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Abstract: In this study, we have explored a green synthetic method using Glycyrrhiza glabra plant stem 

extract to prepare α-Fe2O3 nanoparticles. The X-ray diffraction analysis revealed a crystalline structure 

with broad peaks, indicating a rhombohedral structure with a centered hexagonal unit cell. Fourier 

transform infrared studies provided insights into Fe–O stretching vibration modes and confirmed that 

the synthesized nanoparticles are α-Fe2O3. UV-Visible absorption spectroscopy was performed, and 

the band gap of 2.4 eV was determined using the Tauc relation. Furthermore, the synthesized 

nanoparticles exhibited dose-dependent antibacterial activity against both Gram-negative and Gram-

positive bacteria, as shown in the agar-well diffusion method. This research highlights the potential of 

green synthesis methods utilizing plant extracts for the fabrication of functional nanoparticles with 

promising antibacterial properties. 
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1. Introduction 

Metal oxide nanoparticles have gathered significant attention in recent years due to their 

distinctive optical, magnetic, and electronic properties. These nanomaterials exhibit novel 

characteristics compared to their bulk counterparts, largely attributed to their reduced size and 

increased surface area [1-3]. These features have the potential to deliver exceptional 

performance across various domains, including catalysis, magnetism, mechanics, and biology. 

Among these nanoparticles, Magnetite nanoparticles (MNPs) are widely explored in the 

biomedical field due to their biocompatibility, chemical stability, and magnetic properties [4]. 

α-Fe2O3 transition-metal oxide nanoparticles have been widely studied and find applications in 

various fields. Its unique properties make it suitable for a range of technological and biological 

applications like catalysts, sensors, ceramics, data storage materials and dyes, drug delivery, 

magnetic resonance imaging, and bioremediation [5-8]. 
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The green synthesis of nanoscale Fe2O3 using plant extracts such as Hordeum vulgare 

(barley) [9], Rumex acetosa (common sorrel) [9], and Azadirachta indica (neem) [10] has 

attracted significant attention from researchers in recent years. This approach uses the reducing 

and stabilizing agents present in plant extracts to synthesize iron oxide nanoparticles. Green 

synthesis approaches are preferred over conventional chemical reduction methods due to their 

eco-friendliness and lower toxicity. Employing plant extracts as reducing agents reduces the 

need for hazardous chemicals, making the synthesis process more environmentally benign [11]. 

Fe2O3 nanoparticles are widely recognized as effective photocatalysts [12,13], as demonstrated 

by their ability to facilitate the photo-degradation of detrimental industrial pollutants, including 

dyes [14]. Extensive investigations have been conducted on the anticancer properties of Fe2O3 

nanomaterials, driven by their potential utility in targeted drug delivery systems and magnetic 

hyperthermia therapy for cancer treatment [15]. 

This study describes the biological synthesis of α-Fe2O3 using Glycyrrhiza glabra plant 

stem extract as a reducing or stabilizing agent for nanoparticle formation. Glycyrrhiza glabra, 

also known as the 'Grandfather of the herb' or sweet wood (Glycyrrhiza glabra), originates 

from Asia, Southern Europe, and North Africa. Conventionally, it has been incorporated into 

various medicinal formulations for its roles as a sweetener, expectorant, antitussive, demulcent, 

and purgative. In eastern cultures, the dried rhizome and roots of Glycyrrhiza glabra have been 

recognized as essential medicinal components. In contemporary times, extracts of Glycyrrhiza 

glabra are commonly used as flavouring agents in formulations to mask the unpleasant taste of 

cold and cough preparations. Additionally, its anti-inflammatory activity contributes to liver 

conditioning, and it is extensively utilized in addressing ailments such as arthritis and mouth 

ulcers to alleviate pain [16,17]. In Japan, Licorice extracts are employed for the treatment of 

various virus-borne infections. The combination of Glycyrrhiza glabra extracts with other 

drugs has been found to be beneficial for conditions such as psoriasis and herpetic lesions, as 

it helps soothe and heal skin eruptions [18]. Recently, Vinayagam et al. reported the green 

synthesis of nanoscale α-Fe2O3 nanoparticles using the leaf extract of Spondias dulcis [19]. 

