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Abstract: Synthesizing iron-based nanostructures through a simple direct way is investigated. A jet 

plasma was imposed, at several time durations, on a metal foil dipped inside alkaline/salty solution 

(pH≈ 12.5) to examine the formation of nanoscale metal dendrites. Scanning electron microscopy 

(SEM) pictures showed considerable changes in the metal surface topography after the plasma effect. 

The effect was further assured through measuring the surface contact angle, which is found to be 85o 

and 40o before and after the plasma effect, respectively. The changes in the topography denoted the 

removal of a surface layer and formation of a precipitate, which was ascertained via formed colloids. 

Upon elaboration of plasma reactions for 10 min, the liquid solution color was changed to a mild green 

and precipitated colloids of mild whitish color were observed in the bottom of the reaction cell. The 

colloids (aggregated and dispersed) were filtered and dried in a furnace for 2 hrs., and the collected 

dried solid was extra cleaned with ethanol and analyzed after dryness. Energy dispersive X-Ray 

spectroscopy (EDS) results proved a presence of 55.5 mass% iron in the precipitated composite. The 

formation of nano-pine dendrites, was detected through transmission electron microscopy (TEM) 

pictures. The magnetic properties of the nanoparticles were examined through generating the magnetic 

hysteresis loop, and hence, the existence of Fe3O4 dendrites was concluded. Lastly, a conceptual 

reaction mechanism was proposed for the formation of iron oxides/iron hydroxide in the examined 

system.  

Keywords: Flying jet plasma torch; iron-based nanostructures; electromagnetic element properties; 

SEM; EDS; TEM; magnetic hysteresis loop. 
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1. Introduction 

As they are exhibiting peculiar features of size, shape, crystal form, and other 

fascinating properties, metal-based nanostructures have been recently applied potentially in 

wide industrial demanded sectors such as catalysis, electronics, information storage, photonics, 

sensing, medicine, and more others [1-5]. The uniqueness of the nanostructured materials is 

attributed to the electron confinement property, which makes it earning the robust ways to 

intervene the magnetic, optical, and electronic properties of a solid material [6]. Thus, they are 

known to be a linkage between bulk solids and atoms [7]. Literature has defined nanoparticles 

from different perspectives. Huber [24], has indicated three definitions for the nanoparticles in 

his review article: the first argued that only particles between 1 and 10 nm in size could be 
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regarded as a nanoparticle; the second declared that anything between 1 and 1000 nm is a 

nanoparticle; while the third specified sizes smaller than 40 nm in two dimensions for a 

nanoparticle.  For the purpose of the current study, we adopt the definition of Fahlman [26] 

that a typical nanoscale-sized material is having at least one dimension sized between 1 and 

100 nm. In some instances, nanomaterials are defined as crystalline structures if they are 

characterized by a single-domain lattice without the existence of grain boundaries [8]. In 

principle and according to the application, the metal nanocrystal properties can be tailored by 

controlling physical parameters such as its structural composition, shape and size. For instance, 

the activity of a metal nanocrystal, applied in the catalysis field, can be strengthend by lowering 

its size [9]. On the other hand, selectivity is the most effective parameter to the packing of 

atoms on the surface or the nanocrystal exposed facets. Thus; platinum, which is commonly 

used to catalyze different kinds of heterogeneous chemical reactions, is most active for 

reactions involving hydrogen and carbon monoxide gases with the facets {100} and {210} [10-

11]. This indicates a strong correlation between the facets exposed by a nanocrystal and its 

shape, and therefore it has been utilized to attain optimum utilization of the synthesized metal 

nanostructure. In this sense, nanostructures with a variety of shapes were synthesized, including 

but not limited to sphere; cube; octahedron; tetrahedron, hexagonal, or circular profile [12-13]. 

