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Synthesis of stainless steel nanoballs via submerged glow-discharge
plasma and its photocatalytic performance in methylene blue

decomposition.

Stainless steel nanoparticles or "nanoballs™ have been synthesized using
submerged glow-discharge plasma. Transmission electron microscopy showed
that the nanoballs are uniformly spherical and size distribution estimation showed
that their diameters are below 200nm. The decomposition of methylene blue
solution under ultraviolet light with the wavelength of 354nm was observed in
presence of stainless steel nanoballs. A mixture of stainless steel nanoballs and
0.1% methylene blue dye was irradiated with ultraviolet light. The concentration
of methylene blue was reduced to baseline level in 72 hours. This shows that the
stainless steel nanoballs have photocatalytic ability. In stainless steel nanoballs,
methylene blue showed two different decomposition pathways; with a fast and
slow reactions. Also, methylene blue was oxidized into sulfoxide before reducing
into lighter byproducts. XRD analysis has shown that the nanoballs consist of

Fe,O5 and Cr,03, which are photocatalytically active species.
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Introduction

Submerged glow-discharge plasma [1-8] has been researched as a method of
nanoparticles synthesis. It is a process where plasma is produced by an electrical
discharge in liquid. The product obtained after plasma electrolysis was found to be

uniformly-shaped spherical nanoparticles called “nanoballs” [1]. As a result of



glow-discharge plasma causing localized melting spots on the cathode surface to occur

repeatedly, molten material in order of nanosize became ejected from the cathode. Then

they solidify into spherical nanoballs because of the surface tension and quenching

effect of the electrolyte [1, 2, 8].

Nanoballs have good potential as photocatalytic materials because of their very

small size and therefore high reactivity. Titanium oxide (TiO;) and zinc oxide (ZnO) are

well-known photocatalytic/photoelectric materials. Under ultraviolet (UV) light

irradiation, TiO, and ZnO photocatalysts were able to decompose organic pollutants

such as textile dye effectively [9-19, 20-25]. In the textile industry, waste materials such

as excess dyes are contained in the discharged wastewater. The dyes in the wastewater

pose a high risk to the ecosystem since they pollute the waterways. Therefore the

research for other types of nanoparticle-photocatalyst besides TiO, and ZnO are also

important not only for environmental cleaning, but also alternative energy production.

Methylene blue dye was chosen as the indicator of photocatalytic performance because

its decomposition is manifested as the decolourization of the dye. Furthermore, the

concentration of the decomposition by-products can be measured using mass

spectroscopy [33-35].

Stainless steel have been used as a photocatalytic material in its bulk form or



as a nanosized substrate for photocatalysts such as TiO,. In its bulk form, the surface of

stainless steel undergoes passivation and this layer was found to have photocatalytic

ability when irradiated with UV light. As a substrate, stainless steel provides a stable

surface and reduces the recombination rate in TiO,. Despite the evidence showing the

potential of stainless steel as photocatalytic materials, there has been no reports about

the photocatalytic properties of stainless steel nanoparticles themselves. Typically

stainless steel powders are synthesized using powder metallurgy via ball milling and

vapor deposition technique [9-10].

The present research aims to synthesize stainless steel and also TiO, and ZnO

nanoballs via submerged glow-discharge plasma. The stainless steel used is the JIS

SUS316 (from here onwards referred as SUS), which contains iron, nickel and

molybdenum. The nanoballs are characterized in terms of their physical characteristics

(size, surface area, porosity, surface morphology) and photocatalytic performance.

While there has been many reports on the photocatalytic ability of TiO, [9-18] and ZnO

[20-25], there has been no report on the photocatalytic ability of SUS nanoballs.

Furthermore, there are also no detailed reports concerning the synthesis of SUS

nanoparticles as well. Since SUS nanoparticles contains potentially photocatalytically

active oxides such as Fe,O3 and Cr,03 [26-32], SUS nanoballs have good potential as a



photocatalytic material. A proposed mechanism of the photocatalytic ability of SUS

nanoballs for methylene blue decomposition is also discussed in this paper.

