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Abstract 

Shape-driven is a key factor that affects nanostructure materials and its response to magnetic fields 

and its energy loss. This makes it a useful design parameter for biomedical and nano-actuation 

applications. In this study, we present the methodical synthesis and thorough examination of shape-

engineered FeₓOₓ₊₁ (x = 2, 3) nanodisks (NDs) for regulated magnetic hyperthermia applications. 

By carefully controlling the ND shapes and oxidation states of iron oxide phases, the specific 

magnetic and hyperthermia properties was controlled. The engineered NDs show better heating 

efficiency when exposed to alternating magnetic fields. This is because of the combined effects of 

Néel and Brownian relaxation processes, which are controlled by shape-induced anisotropy. In-

depth structural, morphological, and magnetic analyses show that shape, magnetic loss 

mechanisms, and functional performance are all closely linked. These FeₓOₓ₊₁ NDs have many 

uses, making them promising, earth-abundant, and biocompatible platforms for the next generation 

of magnetic hyperthermia therapies and remotely driven nano-actuation systems. 

Keywords: Iron oxide, magnetic materials, shape anisotropy, hyperthermia, magnetic actuation, 

and biomedical applications. 
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1. Introduction 

The rising prevalence of cancer has necessitated the advancement of innovative therapeutic 

modalities beyond traditional chemotherapy and radiotherapy. Magnetic hyperthermia has 

emerged as a promising non-invasive treatment, wherein magnetic nanoparticles (MNPs) generate 

localized heat under an alternating magnetic field (AMF) to selectively destroy tumor cells [1-4]. 

The heating efficiency in magnetic hyperthermia is determined by various interrelated factors, such 

as particle size, shape anisotropy, saturation magnetization, and field conditions [4-6]. Many 

physical and chemical methods have been tried to make effective MNPs, but using shape-

controlled agents has gotten a lot of attention because it can control and keep shape properties, 

give good hyperthermia results, is good for the environment, and is more biocompatible [5–9]. 

Fe₃O₄ nanoparticles are especially appealing for biomedical uses because they have a high 

saturation magnetization, can generate a lot of heat, are not very toxic, and are clinically relevant. 

Previous research demonstrates that Fe₃O₄ nanoparticles approximately 10–22 nm achieves the 

most favorable specific absorption rate (SAR) [10-12], while particles smaller than 10 nm or 

exceeding ~35 nm exhibit diminished heating efficiency [10,11,13]. In addition to size effects, 

shape engineering of Fe₃O₄ nanostructures is very important for improving hyperthermia 

performance by increasing magnetic anisotropy, relaxation losses, and hysteresis area [4,14]. The 

phase change from weakly magnetic Fe₂O₃ to ferrimagnetic Fe₃O₄ is also very important. This is 

because Fe₃O₄ has a higher saturation magnetization, mixed-valence Fe²⁺/Fe³⁺ states, and better 

magnetic relaxation mechanisms that are needed to make heat work. Its lower Curie temperature 

also helps with better thermal regulation during treatment, which lowers the risk of overheating 

healthy tissues nearby [15–18]. Fe₃O₄ is also clinically accepted and FDA-approved for biomedical 

use because it breaks down naturally, is not very toxic, and is easy to functionalize on the surface 

[19–21].  

Taking into account the above factors, this study focuses on shape-engineered Fe₂O₃ nanodisks 

(NDs) that were then changed into Fe₃O₄ through a controlled annealing process that didn't change 

their shape much. This strategy allows for the preservation of shape-induced properties while 

enhancing magnetic properties, leading to improved magnetic hyperthermia performance, which 

is elaborated upon in detail. 

2. Synthesis Methods 

2.1 Synthesis Procedure 

Shape-engineered FeₓOₓ₊₁ (x = 2, 3) NDs were synthesized through a solvothermal method. In a 

standard protocol, Fe(NO₃)₃ was solubilized in 80 mL of ethanol, subsequently followed by the 

incorporation of 1 mL of oleylamine. The solution was then put into a Teflon-lined autoclave and 

heated to 200 °C for solvothermal treatment. A red Fe₂O₃ NDs, which was then washed several 

times with ethanol by centrifugation and dried in a vacuum. After being made, the Fe₂O₃ NDs were 

changed into Fe₃O₄ NDs by annealing in nitrogen ambient at 500 °C for 3 hours. All the chemicals 
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were purchased through Sigma Aldrich with AR grade and no further purification is done. Different 

physico-chemical characterization methods were used to confirm the formation of the black Fe₃O₄ 

phase.  

