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Atmospheric-pressure plasma seawater desalination: clean energy, 

agriculture, and resource recovery nexus for blue planet  

 

Abstract 

Water connects every aspect of life. Only 4% of the world’s water is fresh water, where most of water 

sources have different degrees of salinity. As a result, billions of people around the globe face water 

scarcity which is a global challenge. Desalination technologies which separate the fresh water from the 

solvated salts ions in saline water are attracting major attention. However, conventional desalination 

processes including thermally and pressure driven processes are highly energy intensive. To address this 

issue, here we report that the atmospheric-pressure plasma (APP) treatment of saline water can be a new 

potential alternative low-energy and green desalination route. Meanwhile, valuable salts are recovered 

by direct salt crystal precipitation within a short plasma processing time. During desalination and salt 

precipitation, plasma activated desalinated water (PADW) is generated and can be used for clean energy 

generation by water splitting and sustainable agriculture by enhanced plant seed germination. In turn, 

functional nanomaterials can be extracted from the precipitated salt. The PADW exhibited low salinity 

of 5.6 ms/cm with low pH value of 2.1. The unique intrinsic PADW chemistries further enhanced the 

electrochemical water splitting in both hydrogen evolution reaction (HER) at a Pt electrode and oxygen 

evolution reaction (OER) at a RuO2 electrode compared with the conventional acidic solution of similar 

pH. Moreover, the feasibility of using PADW in sustainable agriculture was demonstrated by enhancing 

mungbean seed germination using tap water mixed with PADW. At optimum mix concentration, both 

seed germination rates and germination percentages increased. Finally, we demonstrated the feasibility 

of synthesis of high-value 2D nanomaterials exemplified by Mg(OH)2 nanosheets via single step thermal 

process using the salt precipitated from the seawater by the plasma process. Combined with 

straightforward use of renewable electricity to generate APPs, this study reveals the plasma potential for 

sustainable recovery of clean water, clean energy generation, sustainable agriculture, and manufacturing 

of advanced functional nanomaterials – all from the greatest treasure of our blue planet – seawater.   

 

Keywords: Atmospheric-pressure plasma, Desalination, Water splitting, Seed germination, 

Nanocrystals  
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1. Introduction 

Most of water sources (94-97%) around the globe are saline [1]. Collectively, oceans make up a “giant 

blue planet”, with water being the main yet severely underutilized resource [2]. Therefore, recently the 

sustainable exploitation of the ocean’s resources known as “blue economy” has become an intense topic 

of research as a solution for the water scarcity and exhaustion of terrestrial minerals [3]. As seawater 

can be the source of a vast amount of fresh water, desalination of seawater has gained immense attention 

as a solution for the increasing global demand of fresh water [4]. Among the several desalination 

processes, multi-stage flash distillation (MFD), multiple-effect distillation (MED), membrane 

distillation (MD), and reverse osmosis (RO) are commonly used to separate fresh water from salt water 

[5, 6].  

These methods can be divided into two main categories, namely, thermally driven and pressure driven 

technologies [6, 7]. Pressure driven, reverse osmosis is the most commonly used desalination process 

and currently the lowest energy consumption amongst the mentioned desalination processes [8, 9]. 

However, RO processes usually leave behind hypersaline solutions to be disposed or treated which often 

creates environmental issues. In MFD and MED thermally driven desalination processes, seawater is 

heated to an elevated temperature and the resultant vapour is condensed either through a membrane or a 

condenser to obtain clean potable water.  However, thermal desalination processes are much more energy 

intensive as they require the liquid to vapour transition. Hence, there is a strong need for alternative low 

energy and green processes for desalination [10-12].  