Materials and Experimental Methods

Setup for submerged glow-discharge plasma

The nanoballs were synthesized via submerged glow-discharge plasma. Figure 1 shows

the experimental setup. A platinum wire of 2000mm in length, 0.5mm in diameter was

used as the anode; this wire was bent and fixed onto a semicircular glass frame

measuring 45mm in height and 60mm in width. A titanium/zinc/stainless steel wire of

1.0 mm in diameter and purity 99.99% mass (Nilaco, Tokyo, Japan) was used as the

cathode. A glass tube was used as insulation to obtain an exposed length of 20 mm; the

exposed part functioned as the net actual electrode. The electrolyte was a 300ml

solution of 0.1 mol K,CO3 with 99.5% purity. The anode and cathode were dipped in

solution of 10% sulphuric acid for a few seconds and then washed with purified water.

The electrolyte was warmed until 90° Celcius, then electric current was applied until

plasma forms under constant-voltage control (DC power supply: Takasago

GP0250-10R). Then the voltage was fixed at a constant value for 3 hours. The sustained

voltages for each type of electrode were 95V for Zn, 120V for Ti and 130V for SUS.

Figure 2 shows the voltage-current characteristics for the synthesis of SUS nanoballs.



Nanoballs collection and analysis method

After submerged glow-discharge plasma, the products were collected via centrifuging

and washing with purified water to remove the electrolyte. Transmission electron

microscopy (TEM, Hitachi H-700) images were taken at an operating voltage of 150kV

and at 100,000 times magnification. Brunauer-Emmet-Teller (BET, Quantachrome

Instruments Autosorb 6) method was used to measure the nanoballs’ concentration,

number per unit area, surface area and average size. The nanoballs were freeze-dried for

12 hours to convert the nanoballs into powder form. Scanning electron

microscope-energy dispersive spectroscopy (SEM-EDS, JEOL JSSM7001FA FE-SEM)

was used to identify the elemental composition and mapping of each type of nanoball,

using 15kV accelerating voltage. Size distribution software (Mac-View ver.4, Mountech

Co. Ltd.) was used to estimate the nanoballs size distribution. X-ray diffraction (XRD,

Rigaku Miniflex) was used to identify the elemental compositions and crystal structures

of the nanoballs.

Photocatalytic test using MB and UV

The photocatalytic ability of the nanoballs was determined by the decomposition of

methylene blue (MB). An aqueous solution of MB and nanoballs was exposed to

ultraviolet (UV) irradiation for 24 hours while enclosed inside a dark chamber. The UV

light was emitted at 354nm wavelength, and the power of the UV lamp was 100W. The



initial concentration of MB was 0.1g/1000ml. Ultra-violet/visible (UV/VIS)

spectrophotometer (Jasco V-630) was used to measure the relative concentration of MB

before and after the photocatalysis test. Before the photoabsorbance test, the

UV-irradiated MB and nanoballs mixture were centrifuged to separate the MB solution

from the nanoballs. By measuring the light absorbance of the MB, the transparency and

subsequently the concentration of MB can be determined. Mass spectroscopy was used

to determine the chemical compounds that were present after the photocatalysis test.

Experimental Results

Nanoballs have uniformly spherical shape

Figure 3 shows the TEM images of the nanoballs after glow-discharge plasma synthesis

and centrifuging to remove K,COjs electrolyte, while Figure 4 shows the

high-resolution transmission electron microscope (HRTEM) image of SUS nanoballs.

