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 Abstract 

Concerns about environmental damage caused by pollution and the use of non-renewable 

energy sources have driven many researchers to explore sustainable energy-harvesting 

materials. This study successfully developed an energy harvester based on 

Mn0.5Zn0.5Fe2O4 ferrofluid. Notably, Cetyl Trimethyl Ammonium Bromide (CTAB) was 

used as the surfactant in the synthesis of the Mn0.5Zn0.5Fe2O4 ferrofluid via the 

coprecipitation method. The CTAB mass was varied at 0, 0.25, 0.5, 0.75, and 1 gram, 

labeled as MZC0, MZC0.25, MZC0.5, MZC0.75, and MZC1. XRD patterns showed that 

MZC0 have a cubic spinel structure, while CTAB addition altered the structure to 

monoclinic, following CTAB’s pattern. FTIR spectra at 418.1, 571.1, and 445.3 cm⁻¹ 

confirmed Mn–O, Fe–O, and Zn–O stretching, indicating successful spinel formation. 

Meanwhile, FTIR bands at 2800 and 2900 cm⁻¹ in MZC0.25–MZC1 samples were due to 

C–H stretching from CTAB. VSM analysis revealed a decreasing saturation magnetization 

(Ms) with increasing CTAB. SEM images confirmed surfactant coating on nanoparticles. 

Energy harvesting tests showed output voltages of -0.4 to 2.9 V and low induced currents 

(0.3–1.9 μA), suggesting the potential of Mn0.5Zn0.5Fe2O4/CTAB-based ferrofluid as an 

eco-friendly energy harvester. 
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1. Introduction 

In recent years, global warming has emerged as a critical global concern demanding immediate 

scientific and policy-oriented attention. [1]. The rise in the Earth's average temperature caused by 

greenhouse gas emissions has led to climate change that significantly affects the environment. Pollution 

resulting from the combustion of fossil fuels has greatly contributed to carbon dioxide (CO₂) emissions, 

which is one of the main causes of climate change and global warming [2][3][4]. Therefore, efforts are 

needed to reduce dependence on fossil energy sources by developing more environmentally friendly 

alternative energy. Consequently, extensive research efforts have been directed toward energy 

harvesting technologies as a promising solution. Energy harvesting refers to the process of capturing 

and converting otherwise lost energy into usable electrical power. [5]. One type of energy harvester 

currently being developed by many researchers is mechanical energy harvesting derived from ferrofluid 

vibrations. These vibrations can be harvested into electrical energy using the electromagnetic force 

effect based on Faraday's law of induction [6]. The change in induction caused by ferrofluid vibrations 

inside the coil generates magnetic field fluctuations around the coil that trigger the emergence of an 

electromotive force (EMF), which can be utilized as an alternative energy source. 

Ferrofluid or magnetic fluid is a heterogeneous mixture between liquid and solid phases [7]. 

Ferrofluid consists of three components: magnetic compounds (Fe₃O₄) in nano-size, surfactants that coat 

the magnetic material, and a carrier liquid that suspends the magnetic material to distribute it evenly 

throughout the fluid [8]. Surfactants in ferrofluids serve to enhance particle dispersion, thereby 
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stabilizing the magnetic material in the liquid suspension [9]. This stability greatly affects the 

performance of ferrofluid in energy harvesting applications. A comprehensive study on the development 

of ferrofluid as an energy harvester has been conducted. Hannon et al., 2023 developed a ferrofluid-

based energy harvester using Fe₃O₄ as the main material with water as the surfactant [5]. The result 

showed a relatively high voltage output of 1.1 mV. Chen, 2023 synthesized water-based Fe₃O₄ ferrofluid 

using anionic surfactants and obtained a maximum current value of 1.05 nA [10]. Santi, 2023 

synthesized Mn0.5Zn0.5Fe2O4 using TMAH-based surfactants and obtained a relatively small induced 

current of 136.36 µA [11]. However, to the best of the authors’ knowledge, no prior studies have 

specifically investigated specifically exploring the use of CTAB surfactant in the synthesis of 

ferrofluids. Notably, CTAB exhibits the capability to form a more stable and homogeneous layer on the 

surface of nanoparticles, which potentially enhances dispersion stability and influences the magnetic 

and electromagnetic response properties of ferrofluids [12]. 