Atmospheric pressure plasmas (APPs), which can be sustainably powered from renewable (e.g., solar or 

wind) electricity, have attracted great attention for diverse applications including materials synthesis, 

spectroscopic analysis, gas treatment, surface treatment, medicine and biotechnology [13-15]. APPs 

offer unique advantages such as low cost, low energy consumption, ease of implementation with 

versatility. Atmospheric pressure, non-equilibrium plasmas generate O3, UV photons and various 

reactive oxygen and nitrogen species (RONS) [16-19].  The interaction between gas phase plasmas and 

saline water produces unique chemistries driven by the electric field strength, ion charges, UV radiation 
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and other species present in the plasma. The reactive species generated in the gas phase interact with 

solvated charged salts and water to induce numerous physico-chemical transformations including 

precipitation of solid salt crystals in seawater demonstrated in this work. Subsequently, ions produced 

from APP penetrate through the gas-liquid interface and subsequently produce secondary species 

reacting with the water [20, 21]. The NOx, OH radicals, O, O3, hydroxides and H2O2 originated in the 

plasma can produce secondary species such as NO3
-, NO2

-, and H2O2.  

Several studies have been conducted by discharging plasma on water surface to produce plasma activated 

water (PAW) [16, 22]. In most cases, PAW has been used for microbial inactivation [23, 24], food 

preservation [25, 26], enhanced seed germination [22, 25], and biomedical applications [27]. Plasma has 

also been used to enhance the desalination efficiency of the membranes in the membrane distillation 

processes [28-31].  Different plasmas such as dielectric barrier discharge and corona discharge have 

been used to remove pharmaceutical contaminants in water [32, 33]. Apart from the unique chemistry, 

APP also it carries energy to effectively and rapidly evaporate water well below the boiling point [34].  

Herein, with observation of unique direct salt crystal formation inside a saline seawater in a liquid phase 

[Supplementary Video S1], we utilize this phenomenon to desalinate saltwater while imparting 

interesting chemistry and generate plasma activated desalinated water (PADW). To the best of our 

knowledge, this is the first systematic study on using atmospheric pressure plasmas to desalinate natural 

seawater and further utilize the PADW in clean energy generation, sustainable agriculture and recovery 

of valuable advanced functional materials. Moreover, APP is a simple and energy efficient method to 

evaporate water faster compared to conventional thermal heating, and to induce effective crystallization 

at ambient conditions. Salt crystal formation was achieved within only a few seconds of plasma 

discharging on the seawater surface. The evaporated water is both desalinated and plasma activated 

(PADW) upon the plasma discharge while valuable salts crystals are separated. The PADW and the 

recovered salt can be used in electrocatalytic water splitting, enhanced seed growth, and synthesis of 

advanced functional nanomaterials with two-dimensional (2D) structure.  
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Electrocatalytic water splitting to produce hydrogen and oxygen demands, when coupled with electricity 

generated by wind or solar, is an eco-friendly and sustainable approach to address the ever increasing 

energy demands [35-39]. Recently, intense research has focused on new catalysts material for energy 

efficient H2 and O2 production [40, 41]. However, much less attention was given to water-based 

electrolytes. Often mixtures of deionized (DI) water with acidic solutions are used as an electrolyte in 

the H2 and O2 generation processes. In such aspect,   PADW could be used directly for water splitting 

for both the HER and the OER showing its potential for use in the clean energy sector where potable 

water could be a limited resource and the production of hydrogen at a scale, using seawater. Although 

plasmas have previously been used to develop high performance catalysts, such as Ni-Fe foam, carbon 

doped Co3O4, hierarchical NiFeOx/NiFeP and Ni3S2-FeS-CoS nanosheets for electrocatalytic water 

splitting, to best of our knowledge, this is the first systematic work demonstrating the potential of plasma 

activated desalinated water (PADW) in HER and OER processes which offer advantages over 

conventional acidic media [42-47].  

We further investigate the role of PADW in plant growth and seed germination, thus being a potentially 

versatile tool for sustainable agriculture. Previously, enhanced seed germination of mung beans in 

aqueous solutions has been observed when atmospheric pressure, dielectric barrier discharge (DBD) air 

plasmas (N2, He, air and O2) were directly discharged on the seeds for 10 minutes [22]. Moreover, 

plasma activated water (PAW), made using transient electric spark, has also affected wheat germination 

including seed growth, photosynthetic pigments, soluble proteins and antioxiadant enzyme activity [25]. 

