al., 2015


	Colloidal Stability
	DLS
	Zeta Potential Measurement
	Velmani et al., 2025





Table S6. Biologically active properties of Co-NPs relative to plants
	Crystalline Structure & Size
	Plant
	Comments
	Reference

	Co (Metallic), 20-60 nm
	Soybean (Glycine max)
	Stimulated seed germination, increased seedling growth by 2.4x, enhanced chlorophyll content (by 7-15%), and increased yield by up to 16%.
	Ngo et al., 2014

	Co₃O₄,
34.9 nm
	Rice (Oryza sativa)
	Reduced bacterial leaf blight by 79%, improved plant growth (shoot length, fresh and dry weight), and enhanced photosynthetic efficiency.
	Govindasamy et al., 2022 

	Spherical Co₃O₄ NPs, 50 nm
	Brassica napus L. (canola)
	Low concentrations (50-100 mg/L) stimulated shoot growth and chlorophyll content; high concentrations (4 g/L) revealed phytotoxicity, increasing oxidative stress and reducing membrane stability
	Janmohammadi et al., 2017

	Co₃O₄ NPs, various sizes
	Brassica napus L. (canola)
	Low concentrations improved growth and chlorophyll levels; high concentrations (>0.5 g/L) induced oxidative stress and reduced glutathione levels
	Jahani et al., 2019

	CoFe₂O₄ NPs
	Solanum lycopersicum (tomato)
	Increased Fe and Co contents in plant tissues; plants tolerated concentrations up to 1000 mg/L without toxicity symptoms
	Jahani, 2020

	Co₃O₄ NPs, 25 nm, hexagonal wurtzite
	Acacia jacquemontii and Acacia nilotica
	Counteracted zinc toxicity, improving root/shoot growth, biomass, and physiological parameters
	Mahmood et al., 2023

	Zero-valence Co NPs, 30-70 nm
	Zea mays (corn)
	Reduced germination rate, selective impact on different growth stages, enhanced anthocyanin content
	He et al., 2017

	Cobalt sulfate (CoSO₄)
	Cucumis sativus (cucumber)
	Stimulated growth and yield at 10-20 mg/L in saline soils
	Shrivastava et al., 2015

	Cobalt (various forms)
	Allium cepa (onion)
	Improved growth and yield under salt stress at 12.5 mg/L; higher concentrations reduced effect
	Gad et al., 2018

	Cobalt (various forms)
	Solanum lycopersicum (tomato)
	7.5 mg/L cobalt enhanced growth, yield, and fruit quality
	Gad et al., 2020

	Cobalt in organic fertilizer
	Vigna unguiculata (cowpea)
	Increased legume yield by 30%
	Gad et al., 2005

	Cobalt (various forms)
	Solanum lycopersicum (tomato)
	7.5 mg/L cobalt enhanced growth, yield, and fruit quality
	Gad et al., 2020





Table S7. Antimicrobial properties of Co-NPs 
	Crystalline Structure &
Size
	Synthesis Method
	Microorganism Culture
	Comments
	Reference

	Co₃O₄
(Cubic Spinel),
20-80 nm
	Green synthesis (Azadirachta indica leaves)
	C. albicans, 
A. niger
	Effective against fungal pathogens, useful for treating local human fungal infections.
	Singh et al., 2024

	Co₃O₄,
34.9 nm
	Green synthesis (Hibiscus rosa-sinensis flower extract)
	X. oryzae
	Inhibited biofilm formation by 79%; reduced rice leaf infection. Increased plant growth metrics (shoot length, weight, etc.).
	Govindasamy et al., 2021

	Co₃O₄
(Cubic Spinel),
26 nm
	Green synthesis (Curcuma longa extract)
	S. aureus, E. coli
	Strong antibacterial and dye degradation activity. Medicinal properties of extract enhance particle stability.
	Ryntathiang et al., 2024

	Co₃O₄,
21.7-77.5 nm
	Green synthesis (Piper nigrum leaf extract)
	E. coli, S. aureus
	Calcination affected activity; lower calcination temperatures showed better antibacterial effects.
	Chelliah et al., 2023

	Co and
Co-Zn BMNPs,
22.8-14.8 nm
	Green synthesis (Cymbopogan citratus extract)
	S. aureus, E.coli
	Superior antibacterial properties due to large surface area and ROS generation, and bacterial membrane disruption.
	Haq et al., 2021

	Co₃O₄,
20-30 nm
	Combined synthesis (Allium sativum and Allium cepa  husk extract)
	E. coli, Proteus, S. aureus, 
K. pneumonia
	Large activity due to increased surface oxide ions, disrupting bacterial membranes.
	Riaz et al., 2022