Upon inducing control on the particle shape, the crystallographic planes at the surfaces are 

reformed, and consequently, the atomic arrangement that makes the interface with the medium 

can be tuned [14]. Metallic nano dendrites (also named as hierarchical-structured 

nanomaterials), defined as large fractal aggregates with hyperbranched architectures [15], have 

attracted much attention due to their higher structural complexity imposing better properties 

compared to nanospheres, nanowires, and nanodiscs. These hyperbranched dendritic nano-pine 

structures were obtained from different resources such as single-crystal metals, metal alloys, 

metal sulfides, and metal oxides [16]. Hence, these branched nanostructures of unique catalytic, 

optical, magnetic, and electronic properties have proved effective in a wide range of 

technological applications (e.g. microelectronics, catalysis, medicine, and electromagnetism) 

[17-20]. These dendritic nanostructure materials were prepared to apply several synthesizing 

methods such as hydrothermal and solvothermal, chemical reduction, sono-electrochemical, 

microwave-assisted methods, and electrochemical deposition [21-23]. Among the synthesized 

nanoparticles, iron dendritic nanoscale structures exhibit great application potential for 

catalysis, biomedicine, magnetism and electricity [24, 37-38]. Iron dendritic nanomaterials are 

commonly used as an electromagnetic wave absorber to absorb radar waves in the centimeter 

wave (2-18 GHz). In their manuscript, Yu et al. [16] reported a facile electric field-induced and 

electrochemical reduction method to directly synthesize dendritic nanostructured metal 

materials under a strong electric field. They synthesized the dendritic nanostructured α-Fe in 

FeSO4 aqueous solution under a strong symmetrical DC electrical field with a current density 

of 30.0 A.cm-2. Although they specified the obtained dendritic nanostructured α-Fe with a good 

electromagnetic absorption behavior, using copper wire electrode in their concentric 

electrolyzer resulted in the formation of black flocculent on the electrode which has needed 

separation by ultrasonication, making their methodology of some difficulty level.   

In this paper, we report a chemical reduction method for a metal alloy foil dipped in an 

alkaline solution using non-thermal plasma generated inside the liquid surface through a flying 

jet plasma torch. Principally, using plasma as a contactless cathode of an electrochemical cell 

result in interaction of radicals, ions, and electrons with the liquid environment promoting 

several reaction pathways and inducing the nanostructures to nucleate, grow and disperse freely 
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in the liquid phase, avoiding contamination of the solid phase from the cathode [25]. Compared 

with well-known techniques, the presented plasma chemical reduction methodology is believed 

of high efficiency, low cost, environmental-friendliness. Moreover, it hoped to be an emerging 

and highly promising practical approach for the synthesis of dendritic functional nanomaterials. 

2. Materials and Methods 

 In this research, a DBD platform - flying jet plasma torch (FJPT) was used to generate 

plasma under the water surface. The full details of the DBD platform - FJPT were presented in 

our works Abdul-Majeed et al. [27-30, 36]. The FJPT was powered by a DBD plasma power 

source (DIDRIV10), purchased from Information Unlimited/USA. The device is equipped with 

independent voltage control from zero to a maximum output of 40 kV, independent current 

control from 5 % to maximum output, and independent frequency control from 20 to 70 kHz. 

Argon gas (99.995 %), purchased from Muscat gases Co./Oman, was applied at a rate of 100 

ml/min for flying jet plasma generation through Teflon flow meter type purchased from 

Tucsen/ China. The experiments were implemented with the plasma torch dipped around 0.5 

cm below the liquid surface, considering plume length ≈ 0.5 cm flying outside the hose, as 

shown in Figure 1.  

 
Figure 1. Pictures for the plasm reduction cell, showing plasma generated from the torch: 

(a) in the absence of the aqueous solution; 

(b) in the presence of the solution and the metal foil 

The generated plasma was characterized by plotting the voltage – charge diagram 

(Lissajous figure) [33-34] using a high voltage capacitor (200 μF) connected in series with the 

load. The generated plot gives an estimation of the energy consumed by the discharge per cycle 

of the applied voltage, in which the mean dissipated power is deduced from the applied 

frequency and the estimated energy (P = f × E). 

An electrolyte solution was prepared to perform the synthesis of iron nanoparticles 

composed of 40 ml of ultrapure distilled water containing 1 gm NaCl and 0.5 gm NaOH 

(chemicals was purchased from Sigma Aldrich), which resulted in forming alkaline solution 

(pH =12.5 ± 0.06).  

