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Objective: In this study, a-Fe,Os thin film was formed on a glass substrate to study the impact of Iron Oxide (Hematite):

adding cold plasma on the self-cleaning and antibacterial properties of the samples. Method: The

samples were synthesized using the chemical spray pyrolysis (CSP) method at 450°C. X-ray Antibacterial;

powder diffraction (XRD), scanning electron microscope (FESEM), energy-dispersive X-ray  vettability.

spectroscopy (EDS), and atomic force microscope were used to investigate the morphological and

structural characteristics of a-Fe;Os thin layers prior to and following plasma injection. Finding:  Article History:

The degree of wettability and antibacterial characteristics of iron oxide (hematite) thin film were

evaluated in the presence of gram-negative and gram-positive bacteria prior to and following  Received: 19 August 2021

plasma injection, given the great potential of plasma injection in the surface modification of thin  Revised: 15  November 2021

films. Novelty: The findings indicate that exposing plasma to a-Fe,O; thin film produces

substantial changes in morphology, self-cleaning, and antibacterial characteristics. Accepted: 07 December 2021
Published: 01  February 2022

1- Introduction

Plasma is a semi-neutral gas made up of charged and neutral particles that behave collectively [1, 2]. Plasma is
classified into two main categories: high-temperature plasma (plasma fusion) and low-temperature plasma (gas
discharge) or non-thermal plasma [3]. Non-thermal plasma is the state in which ions and neutral particles have the same
temperature surrounding them, but the temperature of electrons is much higher. Most of the energy processed in the cold
plasma turns into electrons in the plasma, thus making effective electrons rather than heating the gas in general. lons
and neutral particles are relatively cold. They have been used in the treatment of thermally sensitive materials, including
polymers and biologics [4], various industrial and scientific applications [5], and tissue engineering [6]. The plasma has
been generated by the barrier technique (DBD), which is usually used in the majority of industrial applications and
technology. It is characterized by the other types of discharge that works for the production of non-thermal plasma at
atmospheric pressure. This technique is used in the applications of surface treatment [7].

Metals have been used as antibacterial agents for many centuries [8-10]. With the development of nanotechnology,
it was found that nanomaterials have a high tendency to interact with biological molecules and inactivate them [11, 12].
Among the various nanomaterials, iron oxide nanoparticles have unique properties, such as stability, low risk, and long
durability, and are also resistant to a wide range of microbes [13-15]. Iron oxide nanoparticles have attracted special
consideration over the last few years because of their wide range of applications in different industries, catalysts, and
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biomedical fields such as drug delivery, antibody assessment, and thermotherapy [16-18]. Iron oxide nanostructures
include magnetite nanoparticles (Fes0.), hematite nanoparticles (a-Fe,O3), and goethite micro-rods (a-FeOOH) [19].
Hematite is the most stable iron oxide phase, which has many applications in gas sensors, catalysts, and antibacterial
materials [20]. The mechanism of the metal oxides effect on bacteria is not entirely clear, and researchers have suggested
various mechanisms such as intervention in the electronic displacement of bacterium, intervention and destruction of
bacterial DNA, interacting with the cell wall without entering into the cell, and formation of Histidine compounds and
prevention of the respiration process. Because of this multiplicity of mechanisms, bacteria cannot adapt to or resist the
metal oxides [21].

Plasma techniques have long been used to make new materials with unique properties. A very important technique
that has many advantages is plasma deposition for producing completely new materials with unusual molecular
structures and complex Nano-morphology [22, 23]. Plasma processes can also be used to modify the surface of
usual materials by treating them during the manufacturing process or after synthesis, generally leading to the production
of new materials with different properties, which are often more suitable than non-modified materials. The research
findings show that huge potential lies in cold plasma technology. This technology gives us almost unlimited power to
modify various materials and produce completely new structures. Given the importance and attractiveness of this topic
in the article, we decided to examine the effect of plasma injection on the structural, morphology, antibacterial and self-
cleaning properties of iron oxide (hematite) thin films. Iron oxide thin film was characterized prior to and following
plasma injection via X-ray powder diffraction spectroscopy, FESEM microscope, atomic force microscope, and EDX
analysis. Microorganisms are part of the organic materials which can affect human life and have caused a lot of
difficulties for humans. Due to the growth of microbial problems, the main purpose of this research is the study of
antibacterial properties of hematite thin films after using plasma treatment on their surfaces.