The enhanced seed germination in PAW can be attributed to the chemical composition, especially the 

reactive nitrogen and oxygen species (RNOS). In this work, we also demonstrate the enhanced seed 

germination of mung beans in the optimized PADW medium.  

Finally, to complete the sustainable plasma-enabled, potentially zero-waste cycle, we utilized the 

precipitated salt crystals from the plasma desalination process in the synthesis of two dimensional (2D) 

Mg(OH)2 nanoparticles.  
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Figure 1. Sustainable plasma process for plasma assisted seawater desalination and crystallization and 

its application in sustainable energy generation and agriculture: The concept, Key features and the 

applications. Plasma, which can be produced using renewable energy, exposed onto seawater resulting 

in PADW and enable the recovery of crystalline salt. In turn, PADW resulted in highly efficient 

electrocatalytic water splitting and it also enhanced seed germination and the growth. The precipitated 

crystalline salt were also used to prepare high value two dimensional functional nanomaterials. 

 

2. Materials and Methods 

2.1.Materials 

All the chemical reagents were of analytical grade (Sigma-Aldrich) and used as received without further 

purification: Potassium permanganate (KMnO4, 97%), Sulfuric acid (H2SO4, 36~38 %,), Nafion 117 

solution, iso-propanol (99.7%), Ruthenium (IV) oxide (RuO2, 99.9%), and Nitric acid (HNO3, 68-70 %). 

2.2. Atmospheric pressure plasma system  

The atmospheric pressure plasma system consists of a digitized plasma generator (PG-1000 ZE) and an 

air compressor (FP-290). The air compressor is connected to the plasma generator to introduce 
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atmospheric air and all the plasma treatments were done at 3.0 L/min atmospheric air flow.  In a typical 

plasma activated desalination process, the plasma torch of maximum 1 kWh power with average 0.5 

kWh was inserted into a 250 mL three-necked round bottom flask through its centre neck. A thermometer 

and a water-cooled condenser were connected to the other two side-necks of the same flask. The solution, 

which needs to be plasma treated (50 mL) was added into the flask and APP was discharged on the 

solution keeping a fixed distance between the water surface and the tip of the plasma torch. 

2.3. Preparation of PADW from sea water 

The seawater sample used in this work was collected from the Gold Coast, Queensland, Australia (28° 

1’ 0’ South, 153° 24’ 0’ East). A three-necked round bottom flask was added with sea water (50 mL) 

and APP was discharged on the solution while the temperature was being monitored with time. The 

evaporated water was collected as plasma activated desalinated water (PADW) into a flask using a water-

cooled condenser. The salt crystals precipitated up on the plasma discharge were separated into another 

flask. A similar experiment was conducted using thermal energy instead of the plasma to boil and 

evaporate sea water (50 mL). The evaporated water was condensed the same way and collected to 

another flask. The concentrations of anion and cation species were measured in the seawater and PADW 

samples. The pH, conductivity and H2O2 concentration were determined in the initial and collected 

solutions via condensation. The H2O2 concentration was determined titrimetrically using KMnO4.   

2.4. RuO2 ink preparation  

Deionized water (3.98 mL), Nafion (20 µL), iso-propanol (1 mL) were mixed with 5 mg of RuO2 catalyst 

and the mixture was sonicated for 15 min to make the 1 mg of RuO2 in 1 mL of ink solution. Then 10 

µL of that ink was dropped on the glassy carbon disc and air-dried, and this was repeated two more times 

to get 30 µL of the ink drop coated on the electrode.  