Whilst sodium chloride was added in order to increase the electrical conductivity of the 

solution, NaOH was added in order to generate OH- radicals through dissociative plasma 

reaction, which plays an important role in forming oxychloride compounds, as will be 
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illustrated in the results and discussion section. The aforementioned quantities of chemicals 

were selected based on the targeted pH value of 12.5, which was found effective for conducting 

electrochemical reduction for metal nanoparticles in the work of Liguori et al. [31]. After 

adding the chemicals to the distilled water, the solution was mixed well via a magnetic stirrer 

for 10 minutes and kept after settlement for 1 hour in a stagnant condition in order to assure 

chemicals full dispersion and that no precipitate forms.  Metal foils (2 cm width × 2 cm height 

× 1 mm thick) were prepared for the experimental set. The source of the foils was a piece of 

alloy commonly used for a general purposes and mainly composed of iron (80–98%), carbon 

(0.2–2%), plus other metals such as chromium, manganese, and vanadium. EDS, SEM, and 

TEM analyses were conducted through JED-2300 Analysis Station from JEOL. It’s worth 

mentioning that the specimens were prepared for SEM analysis by using a sputter coater 

manufactured by JEOL (model: JFC 1600), where a layer of electrically conducting metal (e.g., 

Pt) is made onto poorly conducting metal to enhance imaging and reduces damage on the 

examined sample which may cause by the high temperature inside the instrument.  Contact 

angle measurements for the examined foil specimen were conducted, at room temperature,  

through analyzing photographs of distilled water drops (surface tension of 0.075 N. m-1) via 

Rame-Hart contact angle goniometer. The magnetic properties of the formed dendritic 

nanoparticles were tested using a vibrating sample magnetometer from Hirst. Magnetic 

hysteresis loop measurements were implemented at 5 Tesla and 300 K. 

3. Results and Discussion 

3.1. Characterization of the generated jet plasma and its imposing duration. 

It is noteworthy that because of the existing lag phase between the voltage and the 

current in an alternating current power source, the consumption of electrical power in the 

plasma bulk is not firmly corresponding to the total power drawn from the mains. Hence, an 

approximation to estimate the power consumed in the plasma bulk is commonly made through 

generating the Lissajous figure (the voltage charge diagram) [33-34], in which the area 

confined by the lines in Lissajous diagram is corresponding to the energy consumed per cycle 

of the applied voltage. Hence, the mean dissipated power in the plasma bulk is interpreted 

through the product of this energy times the applied frequency [28]. In the current study, an 

optimized theoretical electrical power of 175 watts was induced in the plasma system (based 

on the root mean squared values of 2.5 kV and approximately 0.07 Amp measured close to the 

load, at 30 kHz). Thus, a uniform and stable plasma generation were maintained at 100 mL/min 

argon flow rate, attaining 0.5 cm plume length. The charge-voltage diagram, shown in Figure 

2, was generated for the DBD platform responsible for elaborating the jet plasma in this study. 

The plot has resembled an Almond-shaped diagram and attributed to the gradual expansion of 

the plasma across the available dielectric area during the discharge phase. Hence the confined 

area between the lines of the Lissajous diagram, Figure 2, was calculated (using Origin 

software) to be 4.5 mJ. Accordingly, the effective power delivered to the DBD cell was found 

to be around 135 watts. 

It can be noticed that only 77% of the source power is consumed in the plasma system; 

this is commonly attributed to losses in the power source circuit, transferring wires and the 

boundary. However, the aforementioned set of values for the power parameters was found the 

optimum, when compared to other examined sets, and hence be adopted for the rest of the work 

in this study. These conditions permit a current density of 8.9×104 Amp.m-2 (based on inducing 

https://doi.org/10.33263/LIANBS93.11881198
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS93.11881198   

 https://nanobioletters.com/ 1192 

0.07 Amp through 1 mm diameter copper wire of 7.85×10-7 m2 cross-sectional area). It’s worth 

to note that the applied current density in this study is found lower by 2 folds than the value 

30×104 Amp.m-2 reported in the work of Yu et al. [16]. This indicates saving in power and safe 

and reliable operation. On the other side, an optimization study was conducted to determine 

the imposing plasma duration. Three-time spans (5, 10, and 20 mins) were examined for 

imposing plasma duration. While no clear results observed for 5 mins, 10, and 15 mins. 

exposure to the plasma jet has resulted in similar outcomes in terms of change in the solution 

color and also the formed colloids color and quantity. Upon elaboration of plasma reactions for 

10 mins, the liquid solution color was changed from transparent to a mild green, whereas 

precipitated colloids of mild whitish color were generated and settled in the bottom of the 

reaction cell, as illustrated in Figure 3. 