Cetyltrimethylammonium bromide (CTAB) is a cationic surfactant that has a significant effect on 

the stabilization and properties of nanoparticles, particularly in applications involving ferrofluids. The 

interaction of CTAB with nanoparticles leads to the formation of a stable and uniform coating on their 

surface, improving dispersion stability [12]. The ability of CTAB to prevent agglomeration is related to 

its role in forming a protective layer around the particles, thereby reducing the magnetic dipole-dipole 

attraction that commonly causes clumping [13]. In ferrofluids, this stability is crucial because it affects 

the magnetic properties and electromagnetic response, which ultimately influence the effectiveness of 

ferrofluid performance as an energy harvester. Nevertheless, the use of CTAB surfactants must be 

carefully controlled, as excessive surfactant concentration can negatively affect the characteristics of 

ferrofluids. The concentration of CTAB may influence characteristics such as saturation magnetization 

and magnetic susceptibility of ferrofluids, both of which are important parameters in energy harvester 

applications that utilize electromagnetic effects [14]. 

In light of the preceding discussion, this research is intended to conduct an in-depth investigation 

into the influence of CTAB surfactant composition variations on the structural and magnetic 

characteristics of Mn0.5Zn0.5Fe2O4-based ferrofluids for energy harvesting applications. 

 

2. Methods 

2.1. Materials 

This study used iron sand, hydrochloric acid (HCl) solution, manganese chloride (MnCl2), zinc 

chloride (ZnCl2), ammonia solution (NH4OH), and the surfactant CTAB as base materials to synthesize 

Mn0.5Zn0.5Fe2O4 ferrofluid. 

2.2. Synthesis of Mn0.5Zn0.5Fe2O4 Ferrofluid 

The synthesis was carried out using the coprecipitation method in two steps: the synthesis of 

Mn0.5Zn0.5Fe2O4  nanoparticles and the preparation of Mn0.5Zn0.5Fe2O4  ferrofluid. In the nanoparticle 

synthesis step, 20 grams of iron sand were reacted with 58 mL of HCl to obtain an FeCl3 solution. This 

solution was then reacted with MnCl2 and ZnCl2, followed by titration using NH4OH solution to 

facilitate precipitation. For the ferrofluid preparation steps, 1 gram of Mn0.5Zn0.5Fe2O4 nanoparticles was 

dispersed in 5 mL of distilled water and mixed with CTAB surfactant. The mixture was stirred for 30 

minutes to ensure homogeneity and interaction between the surfactant and nanoparticle surface. 

2.3. Characterization Techniques 

A series of characterizations were conducted to gain further understanding of the properties of the 

ferrofluid: 

a) X-ray Diffraction (XRD) was used to analyze the crystalline structure formed in the sample. 

b) Fourier-transform Infrared Spectroscopy (FTIR) was employed to identify the functional groups 

contained in the sample and to evaluate the crystalline phase and structure. 
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c) Scanning Electron Microscopy (SEM) was used to observe the morphology and determine 

particle size distribution. 

d) Vibrating Sample Magnetometer (VSM) was used to investigate the magnetic behavior of the 

sample. 

e) Current-voltage (IV) testing was performed to assess the energy harvesting potential of the 

synthesized ferrofluid. 

3. Results and Discussion 

The MZC0 sample exhibits a diffraction pattern similar to that of the MZ sample. This pattern 

shows good agreement with the crystal planes (220), (311), (400), (422), (511), and (440), which were 

detected at 2θ angles of 30.2°, 35.4°, 43°, 53.3°, 56.9°, and 62.5°, respectively. Among these planes, the 

highest intensity peak was observed at a 2θ angle of 35.5°. This pattern corresponds to the characteristic 

diffraction pattern of magnetite, which possesses a cubic spinel crystal structure and belongs to the Fd-

3m space group. These findings are consistent with those reported by R. Müller (2006), who stated that 

ferrite-based ferrofluid samples using water as a surfactant and carrier liquid exhibit a diffraction pattern 

similar to that of Fe3O4 magnetite [15]. The addition of CTAB to the Mn0.5Zn0.5Fe₂O₄ ferrofluid induced 

a change in its crystal structure. The original cubic spinel phase was transformed into a monoclinic 

structure following the incorporation of CTAB, which is consistent with the standard crystal structure 

of CTAB. This structural transformation is indicated by the emergence of new diffraction peaks at 2θ 

angles of 21°, 24°, and 28°, corresponding to the (002), (102), and (210) planes of a monoclinic structure 

(COD 96-720-6058). These results suggest that CTAB not only acts as a surfactant but also interacts 

with the particle surface and alters the crystal arrangement. The observed changes in crystal structure 

may also be attributed to the fact that XRD primarily detects atoms located on the surface of the particles. 