From left to right are (A) TiO, (B) ZnO and (C) SUS respectively. In all three images,

the nanoballs have uniformly spherical shape and are nanosized. It can be seen that the

nanoballs size falls within a range of 50nm to 400nm, as confirmed by the particle size

distribution and BET method. In terms of particle size uniformity, the size of ZnO

nanoballs fell within a narrow range of 60nm to 150nm. In the case of SUS and TiO,

nanoballs, their sizes fell within a wider range than those of ZnO nanoballs. For SUS



nanoballs, their sizes fell between 30nm and 300nm, while for TiO, nanoballs their

sizes fell between 30nm and 400nm.

Increase in oxygen content in nanoballs

Figure 5(a) to Figure 5(c) shows the SEM-EDS results of the nanoballs, while Table 1

to Table 3 shows the elemental composition of the nanoballs and their parent materials.

1ml of the nanoballs in water was dropped onto a stainless steel plate, then the plates

were dried prior to SEM-EDS observation. In Figure 5(a), O atoms were detected

alongside Fe, Mn, Ni, and Cr atoms on the surface of the SUS nanoballs.

Table 1 shows the elemental composition of SUS wire before submerged

glow-discharge plasma, and the elemental composition of SUS nanoballs after

submerged glow-discharge plasma. Before the application of plasma, SUS wire

consisted of Fe, Ni and Cr atoms, which is consistent with the elemental composition of

SUS316L. After the application of plasma, the nanoballs were found to contain O atoms

in addition to Fe, Ni and Cr atoms of its parent material. These results indicate that the

surfaces of SUS nanoballs were in their oxidized form after synthesis. In Figure 5(b), O

atoms were detected in addition to Zn atoms on the surface of ZnO nanoballs. Table 2

shows the elemental composition of Zn wire and ZnO nanoballs. It is apparent that the

amount of O has increased considerably in the case of ZnO nanoballs compared to its

parent material.



In Figure 5(c), O atoms were detected in addition to Ti atoms on the surface of

TiO, nanoballs. Table 3 shows the elemental composition of Ti wire and TiO;

nanoballs. Similar to the case of SUS and ZnO nanoballs, after submerged

glow-discharge, TiO, nanoballs were found to contain an increased amount of O atoms

compared to Ti wire. Generally, for all three types of nanoballs, an oxide layer is

thought to be present on the surfaces of the nanoballs. The oxide layer is evenly

distributed on their surfaces. This oxide layer has an important role in photocatalysis,

since they are reactive towards UV-light, releasing OH- free radicals. Since the oxide

layer on the nanoballs has been identified, further investigation of the cross-sections of

the nanoballs are needed. Also, the microstructure between the oxide surface and the

nanoball bulk volume is of interest, to determine the growth mechanism of the oxide

surface.

Presence of oxide nanoballs

Figure 6(a) to Figure 6(c) shows the XRD results of the nanoballs. In terms of peak

intensities, FeO, Fe,O3 and Cr,03 were the main characteristic peaks present in the case

of SUS nanoballs. ZnO characteristic peaks were present in the case of ZnO nanoballs.

Anatase and brookite TiO, characteristic peaks were present in TiO, nanoballs. The

presence of Fe,O3 and Cr,03 in SUS nanoballs contribute to its photocatalytic effect.

The bandgap of Fe,03 is 2.2eV, while the bandgap of Cr,03 is 3.6eV. The low bandgap



of these oxides causes them to become photocatalytically active when irradiated with

UV light. As a comparison the bandgap of anatase TiO; is 3.0eV, which is much higher

than the bandgap of Fe,O3 and Cr,03. Even though the bandgap of the oxides in SUS

nanoballs were lower than the bandgap of anatase TiO,, SUS nanoballs decomposed

MB at a slower rate than anatase TiO,. The decomposition behaviour of MB in presence

of SUS, ZnO and TiO, nanoballs are shown in the photoabsorbance test results.