2.5. Electrochemical measurements 

PADW brought down to room temperature was used to study its applicability in electrocatalytic water 

splitting for both the HER and OER. All the electrochemical measurements were recorded with a three-
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electrode system at room temperature using a Biologic VMP3B-20 workstation operated by the EC-Lab 

software. The CV measurements were taken in PADW solution to investigate the improvements in the 

OER and HER processes. The pH of the PADW was measured to be 2.1. Distilled water was brought to 

pH=2 with HNO3 was used as the control. Each solution was purged with N2 (g) for 20 min prior to the 

CV measurements. An Ag/AgCl leak-less reference electrode (eDAO Pty Ltd) and Pt wire electrodes 

(Bioanalytical systems, Inc) were used as the reference and counter electrodes respectively. For the HER 

CV experiments, a Pt rotating disc electrode was used as the working electrode (area of 0.07 cm2, 

Bioanalytical Systems, Inc). For the OER CV experiments, a rotating ring disc electrode (RRDE), (Pt 

ring/glassy carbon (GC) disc, GC disc coated with RuO2) was used as the working electrode. The 

geometric area of the RuO2 coated GC disc (0.07 cm2) and Pt ring electrodes (0.1884 cm2) were used to 

calculate the current density and confirm OER was occurring. The potential values of all the 

electrochemical data were converted to the reversible hydrogen electrode (RHE) scale using the 

following formula, RHE = E Ag/AgCl + 0.059 pH + 0.197 V. The current density was normalized to the 

geometric surface area of the electrode. 

2.6. Effects of PADW on seed germination 

A seed germination study was carried out over 16 consecutive days. Uniformly sized Mung beans (20 

in count) purchased from a local supermarket, Brisbane, Australia, were spread on a filter paper in a 

petri dish. Several solutions spiked with varying amounts of PADW were prepared in tap water as given 

in the Table 1 and added to each petri dish. The germination percentage was observed at 3 h intervals 

for 36 h. In order to keep the seeds moistened and to facilitate the germination, each petri dish was added 

with 5 mL of the respective solution at each 5 h interval. The germination percentage and germination 

rate were calculated according to the equations given below. 

Germination percentage = Number of germinated seeds / Number of seeds per petri dish  (1) 

Seed germination rate = ( ∑ 𝑓𝑓𝑓𝑓𝑘𝑘
𝑖𝑖=1 / ∑ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑘𝑘

𝑖𝑖=1 ) 100     (2) 
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where fi is the number of seeds newly germinated at the hour i, 𝑓𝑓𝑓𝑓 is the number of hours from 100% 

germination, and k is the last hour of 100% germination. The seeds were considered as germinated when 

a radicle with minimum length of 1 mm emerged from the seed. 

Table 1. Amount of DPAW and tap water added to each Petri dish with mung bean seeds  

Petri dish Control E1 E2 E3 E4 E5 

Solution 
composition 

Amount of DPAW (mL) 0 2.5 5 10 20 50 

Amount of tap water (mL) 50 47.5 45 40 30 0 

pH 7.2 3.5 3.2 2.9 2.6 2.2 

 

2.7. Synthesis of 2D Mg(OH)2 nanoparticles 

Salt (100 g) separated from seawater via discharging atmospheric pressure plasma was crushed using a 

mortar and pestle to make a fine powder. The resulted powder was mixed with 20 mL of ethanol and 

placed in a furnace and annealed at 400 °C for 1 h at a rate of 2 °C min-1 under Ar atmosphere in order 

to synthesis 2D Mg(OH)2 nanostructures. The final product was washed with distilled water to remove 

unreacted salt and the mixture was centrifuged several times to separate the nanoparticles.  

Characterization techniques 

The conductivity of the solutions was measured using FiveGoTM conductivity meter. The concentration 

of anion and cation in the seawater and PADW was measured using DIONEX D22100 RFCI ion 

chromatograph (IC) and inductively coupled plasma emission spectroscopy (ICP-OES), respectively. 

The morphologies of the salt crystals and synthesized nanomaterials were observed using a scanning 

electron microscope (SEM, Tescan MIRA 3) coupled with energy dispersive X-ray spectrometer (EDX) 

analyses. The chemical composition of the crystals and the synthesized nanomaterial was examined on 

an X-ray photoelectron spectroscope (XPS) (Kratos AXIS Supra photoelectron spectrometer). X-ray 

diffraction (XRD) spectra were recorded using Bruker D8 with CuKɑ line (ɑ = 1.5418 Å).  