In ferrofluids, the surface of Mn0.5Zn0.5Fe₂O₄ particles is coated with a surfactant layer, resulting in 

diffraction patterns that predominantly originate from CTAB molecules. Similar findings were reported 

by R. E. Saputro (2019), who explained that the diffraction pattern of dried ferrofluid samples tends to 

reflect the surfactant rather than the core material [16]. In this case, the sample surface is dominated by 

the CTAB surfactant rather than the Mn0.5Zn0.5Fe₂O₄ core. 

The intensity of the diffraction peaks increases with the increasing mass of CTAB surfactant used. 

The diffraction peak intensities at the highest peak for the MZC0.25, MZC0.5 and MZC0.75 samples 

are 448 a.u., 775 a.u. and 1167 a.u. This indicates that the addition of CTAB contributes to an 

enhancement in crystallinity or the amount of crystalline phase in the samples, as reflected by the 

increased diffraction peak intensity [17] 

 

 

 

 

 

 

 

 

Figure 1. XRD Diffraction Patterns (a) and The FTIR Spectra (b) of the Mn0.5Zn0.5Fe2O4 Ferrofluid. 
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Figure 2. The Morphology of the Mn0.5Zn0.5Fe2O4 Ferrofluid. 

 
Figure 3. Magnetization Curve of Mn0.5Zn0.5Fe2O4 Ferrofluid. 

In MZC0, the FTIR spectrum at the wavenumber of 418.2 cm⁻¹ is associated with Mn–O bonding, 

445.3 cm⁻¹ corresponds to Zn–O bonding, and 463.4 cm⁻¹ is attributed to Fe–O bonding at the octahedral 

(B) site. Meanwhile, the peak at 571 cm⁻¹ is related to the stretching vibration of the Fe–O bond at the 

octahedral (B) site [18]. The bending vibration in the FTIR spectrum at the wavenumber of 1625.4 cm⁻¹ 

is associated with the hydroxyl (O–H) group of water molecules [19], and the peak at 3392.35 cm⁻¹ 

corresponds to the stretching vibration of the O–H bond [20]. The addition of CTAB surfactant to the 

Mn0.5Zn0.5Fe₂O₄ ferrofluid significantly influenced the resulting FTIR spectrum. This alteration is 

indicated by the emergence of new peaks in the FTIR spectrum, which are associated with the functional 

groups of CTAB interacting with the surface of the Mn0.5Zn0.5Fe₂O₄ material. Intense absorption bands 

detected in the wavenumber range of 2841–2900 cm⁻¹ are attributed to the stretching vibrations of 

methyl (C–H) groups in CTAB molecules [10]. Additionally, the absorption bands in the range of 

904.68–975 cm⁻¹ are associated with out-of-plane bending vibrations of methyl (CH3) groups. Another 

absorption band appearing in the range of 1400–1497 cm⁻¹ corresponds to C–N bonding, while the 

absorption band at 725 cm⁻¹ is linked to the presence of bromide (Br⁻) ions from CTAB [21]. 

The morphology of the Mn0.5Zn0.5Fe₂O₄ ferrofluid samples is shown in Figure 2. It can be 

observed that the MZC0 sample exhibits a more aggregated structure with smaller and denser particles. 

Furthermore, the samples MZC0.25 to MZC0.75 begin to show the growth of larger particles with a 

more granular and rough morphology, as well as partial agglomeration, while still maintaining nanoscale 

dimensions as the mass of CTAB surfactant increases. Increasing the amount of surfactant can lead to 

a thicker adsorbed layer on the magnetic nanoparticles. This augmented bilayer, in turn, increases the 

effective hydrodynamic diameter of the particles or aggregates, which manifests as a larger 

morphology [22]. In particular, Widiyandari et al. (2008) investigated surfactant‐excess conditions in 

non-polar ferrofluids and observed that free surfactant molecules contribute to forming a more 

extended interparticle barrier, thereby leading to a larger effective size of the dispersed entities. 