	Co₃O₄,
21-72 nm
	Green synthesis (Celery and green tea extracts)
	P. aeruginosa, 
S. aureus
	Strong antibacterial effects due to size and high surface-to-volume ratio.
	Ali et al., 2023

	Co₃O₄,
31.3-68.9 nm
	Green synthesis (Aerva javanica methanol extract)
	B. subtilis, 
P. aeruginosa, 
S. aureus
	Smaller particles from methanol extracts/microbial synthesis showed stronger antibacterial activity.
	Najrul Islam et al., 2020

	Co
(Face-centered cubic), 21 nm
	Microbial synthesis (Periconia prolifica extract)
	E. coli, S. aureus
	Release of Co2⁺ ions disrupted bacterial membranes; effective against drug-resistant strains like MRSA.
	Mubraiz et al., 2021

	Co‑NPs,
spherical shape,
54-125 nm
	Green synthesis (biosynthesis)
	Not specified; reported as potential antibacterial agents
	Spherical NPs synthesized via a green route, demonstrating potential antibacterial activity.
	Slavin et al., 2017

	Co₃O₄ NPs,
cobalt oxide
(size not specified)

	Green synthesis (biosynthesis using leaf extract)
	B. licheniformis, K. pneumoniae, 
B. subtilis, E. coli
	An increase in the concentration of Co₃O₄ NPs enhances antibacterial activity.
	Ribeiro et al., 2022; Razavi et al., 2020 

	Co₃O₄ NPs,
size < 100 nm
	Chemical precipitation (according to Arsalan et al.)
	S. aureus, E. coli
	Co₃O₄ NPs alter the outer membrane of GPB via the release of Co‑ions, which disrupt membrane integrity.
	Christy et al., 2015

	Co₃O₄ nanograins, Co₃(PO₄)₂ microflakes,
and Co(OH)₂ nanoflakes
	Chemical synthesis under specific conditions forming distinct morphologies
	Acanthamoeba
	Amoebicidal, encystation, excystation, and host cell cytopathogenic studies. The results indicate potential antiamoebic effects, suggesting these NPs could be developed for antiamoebic nanomedicine.
	Safaei et al., 2019; Arsalan et al., 2020


	CoFe₂O₄ NPs (ferrite phase;
size not specified)
	Chemical synthesis (as described by Rashmi et al.)
	GPB and GNB
	The antimicrobial mechanism involves generation of reactive oxygen species (ROS) such as hydroxyl radicals and superoxide anions, inducing oxidative stress, membrane rupture, cytoplasmic leakage, and ultimately cell death. GNB are more susceptible due to differences in the cell wall composition.
	Anupong et al., 2023; 
 Anwar et al., 2019; Sulaiman et al., 2021; Sharma et al., 2019

	Mixed nanocomposite (NC): Zn₀.75Co₀.25Fe₂O₄
	Synthesis as a mixed NC
	S. aureus, 
E. columbae, 
A. viridians
	The most efficient NC composition (20.0 ppm) exhibits the best antibacterial activity among the tested formulations.
	Tamboli et al., 2023

	Co‑oxide NPs (cobalt oxide form; exact size not specified)
	Synthesis according to Raza et al.
	E. coli, 
P. aeruginosa, 
B. subtilis
	Higher concentrations of the NPs result in improved antibacterial performance.
	Chandekar et al., 2021

	Co3O4 NPs, 50 nm
	Sol-gel
	S.aureus,
E. coli,
P. aeruginosa
	Caused a significant antibacterial effect on both GPB and GNB strains. The most antibacterial effect was observed on S. aureus and E. coli, referring to more changes in the outer membrane of GPB in the presence of Co2+ ions.
	Maksoud et al., 2019

	Co-NPs, 50-100 nm
	Sigma Aldrich
	E. coli
	Possible mechanisms: (i) increased lipophilicity of the metal enhances its interactions with bacterial membranes; (ii) metal positive charge interacts with ligand atoms, leading to π-electron delocalization; (iii) factors like dipole moment, conductivity, and solubility influence metal ion activity.
	Raza et al., 2016

	Co-NPs, cubic spinel phase, 50-55 nm
	-
	S. aureus,
Proteus spp.,
E. coli
	Can help kill multidrug-resistant (MDR) bacteria and be suitable for treating disease; effective for both GPB and GNB. The optimum concentration of Co-NPs was 100 μg/ml
	Arsalan et al., 2020
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Fig. S1. Bactericidal properties of Co-NPs.
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