Biswal et al. synthesised the Ag-doped Fe2O3 nanocomposite using Psidium guajava extract 

and developed an environmentally friendly, renewable adsorbent for the remediation of Cr(VI) 

from aqueous solution [20]. Green synthesis of iron oxide nanoparticles using Rheum emodi 

and their antimicrobial and anticancer effects in vitro, reported by Sharama et al. [21]. Mbachu 

et al. reported on iron oxide (α-Fe2O3) nanoparticles synthesized using Taguchi extract and 

explored their biomedical prospects [22]. Jasrotia et al. report the pure Ag, Cu, and Fe2O3 

nanoparticles [23]. Karpagavinayagam et al. designed the Fe2O3 nanoparticles using Avicennia 

marina flower extract [24]. Freire et al.. biosynthesis of iron oxide no materials using 

Caesalpinia coriaria (Jacq.) Wild. fruit extract [25]. 

Glycyrrhiza glabra root has a long history of use in Chinese medicine, spanning more 

than a millennium. Its medicinal effects are attributed to a diverse array of active compounds, 

including isoflavonoids, chalcones, amino acids, lignins, amines, gums, and volatile oils. 

Research has identified over 20 triterpenoids and 300 flavonoids within its structure, 

highlighting its rich chemical diversity and making it a compelling subject for scientific 

investigation. The Glycyrrhiza glabra (licorice) plant stem extract used for the synthesis of 

high-quality α-Fe2O3 (hematite) nanoparticles is based on several key factors. Glycyrrhiza 

glabra contains a variety of phytochemicals, including flavonoids, saponins, and glycyrrhizin, 

which can act as reducing and stabilizing agents in the synthesis of nanoparticles. These 

compounds can facilitate the reduction of iron ions to form α-Fe2O3 while preventing 
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agglomeration. Also, phytochemicals, including flavonoids, saponins, and glycyrrhizin, 

functionalize the surface of the α-Fe2O3 nanoparticle, which is useful for various 

applications.Most importantly, this extract generally enhances biocompatibility, making the 

resulting nanoparticles more suitable for biomedical applications, such as drug delivery and 

imaging. Synthesis using plant extracts is a greener alternative to traditional chemical methods, 

which often involve toxic solvents and reducing agents. The use of natural materials aligns 

with sustainable practices. Plant extracts are typically abundant and inexpensive, making the 

synthesis process more economical compared to synthetic chemicals. Other plant extracts (such 

as those from Aloe vera, green tea, or neem) may also reduce iron ions, but their efficiency can 

vary depending on their specific phytochemical content and concentration. The efficacy of 

nanoparticle synthesis can be influenced by the type of active compounds present in the extract. 

The size and stability of nanoparticles can differ between extracts. Some plants may produce 

larger or more agglomerated nanoparticles, whereas G. glabra's compounds might yield 

smaller, more uniform particles. Different plant extracts can impart unique functional 

properties to the nanoparticles. For example, some extracts may enhance antibacterial or 

antioxidant activities more than others, depending on their specific bioactive compounds. 

Recently, the issue of multidrug resistance and extensive drug resistance to antibiotics 

has escalated to a critical point, necessitating immediate action[26]. This presents 

unprecedented dangers to both human and animal health in the twenty-first century. Moreover, 

the development of new antibiotics is declining due to high development costs and low returns 

on investment [27]. Inorganic nanoparticles with magnetic properties offer a promising 

approach for combating antibiotic-resistant bacteria, as they do not depend on targeting specific 

antibiotic resistance mechanisms [28]. PEG-coated Fe3O4 nanoparticles have shown notable 

effectiveness in both antimicrobial and anticancer activities [29]. Chitosan-pectin films 

embedded with Fe3O4 magnetic nanoparticles offer promising potential for advanced, 

intelligent food packaging solutions [30]. CoAF and CuAF nanocomposites hold significant 

promise as antibacterial agents for various biomedical applications[31]. Nanoparticles are also 

highly effective in various fields, including sensors, medical devices, drug delivery, 

antibacterial applications, dye degradation, and DNA labeling[32]. Nowadays, many treatment 

techniques, such as cancer diagnosis [33], adsorption [34], chemical precipitation [35], 

coagulation [36], advanced oxidation processes [37], and osmosis [38], have shown wide 

applications across different fields. 