2- Experimental Methods
Solution Preparation: 4.055g FeCls; was added to 250 ml doubly distilled water to make the hematite Fe,O3 solution.

Thin Film Preparation: On warmed glass substrates, the transparent yellow solution was sprayed. A pneumatic
nebulizer with a 0.7 mm nozzle diameter was used to deliver this solution. The spraying procedure took approximately
15 seconds. The time between spraying operations was approximately 3 minutes; this was adequate to keep the glass
substrates from overheating. During the deposition process, the solution molarity, spraying nozzle height and spray
process rate are all maintained constant at 0.1 M, 30 cm and 10 cm®/min, respectively, to achieve homogeneous thin
layers. The color of thin films that were produced ranged from reddish brown to black. The substrate temperature was
measured using a temperature controller, and the resistance heater was controlled by a thermocouple. The thin layers
were deposited by spraying the solution onto heated glass substrates. The substrate temperature was set at 450°C.

Plasma Treatment: The following settings were used to conduct plasma treatment on Fe,Oj3 layers. Plasma injection
activates the surface of iron oxide thin films, and causes roughness on the surface. So the surface is prepare for
subsequent procedures. A space of approximately 4 cm between the plasma head and the thin sheet was chosen. The
thin film treatment parameters are shown in Table 1.

Coating Antibacterial Solution: At this stage, the desired solution coating started on the surface completely
uniformly. Plasma surface pre-treatment in the previous stage results in finer adhesion and absorption of the solution in
this step. The coating of the samples was done by a 200 ppm nano-silver antibacterial solution.

Drying: At this stage, iron oxide thin films entered the dryer and were heated and dried. It was the radiant dryer and
the temperature of the sample was 200°C. The flow chart of research methodology is shown in figure 1.

Table 1. Treatment Parameters of Fe2O3 Thin Film by Cold Plasma Device

Input Voltage 220 v, 50 Hz
Output Voltage 10 kv
Operation (Working) Frequency 20 kHz
Power 1 kw
Consumption Gas Air
Spray Nozzle Type Automatic Spray un
Temperature Range of Dryer 200 °C

Characterization: An X-ray powder diffraction spectroscopy (XRD) equipment, D8 Advance Bruker YT type, was
utilized to validate the structure of the produced iron oxide layers, by CuK radiation at = 1.5418A ranging from 5 to 80.
A FESEM microscope, MIRA3 TESCAN-XMU type implemented by EDX probe, was utilized to examine the surface
morphology and chemical analysis of the produced layers. Atomic force microscope pictures taken from an AFM
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equipment made by Ara-Research Company were utilized to examine the surface topology of the layers. The water
droplets with 1 micro liter volume was placed on iron oxide thin film in ambient temperature to investigate the contact
angle by an AM-7013MZT from Dino-Lite, Taiwan, to determine the samples' self-cleaning capabilities. Water droplets
were put in three distinct locations for one sample, and the contact angle was calculated using the average of these
positions. Escherichia coli DH5 alpha (as Gram-negative bacteria) and S. aureus (as gram-positive bacteria) were used
to test antibacterial capabilities.