2.2 Characterization Methods 

An X-ray diffractometer (Bruker AXS D8) was used to do structural characterization. Field-

emission scanning electron microscopy (FESEM) (TESCAN, Mira3) was used to look at the 

samples' morphology, and energy-dispersive X-ray spectroscopy (EDS) was used to look at their 

elemental composition. The crystallinity as well as crystalline phase was done using TEM and 

SAED studies (FEI Tecnai G2-F20). X-ray photoelectron spectroscopy (XPS) (Thermo Fisher 

Scientific ESCALAB Xi+) was used to learn more about the oxidation states and the composition 

of the surface elements. A neutron diffraction study was done to back up the structural studies. We 

used a magnetic hyperthermia setup (Easy Heat 8310, Ambrell) to do magnetic hyperthermia 

studies.  

3. Results and Discussion 

Transmission electron microscopy (TEM) and selected area electron diffraction (SAED) was used 

to study the as-synthesized Fe2O3 and the thermally transformed Fe3O4, which is as shown in Fig. 

1[(a)-(d)]. The results of TEM and SAED revealed that the α-Fe₂O₃ nanostructures that were grown 

are polycrystalline in nature [Fig. 1 (a)-(b)].  

 

Figure 1. TEM micrographs of (a) Fe₂O₃ NDs and (c) Fe₃O₄ NDs, as well as the corresponding 

SAED patterns of (b) Fe₂O₃ and (d) Fe₃O₄. 
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When these α-Fe₂O₃ nanostructures are annealed under inert atmosphere, they get transformed into 

Fe₃O₄, as shown by the changes in the diffraction patterns as is evident from Fig. 1[(c)-(d)]. The 

high-resolution images obtained under HRTEM mode reveals aggregation of small nanocrystals 

in Fe2O3 NDs structure [Fig. 1(a)] while after annealing in inert atmosphere, the Fe3O4 phase NDs 

structure become more compact by recrystallization due to energy provided due to high 

temperature heating [Fig. 1(c)]. 

Further, Field-emission scanning electron microscopy (FESEM) images [Fig. 2(a)-(b)] was 

analyzed that demonstrated the emergence of distinctly defined nanodisk-like morphologies 

having diameter ~220 nm [Fig. 2(a)] of Fe3O4 NDs. High-magnification FESEM images [Fig. 2(b)] 

showed that these NDs are made up of smaller nanoparticles that come together and arrange 

themselves to make the disk-like structure. Hierarchical NDs structures have a lot of surface-area 

and good magnetic and structural properties, which makes them very useful for biomedical uses 

like magnetic hyperthermia, targeted drug delivery, and bioimaging. 

 

Figure 2. FESEM micrographs of Fe₃O₄ NDs: (a) low-magnification image and (b) its magnified 

view. 

The elemental analysis through EDS studies [Fig. 3(a)] of Fe3O4 nanostructures verifies the 

presence of Fe and O elements, devoid of detectable impurities, and exhibiting concentrations that 

matches with the anticipated stoichiometry of Fe3O4. Moreover, the XRD pattern in Figure 3(b) 

confirms formation of pure Fe3O4 structure with cubic, Fd-3m space group (JCPDS card 00-001-

1111). The major reflection for planes (220), (311), (400), (511) and (440) were observed at 2θ 

values 30.08°, 35.52°, 43.34°, 57.11° and 62.78°, respectively. 
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Figure 3. (a) Energy-dispersive X-ray spectroscopy (EDS) spectra of Fe₃O₄ NDs samples; (b) 

XRD pattern of Fe3O4 NDs. 

To further validate the elemental studies, we used X-ray photoelectron spectroscopy (XPS) on the 

Fe₃O₄ samples. Figure 4(a) shows the survey XPS spectrum of the Fe₃O₄ nanostructures. It shows 

that the Fe 2p, O 1s, and C 1s signals are all present at their normal binding energy levels. Figure 

4(b) shows the high-resolution Fe 2p spectra of the sample. It has two main peaks at 712 eV and 

725 eV, which are Fe 2p3/2 and Fe 2p1/2, respectively. Whereas, after deconvolution the peaks at 

709.97 eV and 723.85 eV are ascribed to Fe3+ state while the peaks observed at 711.52 eV and 

726.16 eV are related to Fe2+ state. Figure 4(c) displays the high-resolution O 1s XPS spectra of 

the samples. Two main parts can be seen in the binding energy ranges of 529–531 eV and 532–

535 eV. Deconvolution shows that there are contributions from lattice oxygen (Oₗₐₜ) and surface-

adsorbed oxygen species (Oₐdₛ), which means that there is more than one type of oxygenated 

species on the Fe₃O₄ surface.  