3. Results and discussion 

3.1. Physicochemical properties of PADW 
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Figure 2. Exposure of seawater to atmospheric pressure plasma (APP) produces crystalline salt and 

plasma activated desalinated water (PADW). (a) APP torch; (b) salt crystals; (c) PADW; Variation of 

(d) pH and (e) conductivity of initial, desalinated water (DW) and double desalinated water (DDW) 

produced from seawater using plasma and thermal energy. (f) Different ion concentrations of initial 

seawater, DW and DDW produced using APP as the energy source (g) The H2O2 concentration of 

seawater, DW and DW after 10 days produced using APP and thermal energy. 

 

Plasma activated desalinated water (PADW) was collected by condensing the vapour evolving from 

seawater exposed to the atmospheric pressure plasma and the precipitating salt crystals were collected 

from the flask at the end of the plasma discharge process (Figure 2). This PADW had retained unique 

chemical properties as a result of plasma-seawater interactions. Figures 2a-c, depict the APP torch, 

crystalline salt yielded and the PADW, respectively. When the APP was discharged on the seawater, the 

temperature of the solution increased to 75 °C rapidly within ~10 min (Figure S1) and the water 

evaporation occurred due to the heat released during the plasma interaction with seawater. This complex 

and dynamic plasma interaction resulted in salt crystal formation within the seawater [Supplementary 

Video S1] and enhanced precipitation of salt crystals during the evaporation process. Moreover, we 

observed effective evaporation of seawater at a relatively lower temperatures compared to the distilled 

water produced from the conventional thermal heating process where it usually requires bringing the 

water to the boiling temperature. This effect could arise from the unique features of the atmospheric 
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pressure plasma process. The desalination and crystal formation efficiency can be controlled by varying 

the distance from the plasma nozzle to the solution surface and this is a subject of our ongoing work on 

determining the doses of plasma exposure in various plasma activated media.    

Through the plasma interaction with seawater, we aimed to desalinate seawater and generate plasma 

activated desalinated water with reactive radicals. Hence, the effectiveness of the desalination process 

and the effect of plasma in seawater were evaluated by measuring the change in conductivity, pH, H2O2 

concentration and ion concentration of initial untreated seawater (initial), desalinated seawater (DW) 

and the double desalinated water (DDW). The DDW represents a collected PADW treated with the same 

plasma again. The values were further compared to a distilled water solution collected using a 

conventional heating process. DW and DDW showed lower conductivity (5.68, 4.40 mS/cm in DW and 

DDW of plasma) compared to the original salt solution (42.30 mS/cm) (Figure 2e). This clearly 

demonstrates the lower salt concentration in the condensates in the DW and DDW, indicating an 

effective desalination has taken place.  

Interestingly, the water desalinated using plasma showed higher conductivity (5.68 mS/cm) compared 

to water desalinated using thermal energy (0.05 mS/cm) (Figure 2e). This could be attributed to the 

formation of various active species from reactions between plasma and H2O molecules at gas-liquid 

interface and also during the plasma evaporation, solvated ions form a complex structure with water 

vapour and being transported together to the vapour phase [16, 18].  In this work cold atmospheric 

pressure plasma (CAPP) is used to evaporate the saline solutions. In CAPP the typical temperature of 

the electrons (Te ~ 10,000-40,000 K) is much higher than the temperature of other heavier species (Th ~ 

300-1000 K) [54]. When the plasma interacts with the water surface, non-equilibrium evaporation 

happens, by increasing the temperature to only ~75 °C [34]. The high energy ions from the plasma, 

interact with the surface of the saline solution and these ions can help break the bonds in the solvated 

ions species and water molecules from the liquid surface, reducing the energy barrier for the evaporation 

leading to a phase change to the gaseous vapour form [34]. This gaseous vapour is then condensed and 

collected as plasma activated desalinated water (PADW). When only thermal energy is used to evaporate 
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the solution, the water usually requires higher temperature (100 °C) for the boiling to occur under 

predominantly equilibrium conditions. It is likely that the higher conductivity of PADW is a result of 

plasma-assisted generation of ions derived from water (e.g., protons, hydroxide, peroxide, etc.) and 

possibly less effective removal of ions derived from inorganic salt.  

