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ABSTRACT 
Green synthesis is an eco-friendly, low-toxicity, and cost-effective method for the synthesis of nanoparticles. This study investigates the 

biosynthesis of hematite α-Fe₂O₃ nanoparticles using rosemary leaf extract as a natural reducing and stabilizing agent, focusing on the 

influence of pH (3, 7, and 11) on their structural, morphological, magnetic, and electrical properties. X-ray diffraction was employed to 

confirm the phase and crystallinity of the nanoparticles and revealed that all samples exhibited the hexagonal structure of hematite. 

Crystallite size calculations using Scherrer’s equation showed that size decreased with increasing pH. The largest crystallites were 

observed at pH 3, indicating faster growth in acidic conditions. Smaller crystallites had higher surface area and porosity. The Fourier-

transform infrared spectroscopy confirms the presence of hematite nanoparticles by showing strong peaks below 600 cm⁻¹, which 

represent the stretching vibrations of Fe-O bonds. Field Emission Scanning Electron Microscopy analysis revealed that the morphology 

and size of the hematite nanoparticles varied with pH. The nanoparticles synthesized at pH 3 exhibited an aggregated nanoplate shape, 

while those at higher pH values (7 and 11) resulted in more semi-spherical morphology. The magnetic characteristics were analyzed 

using Vibrating Samples Magnetometer, which revealed weak ferromagnetic behavior for all pH value. Additionally, the variations in 

dielectric constant, dielectric loss factor, and conductivity with frequency were studied using an LCR meter. 

https://creativecommons.org/licenses/by-nc/4.0/ 
Keywords: Green synthesis, α-Fe2O3 nanoparticles, rosemary leaf extract, VSM, RLC.

1 Introduction  

In recent years, nanotechnology has grown in popularity across 

the board of scientific and technological communities because of 

its numerous useful applications in engineering, chemistry, 

medicine, and electronics. Currently, a variety of chemical, 

physical, and biological methods are used to synthesize metallic 

nanoparticles [1]. Nanoparticles can be produced through physical 

and chemical processes; however, these methods are costly and 

may pose environmental risks [2]. The biological method, which 

is offered as an alternative to chemical and physical methods, is 

a less harmful way to synthesize nanoparticles; additionally, this 

process does not require any hazardous, costly, or poisonous 

chemicals.  This synthesis process can be performed using fungi, 

algae, bacteria, and plants [3].The synthesis of plant-based 

nanoparticles involves the combination of a metal salt and a plant 

extract; the chemical reaction can be completed at room 

temperature within minutes to a few hours [4]. The various factors 

that affect plant leaf extracts, including the concentration and 

type of phytochemicals present, pH level, temperature, and metal 

salt concentration, all contribute to the variability in nanoparticle 

production rate, yield, and stability. Extract of plant leaves 

Phytochemicals exhibit an extraordinary capacity to reduce metal 

ions at a much faster rate than fungi and bacteria, which 

necessitate lengthier incubation times. Consequently, plant leaf 

extracts that are extracted from plant leaves are considered a 

secure and valuable resource for the synthesis of metal and metal 

oxide nanoparticles [5].  

Metallic nanoparticles with various forms, sizes, and 

compositions, and physicochemical properties can be synthesized 

using biological techniques, which have become popular in recent 

years [6]. Green nanotechnologies for the fabrication of iron-oxide 

nanoparticles have recently gained in popularity due to their 
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applications in biomedicine, cosmetics, bioremediation, 

diagnostics, and materials engineering. Iron oxide nanoparticles 

have become increasingly important due to their environmentally 

friendly nature, catalytic activity, and low cost [7]. Iron oxide 

crystallites consist of different phases: hematite (α-Fe2O3), 

maghemite (γ-Fe2O3), and magnetite (Fe3O4) [8]. Iron oxide has 

been gaining popularity because it has unique electrical, optical, 

and magnetic properties that can be used in numerous 

applications, including the production of inorganic pigments, 

magnetic storage media, gas sensors, electronic and optical 

devices, information storage,  magneto caloric refrigeration, 

bioprocessing, ferrofluid technology, and wastewater treatment 

adsorbents [9]. The iron oxide nanoparticles have a great attraction 

in biomedical applications due to their non-toxic role in the 

biological systems [10]. 