 

 

Figure 4. X-ray photoelectron spectroscopy (XPS) analysis of Fe₃O₄ nanostructured samples: (a) 

survey spectrum and high-resolution spectra of (b) Fe 2p, (c) O 1s, and (d) C 1s.  

The peak at about 529.97 eV is due to lattice oxygen (O2), and the higher binding energy 

components (531.36–533.81 eV) are due to surface-adsorbed oxygen species like hydroxyl and 

carbonate-related species, which is in line with what has been reported in the literature [22, 23]. 

The XPS spectra of C 1s, depicted in Fig. 4(d), was deconvoluted into three peaks at 284.8, 285.9, 
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and 288.9 eV, corresponding to C-C, C-OH, and C=O, respectively. The C-C peak is mostly 

ascribed to the carbonaceous elements from the CB, whereas C-O and C=O are attributed to the 

partly dehydrated residues on the nanocomposite's surface. 

The prepared Fe3O4 NDs is then utilized for magnetic hyperthermia in high frequency AC 

magnetic field. Figure 5 shows the results heat generation profile of different amounts of these 

NDs in 1mL DI water taken in vials. For effective in vivo magnetic hyperthermia, it is essential 

that a minimal quantity of dispersed Fe3O4 nanoparticles can elevate the temperature to the 

therapeutic range (~43 °C). The heating performance of the synthesized Fe3O4 nanostructures was 

assessed at varying concentrations of 1, 3, and 5 mg mL⁻¹ under alternating magnetic field (AMF) 

strengths of 335.2 Oe. Figure 5 shows how the temperature changed during the first 20 minutes of 

induction heating. Temperature–time kinetic plots showed that 3 mg mL-1 has a stable and 

controlled temperature rise between 40°C and 43 °C, which is the best range for treating 

hyperthermia. On the other hand, temperature profiles for other concentration samples are not 

regular and are less consistent. The SAR values of prepared magnetic NDs were calculated using 

following equation- 

SAR = c⸱(
𝑚𝑠

𝑚𝑚
) ⸱ (

∆𝑇

∆𝑡
)
𝑖𝑛𝑖𝑡𝑖𝑎𝑙

                  (1) 

where c represents the specific heat capacity of the sample suspension (for the specified suspension, 

c = 4.186 J/(90 °C)), (mm/ms) denotes the mass fraction of the sample in the suspension, and (ΔT/Δt) 

initial indicates the beginning slope of the time-dependent temperature kinetic curve. 

Figure 5. Temperature kinetic graphs for water-dispersed Fe3O4 samples with different amounts of 

Fe3O4 nanostructures and different strengths of AMF at a frequency of 276 kHz. 

Table 1 gives comparative study of performance of prepared NDs sample with previously reported 

ferrite samples having different shapes. The optimum heat generation capacity comparison was 
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done by studying specific absorption rates (SAR) of these materials. The optimized Fe3O4 NDs 

with 3mg amount showed high SAR value of 1043.7 W/g which is significantly higher than most 

of previously studies ferrites as depicted in table 1. 

Material Shape Size 

(nm) 

Frequency 

(kHz) 

SAR 

(W/g) 

Ref. 

Fe3O4 Cube 26 70 170 24 

FeO@Fe3O4 Core-Shell 23 200 310 25 

Fe3O4 Nanoring 125 488 5000 26 

Mn0.5C00.5Fe2O4 Hollow-

Spherical 

 220 300 77.7 27 

Fe3O4 Nanoflower 200 300 79.1 28 

Fe3O4 Nanodics 220 280 1043.7 This Work 

Table 1 Comparison of SAR values of different magnetic materials. 

Conclusions 

Shape-driven magnetic iron oxide nanodisks is obtained successfully through a solvothermal 

process followed by annealing which changed polycrystalline α-Fe₂O₃ to Fe₃O₄. Structural and 

morphological analyses validated the emergence of uniformly distributed ND structures formed 

from aggregated nanoparticles, providing a high surface-area and advantageous magnetic 

characteristics. Studies on magnetic hyperthermia showed that heating behavior depends on 

concentration. In particular, ~3 mg mL-1 Fe3O4 NDs showed a stable temperature rise in the 

therapeutic range (40–43 °C) at low magnetic fields. These results showed importance of precise 

control over phase, shape, and morphology when making iron oxide NDs that work well for 

biomedical applications that use hyperthermia. 
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