FeCl;(4.055g) 250 ml Distilled Water

Mixing

Hematite Fe,Os solution

Spraying on the glass substrate

Hematite Fe; O3 thin film

Heating (450°C)

Plasma Treatment

Activation the surface of thin

Coating antibacterial solution

Drying (200° C)

Figure 1. Flow chart of research methodology

3- Results and Discussion
3-1- XRD Analysis

The crystalline structure of Fe;O3 thin films was studied and analyzed prior to and following the application of
plasma by X-ray diffraction using CuK, radiation (1.5406 A). The angle 20 was selected from 5° to 80° with a step of
0.05. Figure 2 shows the X-ray diffraction pattern of Fe;Os thin films prior to and following the plasma application.
According to the Figure, a-Fe;O3 (hematite) phase is completely formed, which related to the standard card NO. 33-
0664, the results reported by the researchers [24-29], and similar reported results for a-Fe,QOj3 thin layers. From XRD
images, it is clear that prepared a-Fe,QOj thin layers are arranged along (104) plane. Tadic et al. reported the preparation
of hematite (a-Fe,03) nanoparticles by hydrothermal synthesis procedure. XRD results show that the positions of all
peaks are characteristic of the a-Fe;O3 phase in accordance with JCPDS card 33-0664. No diffraction peak relating to
other phases has been observed, showing that it is composed of the pure phase of a-Fe;O3 [26]. There are no peaks
correspond to other phases or impurity, showing the high purity of the synthesized films. The peaks are located at the
angles of 24.22°,33.22°, 35.67°, 40.90°, 49.53°, 54.13°,57.61°, 62.25°, and 72.09°, relating to the plates of (012), (104),
(110), (113), (024), (116), (122), (214), and (1010), respectively. These peaks show the formation of hexagonal a-Fe;03
structure with R3¢ (No0.167) space group. After plasma surface treatment, the structure of Fe,O3-P film did not change
compared to Fe;O3 thin film, and only a small shift is seen at the location of the peaks, meaning that the lattice parameters
were reduced. This can be related to the structural relaxation and the elimination of defects after applying the plasma
[30].
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Figure 2. X-ray Powder Diffraction Pattern of a-Fe2O3 Thin Films prior to the Plasma application and a-Fe20s-P following
the Plasma application

3-2- FESEM Microscope

FESEM microscope and EDS images were utilized to investigate the particle size distribution, morphological aspects
and chemical composition of iron oxide (hematite) thin layers prior to and following plasma injection. FESEM image
of a-Fe,0s3 thin film prior to the plasma application is shown in Figure 3a and its lateral cross-section in Figure 3b.

% X
WD: 5.58 mm | MIRASTESCAN| SEMHV:100kv | wp:s14mm | MIRA3 TESCAN
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Figure 3. Field-Effect Scanning Electron Microscope Image of a-Fe203 Thin Films, (a, b) prior to the plasma application
and (c, d) following the plasma application. Figures b, d show the cross-section area of the films
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According to the Figure, iron oxide nanoparticles have needle-like structures that are formed by agglomeration and
accumulation of smaller particles [31-32]. Kouotou et al. deposited a-Fe;Oz thin layers by pulsed spray evaporation
chemical vapor technique and studied the effect of the deposition temperature. According to their SEM results, the film
structure synthesized at 350°C was composed of small grains. At 400°C, the film showed a uniform densely packed
structure with octahedral grains. At 450°C, the samples presented needle-like structures, each of which could result from
the agglomeration and incorporation of small individual particles [32]. This morphology is similar to our result that our
samples were prepared at 450°C and had needle-like structures. The average length of these needle structures is above
100 nm and their diameter is less than 50 nm. According to the cross-section image, the film thickness is also less than
100 nm. FESEM image of the a-Fe»O3-P thin film after the plasma injection is shown in Figure 3c and its lateral cross-
section in Figure 3d. After plasma injection, it appears that these needle-like structures are attached and bonded together,
eventually increasing the particle size. The agglomeration of the structure is seen and confirmed in the images of the
lateral cross-section of the sample and AFM image. After applying the plasma, the film thickness is more than 200 nm.