Overall, from the above detailed literature survey, it is necessary to explore α-Fe2O3 

with different plant extracts due to its unique morphology, which plays a crucial role in 

antimicrobial studies and effects. In this study, we have successfully utilized an eco-friendly 

approach to synthesize α-Fe2O3 nanoparticles from Glycyrrhiza glabra plant stem extract. The 

synthesized nanoparticles were subjected to studies of their structure, optical, and antimicrobial 

properties. The resulting nanoparticles exhibit noteworthy antibacterial activity, demonstrating 

their potential for diverse applications in biomedical and materials science. 

2. Materials and Methods 

The Glycyrrhiza glabra plant stem is medically certified by KLE Ayurveda Medical 

College. Belgaum, India. Ferric chloride (FeCl3) purchased from Sigma-Aldrich. All aqueous 

solutions were prepared in double-distilled water. 

Thoroughly washed the procured Glycyrrhiza glabra plant stem with distilled water to 

remove dust particles and other impurities, to ensure that the extract is free from contaminants. 
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Finely chop 20 grams of the washed plant stem. The chopping process increases the surface 

area, facilitating efficient extraction. Added the finely chopped plant stem to 100 ml of 

deionized water and heated the mixture to 90°C, and maintained this temperature for 45 

minutes. This process helps in extracting compounds from the plant stem into the water. After 

heating, allow the mixture to cool to room temperature. This step is crucial to avoid potential 

degradation of heat-sensitive compounds. Separated the extract from the solid plant material 

by filtration. Used Whatman filter paper no.4. This process removes any remaining solid 

particles, yielding a clear liquid extract. The pH of the extract is measured (Figure 1). 

 

 
Figure 1. Preparation of Glycyrrhiza glabra plant stem extract and Flowchart. 

5ml of the extract is added to the 20ml of 0.1M FeCl3 solution,heated at 70°C for 10 

minutes with constant stirring. The formation of the nanoparticles will be identified by a change 

in the solution's color to dark brown (Figure 2). The as-synthesized nanoparticles were 

centrifuged and rinsed with DI water 10-12 times to remove impurities, then dried for further 

studies. 

 
Figure 2. Synthesis of Fe2O3 nanoparticles.  

3. Results and Discussion 

Figure 3 depicts the X-ray diffraction (XRD) patterns of as synthesized α-Fe2O3 nano 

particles, which shows the low intense diffraction humps with broadening nature. After careful 

analysis, small humps are noticed and it is well matching with the α-Fe2O3 phase (JCPDS-

ICDD card number 89-0596) [39]. The matched JCPDS card shows the rhombohedral structure 

with a centered hexagonal structure (R-3c space group) (JCPDS-ICDD card number 89-0596) 
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[26]. The annealed XRD pattern exhibits the selected main characteristic peaks at different 2θ 

values of 24.1°, 33.2°, 35.6°, 49.5°, and 54.1°, corresponding to the hkl planes (012), (104), 

(110), (113), and (024), respectively.  

 
Figure3.XRD pattern of as-synthesized α-Fe2O3 nanoparticles. 

The particle size and macrostrain were estimated using the Debye-Scherrer formula, 

yielding 40.75 nm and 0.82 nm, respectively. The obtained Bond distance and Bond angle are 

Fe-O = 2.126 (5) Å, Fe-Fe = 0.666 (2) Å, respectively. The observation of low-intensity 

diffraction humps with broadening in X-ray diffraction (XRD) patterns typically indicates 

several important characteristics about the material being studied. Here’s a detailed 

interpretation of these results and possible causes of the broadening. Low-intensity peaks 

suggest that the material may have limited crystallinity or a small amount of crystalline phase. 