 Different synthesis methods to produce hematite nanoparticles 

have been documented in the literature, including green 

synthesis, hydrolysis, hydrothermal, precipitation, solvothermal, 

combustion, facile solution, sol-gel, and microemulsion 

approaches [11]. Among these methods, green synthesis offers an 

environmentally friendly, low-toxicity, cost-effective, and 

efficient method for synthesizing and fabricating 

nanoparticles[12]. Iron oxide nanoparticles were synthesized using 

a variety of plant extracts, including green tea, pomegranate, 

grape leaves, and carob leaves [13]. Nowadays, researchers have 

turned to biological methods of the synthesis of nanoparticles as 

a preferred alternative method compared to chemical and 

physical methods due to the accumulation of intra- or extra-

cellular inorganic materials in both unicellular and multicellular 

organisms [14, 15]. 

The present study examines the synthesis of hematite (α-Fe2O3) 

nanoparticles using rosemary leaf extract in detail. And 

determined how hydrogen potential influences on the size, shape, 

and structural properties. X-ray diffraction (XRD) was employed 

to analyze and confirm the crystalline structural characteristics, 

and The Fourier-transform infrared spectroscopy (FTIR) 

examination was subsequently conducted to assess the changes in 

functional groups of the resulting nanoparticles. Field Emission 

Scanning Electron Microscopy (FE-SEM) was utilized to 

examine the shape and particle size distribution. Vibrating 

Samples Magnetometer (VSM) was employed to assess the 

magnetic characteristics of the α-Fe2O3 nanoparticle, whereas an 

RLC meter was utilized to evaluate the electrical properties. 

2 Material and methods 

2.1 Preparation of Rosemary Extract 

The fresh leaves of rosemary plants were collected and washed 

multiple times with tap water to remove grime and surface-

adherent materials. Subsequently, they were rinsed with double-

distilled water, and dried in our laboratory for one week. Dried 

rosemary leaves were pulverized in a blender to produce a fine 

powder of a uniform size. 50 g of powder were added to 1L of 

distilled water and heated at 60 °C for 1 h, and mixed under 

ultrasonic for 15 min. The resulting extract was filtered using a 

filter cloth and centrifuged for 20 min to wash the nanoparticles. 

For all the experiments, the extract was freshly prepared. 

2.2 Synthesis of Iron oxide ⍺-Fe2O3 Nanoparticles 

The Rosemary extracts were added to 0.1 M of iron (III) sulfate ( 

Fe2(So4)3•xH2O) at a volume ratio of 2:1, which was purchased 

from Biochem Chemopharma. The mixture was stirred with a 

magnetic stirrer, and ammonia was added to the mixture solution 

to adjust the pH to 3, 7 and 11, with continued mixing for 2 h. 

The solution was dried in an oven at 70 °C. Consequently, the 

powder was annealed at temperatures of 750 °C for 2 hours. 

3 Results and discussion 

3.1 Structural characterization 

X-ray diffraction was employed to investigate the crystalline 

phase of the hematite (α-Fe2O3) nanoparticles. The peaks in the 

pattern are matched with the JCPDS-ICDD card number 98-006-

6756, indicating that they belong to the hexagonal crystal system 

with space group 𝑅3𝑐̅ (167). The X-ray diffraction patterns of all 

prepared samples for pH 3, 7, and 11, annealed at a temperature 

of 750°C, are shown in Figure 1.  

 

Figure 1:  X-ray diffraction pattern of Hematite NPs at pH 3, 7, and 11. 

The lattice parameters (a, c) and the volume of the unit cell (V) 

can be derived from the inter-planar spacing dhkl and the Miller 

indices (hkl) using these relations [16]: 
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𝐷𝑠ℎ =
𝑘𝜆

𝛽 cos 𝜃
                                                                                   (3) 

Where k denotes a shape factor, λ indicates the X-ray wavelength, 

β signifies the full width at half maximum (FWHM), and θ 

indicates the Bragg angle. 

The Scherrer method is commonly used to analyze diffraction 

peaks, which indicate the crystallographic orientation of a crystal. 

In the case of hematite, the (104) peak at 2𝜃 = 33.14° reflects its 

preferential orientation. By determining the FWHM value of this 

peak, we can estimate the average crystallite size [17].  