The chemical composition of a-Fe,Os film was investigated prior to and following plasma treatment, using the EDX
spectroscopy and the results are presented in Figure 4. The presence of O and Fe elements and the nonexistence of other
elements confirm the growth of pure iron oxide layer [33]. The weight ratio of the oxygen and iron elements in the
samples is also reported in Figure 4. As shown in the Figure, applying the plasma increases the weight ratio of the
oxygen atom and decreases the weight ratio of the iron atom.
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Figure 4. EDX Image of a-Fe2O3 Thin Films, (a) prior to the plasma application and (b) following the plasma application

3-3- AFM Microscope

The images of atomic force microscope (AFM) were used to study the surface morphology of a-Fe;Os thin films
formed prior to and following plasma treatment. According to the AFM (2D) photograph of a-Fe;Oz layer shown in
Figure 5 (a), the morphology is uniform. The root mean square (RMS) of the roughness level is also measured by AFM
image and shown in Figure 5b, which is 94.51 nm. Figure 5c exhibits the AFM (2D) photograph of a-Fe,Os layer after
plasma treatment. By analyzing the AFM (3D) images after plasma treatment shown in Figure 5d, surface roughness
was evaluated as RMS parameter. There is a significant difference between the morphology of the films prior to and
following plasma treatment. While the synthesized thin films led to dense compressed small grains and eventually to a
smooth surface, after treatment using the plasma jet method, the films consist of much larger grains (nanopyramidal
pattern) and seemingly higher porosity. This enhancement of grain size is the result of radiation pressure from photons,
ions, and atoms bombardment by plasma activation. On the other hand, higher porosity may be desirable for anticipated
photo-electrochemical applications. This is a well-known phenomenon that by increasing the surface area because of
porosity, light scattering and penetration increases. Additionally, the inverse recombination of electron-hole pairs is
prevented by larger grains [34]. For this film, roughness (RMS) of 65.15 nm was obtained.
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Figure 5. Surface Properties of a-Fe:O3 Films (a) Prior to Plasma Treatment (2D), (b) Prior to Plasma Treatment (3D), (c)
Following Plasma Treatment (2D), (d) Following Plasma Treatment (3D)

3-4- Wettability (Contact Angle)

The solid wetting by water depends on the relationship between surface stresses (solid/water, air/water, and air/solid).
Surface wettability can be described by contact angle (CA). Surface wetting happens when CA is < 90° and non-wetting
happens when contact angle is > 90°. Therefore, they are named hydrophile and hydrophobe, respectively [35-36]. The
mean contact angle was specified by calculating several separate droplets of distilled water on each surface of a-Fe;Os
thin film synthesized prior to and following plasma treatment. The contact angle measured by the water of o-Fe,Os3 thin
films before plasma treatment is shown in Figure 6a and a.-Fe.Os-P after plasma treatment in Figure 6b.

113.8° L

Figure 6. The Contact Angle Measured between the Surface of a-Fe:O3 Thin Film and the Water Droplet (a) prior to
Plasma Treatment and (b) following Plasma Treatment (a.-Fe203-P)
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In the thin film prior to plasma treatment, with 113.8 contact angle, hydrophobic behavior is observed and for the
thin film following plasma treatment with the contact angle of 80.6, hydrophilic behavior is seen. The low contact angle
(a-Fe,03-P after plasma treatment sample) is due to the great cohesive force between the water droplets and the (-OH)
group present on the a-Fe;Os film. By plasma treatment, the surface roughness is reduced and the behavior of the films
shows hydrophilicity. Plasma treatment is an advanced technique that can make wetting a surface straightforward and
promising by providing different types of surface functional groups and rough structures. By O plasma, super-
hydrophilic surfaces can be effortlessly obtained.

Surface wetting of the film is mainly influenced by the morphology of the surface and confirms the FESEM and
AFM images. The dense microstructure of the film surface shows a greater water contact angle. The reason for this
behavior is that the gas bubbles with high roughness are embedded between the water droplet and the insulation surface
[37-38].