Figure 3 shows the hysteresis curve of the Mn0.5Zn0.5Fe₂O₄/CTAB ferrofluid sample. Based on 

the figure, it can be seen that all samples exhibit superparamagnetic behavior, characterized by an S-

shaped curve without a hysteresis loop [23]. The MZC0 sample has a saturation magnetization (Ms) 

value of 36.4 emu/g, which then decreases drastically upon the addition of the CTAB surfactant. The 

addition of CTAB causes a significant reduction in the Ms value. The MZC0.25 sample has an Ms value 

of 6.73 emu/g. In the MZC0.5 and MZC0.75 samples, the Ms value increases again to 9.18 emu/g and 
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13.97 emu/g, respectively. Saturation magnetization is a state in which all magnetic moments in the 

system are aligned with the direction of the magnetic field under the application of a very strong 

magnetic field [20]. On the other hand, CTAB is not a magnetic material. It is an organic surfactant and 

does not contain any metallic elements, so it cannot produce magnetic moments [24]. This leads to a 

drastic decrease in the Ms value upon the addition of CTAB. In addition, environmental conditions and 

the synthesis method used can also affect the magnetic properties of a material [25]. Magnetic properties 

of Mn0.5Zn0.5Fe2O4 ferrofluid are shown in Table 1. 

Tabel 1. The Magnetic Properties of Mn0.5Zn0.5Fe2O4 Ferrofluid. 

 

Sampel Ms (emu/g) Mr (emu/g) Hc (T) χ 

MZC0 36.4 0.009  0.008 1.475 

MZC0.25 6.7 0.002  0.003 0.269 

MZC0.5 9.2 0.003  0.001 0.333 

MZC0.75 13.97  0.004  0.001 0.001 

  

The voltage values are relatively high, ranging from -0.4 to 2.9 V. As a result, the induced current 

values produced are relatively low, ranging from 0.3 to 1.9 μA. The addition of CTAB surfactant 

composition to Mn0.5Zn0.5Fe2O4 ferrofluid results in fluctuating current and voltage values. The 

appropriate surfactant mass concentration in the ferrofluid plays a role in controlling the crystallinity 

and particle size, thereby optimizing the saturation magnetization value. Uniformly sized crystals can 

enhance the interaction between particles and the external magnetic field, where this interaction plays 

an important role in the electromagnetic induction effect for generating voltage and induced current. 

In addition, the increased composition of CTAB surfactant shows larger particle sizes. The greater 

the amount of surfactant added, the thicker the surfactant layer coating the Mn0.5Zn0.5Fe2O4 nanomaterial 

becomes. This weakens the magnetic interaction between particles, resulting in a smaller induced 

current. The excessive addition of surfactant leads to the formation of a thicker nanomagnetic layer on 

the Mn0.5Zn0.5Fe2O4 nanomaterial, which increases the separation of magnetic cores. The increased 

distance between particles reduces dipolar magnetic interactions, as magnetic coupling is highly 

sensitive to the inter-particle distance. Consequently, the effective magnetization and the induced 

current generated under the applied magnetic field decrease. The thicker surfactant layer effectively acts 

as a barrier that isolates the nanoparticles and introduces magnetically disordered interfacial regions 

[26][27]. 

4. Conclusion 

The addition of CTAB surfactant to Mn0.5Zn0.5Fe2O4 ferrofluid significantly influences its crystal 

structure, morphology, and magnetic properties. XRD analysis indicates a transition from a cubic spinel 

to a monoclinic structure and an increase in crystallinity with higher CTAB mass. FTIR results confirm 

the interaction between CTAB functional groups and the nanoparticle surface. Morphologically, 

increased CTAB leads to larger particles and thicker surfactant layers, which affect interparticle 

interactions. Magnetic characterization shows a superparamagnetic nature across all samples, with 

saturation magnetization (Ms) decreasing significantly after CTAB addition due to reduced magnetic 

coupling. However, Ms increases slightly with further CTAB content as crystallinity improves. The 

voltage output remains high, but the induced current declines due to weakened dipolar interactions from 

increased particle separation. Overall, CTAB plays a dual role as a stabilizing agent and a structural 

modifier, with excessive amounts potentially reducing magnetic and energy-harvesting efficiency. Thus, 

optimizing CTAB concentration is essential for improved performance. 
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