The X-ray density (ρx), bulk density ( 𝜌𝑏) and porosity (% p) were 

obtained using the following equations [18]: 

𝜌𝑥 =
𝑛𝑀

𝑁𝑉
                                                                                             (4) 

𝜌𝑏 =
 Mass 

 Volume 
                                                                                   (5) 

%𝑃 = (1 −
𝜌𝑏

𝜌𝑥

) ∗ 100                                                                     (6) 

Let n represent the number of atoms per unit cell, M denote the 

molecular weight, N signify Avogadro’s number, and V indicate 

the volume of the unit cell. 

The specific surface area (S), lattice strain (ε), and dislocation 

density (δ) were determined as  follows [19, 20]: 

𝑆 =
6

𝐷 ∗ 𝜌𝑥

                                                                                          (7) 

𝛿 =
1

D2
                                                                                                 (8) 

𝜀 =
𝛽

4 tan 𝜃
                                                                                         (9) 

Table 1: Lattice parameter (a, c), unit cell volume (V), crystallite size (D), dislocation density (δ), lattice strain (ε), specific surface area (S), x-ray 

density (ρ_x), bulk density ( ρ_b), percentage of porosity at different pH levels (3,7, and 11). 

pH a (A°) c (A°) V (A°)3 D (nm) δ (nm-2) 10-5 e 10-4 S (m2/g) 𝝆𝒙 (g/cm3) 𝝆𝒃 P 

3 5.0323 13.742 301.3794 82.07 14.85 14.79 41.544 1.7597 1.57708 11.57 

7 5.0344 13.741 301.6090 61.48 26.45 19.75 55.495 1.7584 1.40792 24.89 

11 5.0384 13.757 302.4402 65.77 23.12 18.48 52.021 1.7535 1.43542 22.15 

These results indicate that pH affects the size of the crystals. 

Smaller crystals were produced when the pH was neutral (pH 7), 

while larger crystals were obtained under acidic conditions (pH 

3). Furthermore, XRD data were employed to analyze the lattice 

strain measurements, which represent deviations in the lattice 

constants caused by crystal imperfections. As the crystal size 

decreased, the lattice strain increased [21]. Equation 8, which 

takes the crystal size into account, was used to get the dislocation 

density (δ). Due to their inverse relationship, it was found that the 

dislocation density increased as the crystal size decreased [22]. 

The X-ray density decreased as the pH increased, which 

depended on the unit cell volume. In addition, the atomic weight 

directly affects the X-ray density, which also varies with little 

variations in the unit cell volume. At pH 7, the bulk density was 

the lowest, whereas porosity and surface area were the highest. 

The samples exhibited low density and high porosity [23]. 

3.2 Vibrational characterization 

Fourier-transform infrared spectroscopy was conducted to 

identify the functional groups of the synthesized α-Fe2O3 

nanopowders. Figure 2(a-c) shows the obtained FTIR spectra of 

α-Fe2O3 nanoparticles at pH values of 3, 7, and 11, respectively. 

The presence of hematite nanoparticles can be verified by 

observing strong peaks below 600 cm⁻¹, which represent the 

stretching vibrations of the Fe-O bonds. FT-IR revealed two 

distinct peaks at 525 and 417 cm⁻¹, representing Fe-O bond 

vibrations in α-Fe2O3 [24]. The broad peak at 3437 cm−1  is 

attributed to the stretching vibrations of the (–OH) bond, as a 

result of the adsorbed water molecules on the surface of α-Fe2O3 

nanoparticles [25], while the two sharp bands at 2924 cm-1 and 

2855 cm-1 are due to the C-H stretching vibration of aliphatic 

hydrocarbons [26]. The peak at 2350 cm−1 may be related to (C=O) 

stretching in CO2 [27]. The FTIR spectrum shows absorption bands 

at 1614 cm⁻¹ and 1742 cm⁻¹ corresponding to the stretching 

vibration of the aromatic (C=C) bonds in the ring and (C=O) 

bond, respectively [28, 29]. Furthermore, the band at 1366 cm⁻¹ may 

be attributed to the bending vibration of the hydroxyl (OH) group 

in water [30, 31], and the absorption band at 1118 cm-1 is ascribed 

to the C-N bond of aliphatic amines or alcohols/phenols present 

in the rosemary leaf extract [32, 33].  