3-5- Antibacterial Activity

Prior to and following plasma injection, the antibacterial characteristics of the produced a-Fe;O3 layers were
examined. Figures 7 and 8 show the results of studies on E. coli and S. aureus bacteria cultured for 1 day on an empty
glass substrate and a-Fe,Os layer surfaces incubated prior to and following plasma injection. The diffusion of metal ions
is a crucial component in the antibacterial activities of metal oxide nanoparticles [39], which is a well-known issue.
When iron ions are put in Fe3+ forms in -Fe;Os, they are reduced and transformed to Fe2+ by generating the free
hydroxyl radical when they come into contact with an aqueous solution containing bacteria [40]. Free hydroxyl radicals
and Fe2+ ions are both extremely reactive, causing damage to proteins and nucleic acids, disrupting DNA replication,
and killing S. aureus bacterium. Also, when a bacterial cell come in contact with these nanoparticles, active oxygen is
make caused by the chemisorption procedure. Thus, more iron and hydroxide ions or hydrogen peroxide are released
from the surface, which can react with the peptide linkages in the bacterial cell wall and disrupt them. This antibacterial
mechanism may be involved in the antibacterial study to kill the S. aureus microorganisms. It is proven that plasma jet
therapy inhibits germs from growing on hard surfaces and in liquid settings [41-53]. As a result, researchers are looking
into the effects of plasma jet therapy on both gram negative and gram positive bacteria.

As depicted in Figure 7, for Staphylococcus bacteria in a-Fe;Os film, the growth of the bacterium was showed by
10% prior to plasma injection in comparison to the control sample. While following plasma injection, there was a
significant fall, and inhibition by 99% in the bacterial growth compared to the control sample. In Figure 8, the a-Fe;O3
film was able to inhibit the growth of E. coli bacteria by 10% prior to plasma treatment in comparison to the control
sample, which this rate reached 99% after exposure to plasma jet and drying at 200° C compared to the control sample.
It is clear that plasma jet treatment under certain current and voltage conditions and appropriate drying temperature has
a considerable effect on inhibiting the growth of gram-negative and gram-positive bacteria. Shin et al. prepared the iron
oxide nanoparticles using the sonochemical method and analyzed their bioactivities by the disk diffusion method. The
nanoparticles presented the inhibitory effect on bacterial pathogens against B. cereus, S. aureus, E. coli and S. enterica
[54]. Belkhedkar et al. investigated the antibacterial activity of Mn-doped Fe,Os thin films synthesized using ionic layer
adsorption and reaction method. The antibacterial activity of the a-Fe;O3 layers was studied against S. aureus bacteria.
Their results showed that the antibacterial efficiency for the pure hematite film is 16.66% which is in agreement with
the results of this study [55].

Figure 7. Antibacterial Activity on Staphylococcus Bacterium in (a) a-Fe2O3 prior to Plasma Injection and (b) a-Fe20s-P
following Plasma Injection
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Figure 8. Antibacterial Activity on E. coli Bacterium in the Film (a) a-Fe2Os prior to Plasma Injection and (b) a -Fe20s-P
following Plasma Injection

4- Conclusion

In this research, a-Fe;Os thin film was synthesized and deposited by the chemical spray pyrolysis (CSP) technique.
The surface of a-Fe,Oj3 thin film was treated with cold plasma with 1kW power while air was present and the temperature
was 200 °C, and the samples were analyzed prior to and following the application of plasma. The development of the
hematite phase was completely confirmed by inspecting the X-ray diffraction spectrum. The XRD spectra did not alter
much prior to and following plasma application. There was no impurity phase in the samples, according to XRD and
EDX findings. FESEM and AFM microscopes were used to examine the surface morphology of the layers. The findings
indicated that following plasma treatment, the particles were linked and agglomerated together. The contact angle
between the samples surface and the water droplet was reduced following plasma injection, according to research. In
fact, plasma treatment decreased surface roughness and resulted in a hydrophilic a-Fe;Os thin layer. When studying the
antimicrobial activities of a-Fe,O3 thin film against E. coli and Staphylococcus bacteria, it was discovered that prior to
plasma injection, bacterial growth was inhibited by 10%, while after plasma injection, bacterial growth was inhibited
by 99 percent, and a-Fe;QO3 thin film was able to inhibit bacterial growth by 99 percent.
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