Table 4 shows the BET results of the nanoballs. ZnO nanoballs had the largest

surface area and pore volumes of all three types of nanoballs, nearly double than the

values measured on TiO, nanoballs. The large surface area of ZnO nanoballs was

consistent with its excellent photocatalytic ability, where it was able to decompose MB

in a relatively short time compared to TiO; and SUS. Although SUS nanoballs had the

lowest surface area and pore volume compared to ZnO and TiO, nanoballs, the

measurements indicate that the surface area and pore volume of SUS similar to that of

TiO, nanoballs.

Photoabsorbance shows MB concentration decrease after UV

Figure 7(a) to Figure 7(c) shows the photoabsorbance test results after MB

decomposition in presence of nanoballs. MB peak intensity was reduced by mixing with

these nanoballs while UV-light was irradiated onto the photocatalytic test setup. Figure

7(b) shows the absorbance in case of ZnO nanoballs present in the mixture of MB. The



characteristic peaks of MB at 290nm and 650nm became lower than initial height after

UV irradiation, indicating decomposition of MB has occurred. The characteristic peaks

of MB were also reduced in intensity in case of SUS and TiO, nanoballs, shown in

Figure 7(a) and Figure 7(c). MB was effectively decomposed in presence of all three

types of nanoballs. ZnO decomposed MB the fastest, followed by TiO, and SUS

nanoballs. Mass spectroscopy showed that for TiO, and ZnO nanoballs, MB was

decomposed directly into lighter molecules within 24 hours.

The decolouration of MB was calculated relative to the initial concentration of

untreated MB solution (0.19/1000ml). In the case of TiO, and ZnO nanoballs, MB

peaks decreased drastically to almost baseline level after 24 hours of UV-irradiation.

The decrease shows that the concentration of MB has decreased after UV-irradiation in

presence of nanoballs. The decrease in concentration is caused by the photocatalytic

decomposition of MB into simpler compounds, as a result of the UV-irradiation acting

on the nanoballs. In the case of SUS nanoballs, MB peak decreased to baseline level

after 72 hours of UV-irradiation, which was much longer than in case of TiO, and ZnO

nanoballs.

Mass spectroscopy shows MB decomposition byproducts

Figure 8(a) to Figure 8(c) shows the mass spectroscopy results of the decomposition of

MB. According to their mass charge ratio (m/z), the by-products of MB decomposition



can be identified. Generally the intensities of MB (m/z = 284.13) were reduced in all

three types of nanoballs. Mass spectroscopy has shown that by-products such as phenol

(m/z = 94.93), benzenosulfonic acid (m/z = 152.92), Azure A (m/z = 236.08) and Azure

B (m/z = 271.20) were detected after UV-light irradiation. This showed that

decomposition of MB has occurred in presence of the nanoballs while UV-irradiation

was applied.

Discussion

In case of ZnO and TiO, nanoballs, the decomposition process occurred in a

straightforward manner. Over the period of 24 hours, MB was gradually decomposed

into lighter products. This was evidenced by the appearance of the peaks of MB

by-products in the sixth hour graphs. At 24 hours, the peak of MB did not appear in

ZnO. In case of TiO,, the peak of MB at 24 hours still appeared, but its concentration

was greatly reduced compared to before UV-irradiation. In case of SUS nanoballs, the

decomposition process occurred differently compared to ZnO and TiO,. First it was

oxidized into sulfoxide (m/z: 301.15), then it was reduced/decomposed into lighter

products. Additionally, methylene blue decomposed into different by-products at six

hour and 24 hour UV-irradiation respectively. This process is evidenced by the above

mass spectroscopy data, where the sulfoxide peak appeared in the sixth hour graph. The

rest of the peaks however are similar to the peaks that appeared in case of



decomposition occurring in ZnO and TiO, nanoballs. After 24 hours of UV-irradiation,

the peak of MB did not appear, while the peak for sulfoxide still increased. At the same

time, the peaks of the decomposition by-products have also increased.