 
Figure 2. Lissajous figure generated for the DBD platform for one cycle when using argon gas and applying 30 

kHz. 

 
Figure 3 Pictures for the examined aqueous bulk after plasma reaction: (a) solution of mild green color formed 

during the plasma reaction time; (b) colloids of mild whitish color shown at the bottom of the reaction cell at the 

end of the reaction time. 

3.2. SEM and contact angle analyses. 

Changes in the topography of the examined foil, before and after 10 minutes exposure 

to plasma, were observed through the analysis of scan electron microscopy shots. The images 

are shown in Figure 4.  
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Figure 4 SEM analysis; images were taken at a voltage of 20 kV and a magnification ×5000 with a graphical 

scale = 5 𝜇𝑚. (a) before imposing plasma; (b) after 10 minutes exposure to plasma under the liquid surface 

A clear variation in the surface topography is observed after the plasma effect, 

represented by a layer formed with a depth of approximately 2.9 μm. Upon surface 

bombardment through electrons, ions, radicals, it can be observed that the surface roughness 

has increased and led to an increase in the surface wettability. This was assured by measuring 

the surface contact angle. In principle, surfaces having very good wettability will have infinite 

spreading (i.e., contact angles approaching zero degrees). In contrast, poor wetting properties 

indicate the surface of a large contact angle (≈90o) [35]. The contact angle for the examined 

foil specimen was decreased from 85o (before exposing to plasma) to around 40o, which 

indicates considerable changes in the surface wettability and attaining stronger surface 

hydrophilicity. 

3.3. EDS analysis and conceptual reaction mechanism. 

Energy-dispersive X-ray spectroscopy analyses were conducted for the formed colloids 

to visualize the main components. The results are shown in Figure 5. It can be observed that 

the examined specimen of colloid contains 55.48% mass of Fe (represented by 3 peaks in 

Figure 5) along with 19.25% mass for other elements, noting that the rest 25.27% mass of 

platinum was added for sample coating during sample preparation for SEM analysis. The 

detected Fe element in the precipitated composite is thought to be iron oxides which were 

generated through the following mechanism, where e denotes electron: 

𝐹𝑒 + 𝑛𝐶𝑙− →  𝐹𝑒𝐶𝑙𝑛
1−𝑛 + 𝑒−                              … … … … … … . … . (1) 

𝐹𝑒𝐶𝑙2 + 2𝑂𝐻− →  𝐹𝑒(𝑂𝐻)2 + 2𝐶𝑙−                   … … … … … … … . . (2)  

𝐹𝑒(𝑂𝐻)2 + 2𝑂𝐻− →  𝐹𝑒𝑂 + 2𝑂𝐻− + 𝐻2𝑂     … … … … … … … . . (3) 

In the above reaction series, imposing plasma inside the solution bulk results in the 

formation of Cl− and OH−ions due to the dissociation of NaCl, NaOH, and H2O, respectively. 

Cl−reacts with metal Fe at the interface between the metal foil and the solution. As a result, 

𝐹𝑒𝐶𝑙𝑛
1−𝑛 ions form and migrate into the electrolyte solution leading to the formation of FeO or  

FeO/Fe(OH)2 pair, respectively.  

Another reaction pathway could be explicated based on Fe reduction and depending on 

the oxidation state, as in the following mechanism, where m denotes the oxidation state: 
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𝐹𝑒 →  𝐹𝑒𝑎𝑞
𝑚+ +  𝑚𝑒−                                                 … … … … … … . … . (4) 

𝐹𝑒𝑎𝑞
𝑚+ +  𝑚𝑒− →  𝐹𝑒                                               … … … … … … . … . (5) 

𝐹𝑒 +  𝐻2𝑂2 →  𝐹𝑒𝑂 + 𝐻2𝑂                                  … … … … … … . … . (6) 

In the reaction (4), Fe is dissociated at the anode (metal foil); the released Fem+ ions 

then react with hydrated electrons in the bulk of the liquid, forming Fe according to the reaction 

(5). Finally, in the bulk of liquid, metal Fe can react with H2O2 molecules, generated due to the 

liquid dissociation under plasma, leading to the formation of FeO, as presented in reaction (6). 