3.3 Surface Morphology characterization 

Field Emission Scanning Electron Microscopy (FE-SEM) was 

conducted to examine the morphology and surface characteristics 

of the synthesized hematite α-Fe2O3 nanoparticles. FE-SEM 

images of hematite α-Fe2O3 nanoparticles at different pH values 

(pH = 3, 7, and 11) are presented in Figure 3.  

From the FE-SEM images, the hematite α-Fe2O3 nanoparticles 

were aggregated and exhibited a nanoplate-like morphology at a 

pH of 3, as illustrated in Figure 3(a). The hematite nanoparticles 

at pH 7 and 11 started to grow and transform into a semi-
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spherical-like morphology, and the nanoparticles became clearer 

and more defined at pH 11. The pH-dependent morphology was  

Figure 2: FT-IR spectra of synthesized α-Fe2O3 NPs at different 

pH values (a) pH = 3, (b) pH = 7, and (c) pH = 11. 

Figure 3: FE-SEM morphology of synthesized hematite α-Fe2O3 of 
different pH values (a) pH = 3, (b) pH = 7, and (c) pH = 11. 

revealed by the FE-SEM images, and the hematite α-Fe2O3 NPs 

clearly appeared to be more regular and crystalline at high pH 

values, as shown in Figures 3(b, c). The shape transformation of 

hematite α-Fe2O3 is a function of pH which could be a reason for 

the good crystallinity of hematite α-Fe2O3.  

The average particle size of hematite α-Fe₂O₃ nanoparticles was 

calculated for all samples using Image J software and was found 

to be about 147.39 nm, 92.79 nm, and 69.78 nm at pH values of 

3, 7, and 11, respectively. The variation in particle size of the 

produced hematite α-Fe2O3 at different pH levels can be ascribed 

to the interaction between phenolic compounds and the surfaces 

of the Fe2O3 nanoparticles via hydrogen bonding as [34]. In the 

similar study, Abdullah et al. also showed that pH levels are an 

influence on the size and shape of iron oxide nanoparticles and 

demonstrated that by increasing the pH values, the particle size 

decreases [35]. 

3.4 Magnetic characterization 

The magnetization hysteresis loops of the synthesized samples 

were measured using a vibrating sample magnetometer (VSM) to 

study the magnetic properties of the iron oxide nanoparticles. 

Figure 4 presents the VSM results (hysteresis loop) for the 

synthesized hematite α-Fe2O3 nanoparticles at different pH 

values (pH = 3, 7, and 11). The parameters obtained from the 

VSM curves are the magnetic saturation Ms, remanence 

magnetization Mr, and coercivity Hc, which are presented in 

Table 2. The obtained hysteresis loops of the synthesized samples 

reveal weak ferromagnetic behavior for all α-Fe2O3 NPs samples 
[36].  

The obtained VSM results confirmed the benefits of changing the 

pH value during the synthesis of α-Fe2O3 NPs to preserve the 

magnetization properties of the iron oxide nanoparticles. The Ms 

values of α-Fe2O3 NPs were 0.292, 0.321, and 0.341 emu/g at pH 

values (pH = 3, 7, and 11) respectively. The α-Fe2O3 NPs at pH 7 

and 11 preserved a magnetic saturation Ms higher than that at pH 

= 3, attributed to the hematite α-Fe2O3 NPs surfaces 

order/disorder interactions of the magnetic spin moment and the 

disturbance in the spinel structure inversion due to the Laplace 

pressure, as well as the increase in the weight and volume of the 

magnetite nanoparticles [37, 38]. Thus, an increase in the pH value 

(reduction in particle size) leads to an increase in the magnetic 

saturation Ms values. The low Ms value of hematite α-Fe2O3 

clearly indicates that the obtained nanoparticles are nano-

dimensional [39]. 

The magnetic saturation Ms value increased as the pH increased 

because of the decrease in the crystallite and particle sizes [40]. 