This can occur in amorphous materials or in materials with small crystallite sizes. The presence 

of humps rather than sharp peaks may indicate a mixture of phases or amorphous content in 

the sample. If there are multiple phases, their overlapping peaks can lead to broad humps. The 

broadening can also hint at microstructural features, such as strain or defects within the crystal 

lattice, which can affect the positions and intensities of diffraction peaks.  

Broadening of XRD data can be used to estimate crystallite size; according to the 

Scherrer equation, smaller crystallite sizes lead to broader peaks. This is often observed in 

nanomaterials where the crystallite size is reduced to the nanoscale. Internal stress or strain in 

the material can lead to peak broadening. Strain can arise from defects, phase changes, or 

during processing (e.g., during synthesis or thermal treatment). Some broadening can be 

attributed to the instrumental setup used for the XRD measurement. However, this is usually 

accounted for in data analysis, and the intrinsic broadening of the sample is primarily 

considered. Elevated temperatures during measurement can increase atomic vibrations (Debye-

Waller effect), thereby contributing to peak broadening. If a significant portion of the sample 

is amorphous, the XRD pattern may show broad features instead of sharp peaks. This is 

common in certain materials like glasses or polymers. The combination of low-intensity, broad 

diffraction humps suggests a material that may be nanocrystalline, contain structural defects, 

or be partially amorphous. Quantitatively analyzing the degree of broadening (using the 

Scherrer equation or a Williamson-Hall plot) can provide insights into the crystallite size and 

strain in the material. 

Figure 4 shows the arrangement of Fe (red color) and O (yellow color) in a distorted 

Hexagonal structure. In general, α-Fe2O3 hematite crystallizes in a corundum structure. It is 
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well categorized by a faintly distorted hexagonal close-packed oxide-ion lattice where 2/3 of 

the octahedral sites are occupied by Fe3+ ions with nondegenerated energy levels on metal d-

electrons because of ligand field splitting created from Fe-O hybridization (Figure 4)  [40]. 

Oxygen ions that are situated parallel to (0001) planes are detached by an iron double layer, 

resulting in a tacking sequence of O3-Fe-Fe repeat units [40]. 

 
Figure 4. Polyhedral structure of α-Fe2O3 at different directions along (a) a; (b) b ;(c) c-axis. 

Figure 5 shows the FTIR spectra of α-Fe2O3 nanoparticles of infrared absorption 

properties through the stretching and bending vibrations. From the data, we have identified 6 

prominent peaks, which are consistent with the stretching and bending vibrations of α-Fe2O3 

nanoparticles. The bands at 423, 447, 472, and 508 cm-1 indicate the presence of Fe–O 

stretching vibration modes. This clearly confirms that the synthesized nanoparticles are α-

Fe2O3, and it is well corroborated by the XRD data in Figure 3. The absorption peaks are 

observed around 1026 and 1599 cm-1 [41]. These modes can be assigned to the stretching and 

bending vibrations of OH groups of H2O molecules [42-45]. The slight difference between the 

modes in the presented and reported data is due to differences in morphology and synthesis 

conditions [42, 43, 46, 47]. The correlation between FTIR spectra showing Fe–O stretching 

vibrations and XRD data for α-Fe2O3 nanoparticles can provide valuable insights into the 

material's structural characteristics. In FTIR spectroscopy, peaks corresponding to Fe–O 

stretching vibrations are indicative of the presence of iron oxide, specifically α-

Fe2O3(hematite). These peaks typically appear in the range of approximately 400–600 cm⁻¹. 

The intensity and position of these peaks can provide information about the bonding 

environment of the iron ions within the structure. XRD data provides information on the 

crystalline structure of the nanoparticles. If the FTIR peaks align with the expected 

wavenumbers for Fe–O vibrations in α-Fe2O3, and the XRD patterns show peaks corresponding 

to this phase, it supports the conclusion that the nanoparticles are indeed α-Fe2O3. The intensity 

of the FTIR peaks can correlate with the crystallinity indicated by XRD. Strong, sharp peaks 

in XRD suggest a highly crystalline material, which may also enhance the intensity of the FTIR 

features due to more ordered bonding environments. Variations in peak positions or intensities 

in FTIR could hint at size effects or morphological deviations, which might be corroborated by 

XRD data showing broader peaks (indicative of smaller particle sizes or strain) or different 

peak intensities. Overall, the combination of FTIR and XRD results provides a comprehensive 

understanding of the structural and bonding characteristics of α-Fe2O3 nanoparticles. 