In case of SUS nanoballs, MB was decomposed to more simple molecules via

oxidation into sulfoxide because of the photocatalysis effect. Within 24 hours, MB was

oxidized into sulfoxide. When UV-irradiation was continued up to 72 hours, sulfoxide

then reduced into lighter by-products without reverting into MB. This showed that SUS

nanoballs were able to decompose the dye solution, although it took a longer time than

Ti0O, and ZnO nanoballs. Also, the mechanism in which MB was decomposed was

different compared to the decomposition mechanism in TiO, or ZnO. The

decomposition of MB was confirmed in the photoabsorbance test of SUS nanoballs.

Therefore, these results indicate that SUS nanoballs also have photocatalytic activity

when irradiated with UV-light.

During the synthesis of nanoballs, size control was achieved by modifying the

glow-discharge voltage. Higher glow-discharge voltage generally produced smaller

sized nanoballs, while lower glow-discharge voltage produced larger sized nanoballs.

This is shown in the case of TiO, and SUS nanoballs, where higher glow-discharge

voltage produced small-sized nanoballs. For TiO,, the maximum voltage that can be

applied was 150V, and for SUS 160V. In the case of ZnO, voltages between 100V and



135V produced flower-like nanoparticles, whereas the optimal voltage for spherical

nanoball production was 95V [2]. However there is a limit to the maximum voltage than

can be applied; once this limit is exceeded arc-discharge plasma appears and melts the

electrode immediately. Other than voltage control, the nanoballs can be separated

according to size by using different-sized filters. There were relatively few microsized

particles present after collecting the nanoballs. These are thought to be synthesized

because of the irregularities of the plasma current flow.

Optimization of nanoballs synthesis is needed to produce smaller sized

nanoballs with larger surface area; BET measurement shows that submerged

glow-discharge has good potential to produce nanoballs with large surface area. It is

evident from the XRD and photoabsorbance results that only small amounts of Fe,O3

and Cr,03 are present in SUS nanoballs. The small amount of photocatalytically active

oxides in SUS nanoballs causes SUS nanoballs to exhibit photocatalytic effect at a

lower activity compared to TiO, and ZnO nanoballs.

Figure 9 shows the proposed mechanism for MB decomposition in presence of

our synthesized nanoballs. The reaction that methylene blue underwent in its

decomposition in presence of SUS nanoballs is unique compared to the reactions in

presence of TiO, or ZnO nanoballs. In TiO, and ZnO, MB was decomposed directly

into products with lower mass number. However, in presence of SUS nanoballs, MB



was oxidized into sulfoxide (m/z: 301.15) first, then decomposed into lighter products

without reducing into MB again.

It is expected that O, and O were consumed during the photocatalytic reaction

of MB in presence of SUS nanoballs. O, and O" most likely originated from the surface

of SUS nanoballs, where MB molecules were attracted towards the surface because of

the charge difference between the MB molecules and the SUS nanoballs surface. After

oxidation into sulfoxide, photocatalysis process reduces sulfoxide into lighter products.

At this stage, free radicals (O and OH") attacked the bonds of MB and sulfoxide,

severing the bonds, thus decomposing MB and sulfoxide into lighter products. Also,

because methylene blue decomposition showed two different pathways, we suppose that

there is a bottleneck effect between six hours and 24 hours UV-irradiation. This effect

caused the SUS nanoballs to react to different bonding sites in MB at different times.

In case of TiO, and ZnO, O, has been consumed during the formation of the

nanoballs from its parent materials, namely Ti and Zn. Therefore, no available O,

existed for oxidation of MB into sulfoxide.

Stainless steel was shown to become an active catalyst under certain conditions.

Di Mondo et al. (2011) reported that 316 grade stainless steel reactor wall became an

active catalyst under acidic conditions and elevated temperature [38]. They observed the

deoxygenation of glycerol and levulinic acid when it is flowed into the reactor. The



phenomenon was attributed to the synergistic effects between Fe, Ni and Cr that

involved hydrogen spillover effects between sites that activate H,(g) and sites

responsible for hydrogenation steps.