The results show that the hematite α-Fe2O3 NPs at different pH 

values have a unique magnetic performance owing to the particle 

size, shape, surface defect, single domain, crystal structure, and 

surface charge [41]. Bulk iron oxides demonstrate magnetic 

properties due to the presence of numerous domains in their 

structure, with each domain having spins aligned with the 

magnetic field and uniform magnetization being delineated by 

individual domain walls. The nanoscale dimensions of iron oxide 

exhibit a single domain, with spins orientated in the same 

direction as the applied magnetic field; thus, the coercivity Hc 

values decreased [42, 43]. See Figure 4 and Table 2. 
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Table 2: The VSM parameters of hematite α-Fe2O3 at different pH values. 

pH Ms (emu/g) Mr (emu/g) Hc (Oe) 

3 0.292 0.084 2868 

7 0.321 0.038 435 

11 0.343 0.041 560 

Figure 4: VSM results (hysteresis loop) for synthesized NPs of different pH values (a) pH = 3 (b) pH = 7 (c) pH = 11.

3.5 Dielectric characterization 

This study investigated the dielectric properties, including the 

dielectric constant (ε'), dielectric loss factor (ε"), and AC 

conductivity (σAC), at various pH values at room temperature in 

the frequency range of 100 Hz to 2 MHz, as shown in Figure 5. 

The stored energy in a material is determined by the real part (ε') 

of the dielectric constant, which is calculated based on the 

capacitance using these formulas [44]: 

𝜀′ =
𝐶𝑝𝑑 

𝐴𝜀𝑜

                                                                                          (10) 
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Figure 5: Variation of (a) Dielectric constant, (b) Dielectric loss, and (c) conductivity as a function of frequency at different pH values.

Where Cp represents capacitance, d denotes thickness, A signifies 

the area of the sample, and εo indicates the permittivity of free 

space, valued at 8.85 x 10-12 F/m. 

As the frequency increases, the dielectric constant gradually 

decreases. However, in the high-frequency range, the dielectric 

constant remains constant across different pH levels. This 

behavior can be attributed to Koop's theory. At higher 

frequencies, the dielectric constant stabilizes and converges 

owing to reduced polarization and vacancy defects [45]. The 

energy loss is represented by the imaginary part of the dielectric 

constant 𝜀′′ and can be determined using the following formula 
[46]: 

𝜀′′ = 𝜀′ 𝑡𝑎𝑛 𝛿                                                                                   (11) 

Where tan δ denotes the dielectric loss angle (dissipation factor), 

which is measured directly using an LCR meter. The dielectric 

loss factor (ε′′) was higher at lower frequencies and decreased as 

the frequency increased, eventually stabilizing at higher 

frequencies. 

The AC conductivity (𝜎𝐴𝐶) can be obtained from the following 

equation [47]: 

𝜎𝐴𝐶 = 2𝜋𝑓𝜀𝑜𝜀′ tan 𝛿                                                                      (12) 
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Where f represents the frequency of the applied alternating 

current field. 

The AC conductivity exhibited an interesting behavior with 

changing frequency. At higher frequencies, the conductivity 

reaches a maximum because of the presence of charge carriers 

and increased electron hopping [48]. The conductivity behavior of 

our samples can be explained using the electron hopping 

hypothesis. In this concept, the conductivity is mostly caused by 

the hopping of electrons between Fe²⁺ and Fe³⁺ ions present in the 

octahedral site [49]. This behavior aligns with the Maxwell-

Wagner two-layer model, which suggests that conductivity 

gradually increases with frequency. However, the conductivity 

values tend to converge at lower frequencies, which could mean 

that the grains and grain boundaries within the samples were 

more active. At lower frequencies, fewer charge carriers are 

available, which means that electrons do not hop around as much, 

resulting in lower conductivity [50]. 

Conclusions 

The eco-friendly green method was used to synthesize hematite 

⍺-Fe2O3 nanoparticles at different pH levels using plant extract. 

The produced nanoparticles were analyzed using XRD, FTIR, 

FESEM and VSM techniques, along with a study of their 

dielectric properties. From the XRD analysis, the nanopowders 

synthesized at pH 7 showed the smallest crystal size, highest 

surface area, and greatest porosity, whereas larger crystal sizes 

were obtained at an acidic pH of 3. Furthermore, with an increase 

in crystal size, the dislocation density and lattice strain increased. 

The smallest magnetic saturation and the largest coercivity were 

observed at pH 3. As the pH increased, magnetic saturation also 

increased.  
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