It is worth noting that the iron oxides could be produced in other forms, such as Fe2O3 or Fe3O4, 

depending on the iron oxidation state.  

 
Figure 5. EDS analysis for the extracted colloid. 

3.4. TEM analysis results. 

TEM analyses were conducted to reveal the shape of Fe in the precipitated composite. 

The images for the composite are shown in Figure 6. It can be observed that a structure of nano-

pines dendrites, of less than 100 nm length and few nanometers width, was formed in the 

precipitate. Our TEM images were compared with the results of Yu et al. [16] who synthesized 

(α-FeO) and Sun et al. [32] who synthesized magnetite (Fe3O4), hematite (α-Fe2O3) and 

maghemite (ɤ-Fe2O3), where hierarchical structures extruded from base precursor were 

observed in both works similar to our findings. However, the length of the trunks in the 

aforementioned works was found in a range of 2-5 μm, which is found longer compared with 

our formed precursor. In general, the existence of complex hierarchical structures in the 

precursor gives rise to high anisotropy (directionally dependent) properties, which was reported 

advantageous for improving the electromagnetic absorption properties of the produced 

nanoparticles. It’s worth mentioning that due to a device operational problem, unfortunately, 

we were not able to do the electron diffraction in TEM, which is commonly used to reveal the 
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phase composition of the structure. Therefore, we generated the magnetic hysteresis loop to 

investigate the formed composite phase. 

 
Figure 6. TEM images for the formed composite in the precipitate at different magnification scales. 

3.5. Magnetic hysteresis loop measurements. 

In order to have a view on the formed phase of the generated composite, the magnetic 

hysteresis loop for the dried colloids was produced through measurements implemented at 5 

Tesla and 300 K via a vibrating sample magnetometer. The results are shown in Figure 7. It is 

worth mentioning that the ferromagnetic materials (such as iron) are strongly magnetized in 

the direction of the field. These materials will retain their magnetization for some time even 

after the external magnetizing field is removed. This property is called hysteresis, and 

therefore, the hysteresis loop (relation between the magnetic flux and field strength) was 

generated in this study to make an approximate judgment for the type of the iron precursor 

formed in the precipitated colloids. Our results were compared with the results of Yu et al. [16] 

and Sun et al. [32], and hence, it concluded that our framed precursor is likely to be magnetite 

Fe3O4. This conclusion was based on the recorded maximum mass magnetization value with 

respect to the maximum applied field value (≈ 130 emu g-1 at 6-kilo oersted), which is found 

approximately similar to the results of Sun et al. [32]. 
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Figure 7. The magnetic hysteresis loop for the formed composite. 

4. Conclusions 

 Experimental investigations were conducted to test a simple developed technique for 

producing iron-based nanostructures from imposing a jet plasma on a metal foil placed inside 

an alkaline/salty solution. Upon examining the formed colloids through SEM, EDS, TEM 

analyses, the results indicated considerable changes in the topography of the metal surface upon 

being subjected to the plasma jet, and therefore the roughness of the surface increased and led 

to higher wettability and stronger hydrophilicity. EDS results indicated the existence of 55.5% 

Fe which has represented the majority of the detected elements in the precipitated colloid. Two 

pathways for the reaction mechanism were presented, showing the possible formation of iron 

oxides and hydroxides in the precipitated colloids. TEM analysis disclosed the formation of 

nano-pine hierarchical structures of less than 100 nm length and few nanometers width, which 

is deemed beneficial for improving electromagnetic absorption properties of the produced 

nanoparticles. Lastly, the formed dendrites were concluded likely to be magnetite (Fe3O4) 

based on the produced magnetic hysteresis loop. Based on the above findings, the presented 

technique in this study is thought to promise for synthesizing iron nano-dendrites in terms of 

cost, environmental friendliness, safety, and reliability. 
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