In our research, SUS nanoballs became activated photocatalyst under UV

irradiation. MB was found to become decomposed in presence of all three types of

nanoballs and in UV irradiation.

The results indicate a new discovery of MB decomposition pathway occurring in

a nonsemiconductor material, namely SUS nanoballs. The reactivity of SUS nanoballs

is due to its large surface area and reactivity of Fe,O3 and Cr,03 as a light-sensitive

material. Previous reports have shown that rust (which contained Fe,O3) acted as a

photocatalytic material to accelerate the corrosion of stainless steel when exposed to

sunlight [29], and that the passivation layer on the surface of stainless steel (which

contained both Fe,O3 and Cr,03) exhibited semiconductive behaviour [30]. However

the amount of the photocatalytically active species in SUS nanoballs is still lacking

compared to those in TiO, or ZnO. Further research is needed to increase the amount of

those active species.

The advantages of submerged glow-discharge plasma for nanoballs synthesis

are: (1) simple experimental setup, (2) ease of control of nanoball sizes, (3) ease of mass

production because of relatively high yield, and (4) use of easily available metallic



wires as raw materials for nanoballs synthesis. It is important to find other types of

nanoparticles besides TiO, that exhibit photocatalytic activity. Other materials that can

be synthesized via submerged glow-discharge plasma include virtually all metallic

elements and alloys. Theoretically, if glow-discharge plasma can be sustained using a

metallic electrode, nanoballs can be synthesized.

Conclusions

SUS, TiO; and ZnO nanoballs have been successfully synthesized via submerged

glow-discharge plasma. Submerged glow-discharge plasma easily synthesized alloyed

nanoballs. This research has demonstrated the photocatalytic performance of the

nanoballs, especially in the case of SUS nanoballs, where it was able to effectively

decompose MB. The presence of photocatalytically active species such as Fe,O3 and

Cr,03 was confirmed in SUS nanoballs. In SUS nanoball case, MB decomposition

occurred in two pathways; fast and slow decomposition. MB was observed to oxidize

into sulfoxide before being reduced into lighter byproducts. This is different compared

to the MB decomposition pathway occurring in presence of TiO, and ZnO nanoballs. In

the case of TiO; and ZnO nanoballs, MB reduced into lighter by-products without being

oxidized into sulfoxide first.
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Figure 1 Schematic diagram of experimental setup for submerged glow-discharge plasma.
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Figure 2 Voltage-current characteristics for SUS316 showing (A) conventional region, (B) breakdown point, (C) transitional region, (D) partial plasma
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Figure 4 HRTEM image of SUS nanoballs.



Figure 5(c) SEM-EDS map of TiO, nanoballs showing (A) greyscale, (B) Ti K, (C) O K.

@®cr0s
Cr0:
®rec0
@ Fe:0s
@cr

Intensity (arbitrary units)

Angle (20)

Figure 6(a) XRD spectrum of SUS nanoballs.
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Figure 6(b) XRD spectrum of ZnO nanoballs.
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Figure 6(c) XRD spectrum of TiO, nanoballs.
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Figure 7(a) Photoabsorbance results for MB decomposition in presence of SUS nanoballs.
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Figure 7(b) Photoabsorbance results for MB decomposition in presence of ZnO nanoballs.
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Figure 7(c) Photoabsorbance results for MB decomposition in presence of TiO, nanoballs
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Figure 8(a) Mass spectrometry of MB after (A) 6 hours and (B) 24 hours of UV-irradiation in presence of SUS nanoballs.
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Figure 8(b) Mass spectrometry of MB after (A) 6 hours and (B) 24 hours of UV-irradiation in presence of ZnO nanoballs.
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Figure 8(c) Mass spectrometry of MB after (A) 6 hours and (B) 24 hours of UV-irradiation in presence of TiO, nanoballs.
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