Confirming both the presence of Fe–O bonds via FTIR and the crystalline structure via XRD 

reinforces the validity of your characterization and helps elucidate the properties relevant to 

applications in catalysis, sensors, and other fields. 
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Figure 5. FTIR spectra of α-Fe2O3 nanoparticles show infrared absorption properties through the stretching and 

bending vibrations.  

During the absorption of electromagnetic waves, electrons are excited from the highest 

occupied molecular orbital (HOMO) in the valence band to the lowest unoccupied molecular 

orbital (LUMO) in the conduction band. The band gap energy of the material is determined by 

the wavelength of light absorbed in transitions between bonding and antibonding orbitals. 

Optical absorbance of α-Fe2O3 nanoparticles was measured at room temperature using a 

JASCO UV-Visible spectrophotometer, with a focus on the 200-800 nm wavelength range. 

The obtained spectrum is depicted in Figure 6a. A prominent absorption peak is observed in 

the vicinity of the visible region, approximately at 300 nm. The band gap energy of α-Fe2O3 

nanoparticles was determined through the application of the Tauc relation. 

 

(αhυ)𝑛 =  C(hυ –  Eg)       (1) 

 

Where α is the absorption coefficient, h is Planck’s constant, υ is the frequency of 

vibration, C is the proportionality constant, Eg is the average band gap energy, and the value 

of n depends on the type of transition. The Tauc relation provides a direct and effective method 

for analyzing optical absorption data, allowing us to estimate the band gap energy from the 

absorption spectrum quickly. This is particularly advantageous when working with complex 

materials where more sophisticated methods may not be feasible. Typically, a Tauc plot shows 

hν (the photon energy) on the abscissa (x-axis) and (αhν)1/2 on the ordinate (y-axis), where α 

is the material's absorption coefficient. Thus, extrapolating the linear region to the abscissa 

yields the optical bandgap energy of the amorphous material. Figure 6b illustrates the Tauc 

plot; the band gap energy derived from the Tauc plot is 2.4 eV. This value exceeds the reported 

band gap energy for the majority-carrier hematite. The difference is due to quantum 

confinement, which affects the delocalization of electronic states near the Fermi level [48-50]. 
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Figure 6. UV-Visible absorption spectrum and Tauc plot of α-Fe2O3 nanoparticles.  

TEM was used to determine the exact particle size of the synthesized α-Fe2O3. The 

particle size of the prepared nanoparticles was found to be around 50 nm. It is well matched 

with the particle size obtained by the Debye-Scherrer method. Also, it is depicted as an 

asymmetric morphology with uniform dispersion during hematite phase formation (Figure 7). 

 
Figure 7. Transmission electron microscopy image of α-Fe2O3 NPs. 

3.1. In vitro anti-bacterial activity. 

From the aforementioned facts, it is evident that compounds containing α-Fe2O3 exhibit 

potent biological activities. When the Fe2O3 system is fused or coupled with other hybrids, the 

resulting conjugates are expected to demonstrate enhanced biological properties. Hence, α-

Fe2O3hasbeen synthesized. These composites have been screened for in vitro antibacterial 

activity. 

The synthesized α-Fe2O3 nanoparticles were tested for their antibacterial screening with 

various concentrations against pathogenic bacterial strains, viz., S. aureus (ATCC 29413), B. 

subtilis (NCIB 8057), B. cereus (ATCC 11778), C. botulinum (ATCC 443), E. coli (ATCC 

25992), P. aeruginosa (NCIB 8295), K. pneumoniae (ATCC 10031), and S. typhi (14028) 

through the disc diffusion method [51]. All incubations and tests were conducted in triplicate. 

In this experiment, ciprofloxacin was employed as the reference drug to compare antibacterial 

activities. 
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A 5% DMSO solution was utilized to dissolve the compounds, and the disc diffusion 

method was employed to determine antimicrobial activity by measuring the zone of inhibition. 

To elucidate the potential role of DMSO in biological screening, separate studies were 

conducted using solutions of DMSO alone, revealing no activity against any bacterial strains. 

The tests were carried out at 30, 60, and 90 µgmL-1 concentrations. After 2 days of incubation 

at 37°C, the zone of inhibition was measured in mm. The investigation of antibacterial 

screening of α-Fe2O3 against human pathogenic bacterial strains showed good to excellent 

inhibition compared with the reference drug. Screening results are summarized in Table 1. 

Table 1. Summarized Screening results of human pathogenic bacterial strains against α-Fe2O3.  

Diameter of growth of inhibition zone (mm) 

Concentration 
S. aureus 

ATCC 29413 

B. subtilis 

NCIB 8057 

B. cereus 

ATCC 11778 

C. botulinum 

ATCC 443 

E. coli 

ATCC 25992 

P. aeruginosa 

NCIB 8295 

K. pneumonia 

ATCC 10031 

S. Typhi 

14028 

30µg 8.2±0.01 4.4±0.3 7.4±0.16 4.8±0.3 7.4±0.16 5.6±0.3 - 6.9±0.2 

60µg 12.2±0.0 9.8±0.2 11.6±0.1 6.2±0.05 12.3±0.3 10.1±0.5 - 12.3±0.6 

90µg 14.6±0.4 13.4±0.0 13.8± 0.1 9.8±0.1 15.2±0.1 11.6±0.6 7.6±0.2 13.6±0.5 

Controlciprofloxacin 19.5±0.0 19.6±03 20.3±1.2 12.6±0.5 20.2±0.0 18.0±0.3 24.3±0.1 20.0±0.6 

 

Iron nanoparticles have shown significant activity against various cancer cell lines. 

Their cytotoxic effects are mainly attributed to the iron core itself, particularly before oxidation, 

rather than to the iron ions released from it. This unique property makes iron nanoparticles 

highly valuable for several applications, including drug delivery systems, diagnostic probes, 

and hyperthermia treatments. By harnessing their capabilities, researchers are exploring 

innovative ways to improve cancer therapies and enhance diagnostic accuracy. Another notable 

property of iron nanoparticles is their ability to selectively suppress the growth of cancer cells 

while leaving healthy cells largely unaffected, especially before oxidation occurs. This targeted 

action makes iron nanoparticles a promising therapeutic tool in nanomedicine. Their potential 

to minimize damage to healthy tissue while effectively targeting cancerous cells could lead to 

more effective, less harmful cancer treatments. Both Glycyrrhiza glabra and α-Fe2O3 

nanoparticles have a wide range of biomedical applications, demonstrating their versatility and 

potential to improve health outcomes. 

4. Conclusions 

In this present work, α-Fe2O3 nanoparticles were synthesized by the green synthesis 

method using Glycyrrhiza glabra plant stem extract. It indicates that the Glycyrrhiza glabra 

plant stem extract can successfully produce high-quality polycrystalline α-Fe2O3 

nanoparticles. The particle size of the prepared nanoparticles is between 40 and 50 nm. The 

FTIR spectra of α-Fe2O3 nanoparticles show the stretching and bending vibrations. From the 

data, 6 prominent peaks are observed, which corroborate the stretching and bending vibrations 

of α-Fe2O3 nanoparticles. The absorption peaks are observed around 1026 and 1599 cm-1; these 

modes can be assigned to the stretching and bending vibrations of the OH groups of H2O 

molecules. A prominent absorption peak is observed in the visible region, approximately at 

300 nm, as measured by UV-Vis spectroscopy. The band gap derived from the Tauc plot is 2.4 

eV. The particle size of the synthesized nanoparticles was found to be around 50 nm, which is 

well matched to the particle size obtained by the Debye-Scherrer method. The antimicrobial 

activity of the nanoparticles at different concentrations was tested against various bacteria. It 

exhibits good to excellent inhibition when compared to the reference drug. 
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