It was observed that the pH of the plasma treated solutions (DW, DDW) went down from 7.60 to 2.12, 

respectively, as shown in Figure 1d. This is attributed to the formation of nitrate and nitric acids formed 

in the solution via the reaction between H2O with NOx species generated in the plasma [16] along with 

a potential hydrogen peroxide generation from the water interaction with reactive oxygen species from 

the plasmas. The conductivity and pH variation were further evaluated by analysing the cation and anion 

concentrations of the initial seawater, DW and DDW, produced using APP as the energy source (Figure 

2f). Analysis revealed a significant reduction in ion concentrations in the DW and DDW, which is the 

reason for lower conductivity. It is noteworthy that DW and DDW still contained a small amount of salt 

ions due to the non-equilibrium evaporation. In addition to that, NO3
- ions were observed in the DW 

(1194.59 mg L-1) and DDW (1366.59 mg L-1) solutions which were not present in the initial sea water.  

It is well known that the nitrites and nitrates are formed in air plasma treated solutions through the 

dissolution of nitrogen oxides formed in the air plasma by gas-phase reactions of N2 and O2 (Eq 1-7), 

along with the formation of NO2
- and NO3

- in the plasma treated water (Eq 8-11) [16, 20, 21, 55]. The 

dissolution of NOx in water produces H+ ions (protons) thereby increasing the acidity (Eq 8-11). When 

oxidizing agents like H2O2 and O3 present in the solution NO2
- easily converts to NO3

- which is the most 

stable form of NOx. Hence, NO2
- ions are not detected owing to their low stability [15, 56].  

N2 + e- → ·N + ·N + e- (1) 

e- + O2 → ·O + ·O + e- (2) 

N + O → NO (3) 

NO + O → NO2 (4) 

NO + O3 → NO2 + O2 (5) 

2NO2 ↔ N2O4 (6) 
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NO + NO2 ↔ N2O3 (7) 

NO2 (aq) + NO2 (aq) + H2O (l) → NO2
- (aq) + NO3

- (aq)+ 2H+ 
(aq) (8) 

NO (aq) + NO2 (aq) + H2O (l) → 2NO2
- (aq) + 2H+ (aq) (9) 

NO2
- + O3 → NO3

- + O2 (10) 

NO2
- + H2O2 + H+ → NO3

- + H2O + H+ (11) 

Figure 1f gives the H2O2 concentration in natural seawater, DW and DW sample kept for 10 days after 

the plasma treatment. H2O2 was not observed in the initial natural seawater sample. When APP is 

discharged on natural seawater sample, hydrogen peroxide is generated (2.85 mmol dm-3). The precursor 

for the formation of H2O2 is hydroxyl radicals (·OH) [25]. H2O2 can be formed in the plasma and liquid 

phases. In the plasma phase, H2O2 can be generated either from recombination of two hydroxyl radicals 

or from the reaction between excited water molecule and hydroxyl radical (Eq 12,13) [21] 

·OH   + ·OH → H2O2 (12) 

·OH + H2O* → H2O2 + ·H (13) 

The H2O2 species in the plasma treated water may be generated due to ·OH radicals formed in water. 

Plasma initiated UV propagates into the water, excites and dissociates water molecules into ·OH species 

(Eq 14-16) [57]. However, after 10 days of the preparation of DW using plasmas, the H2O2 concentration 

is substantially reduced in the solution.  

UV + H2O → H2O* (14) 

UV + H2O* → ·OH + ·H (15) 

·OH + ·OH → H2O2 (16) 

 

3.2. PADW in water splitting  
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After collecting the desalinated water from the atmospheric pressure plasma treatment with natural 

seawater, collected water was then used as an electrolyte for electrocatalytic water splitting process. The 

results show that the plasma activated desalinated water (PADW) is more effective in electrocatalytic 

water splitting compared to the control electrolyte produced by the solution of distilled water 

incorporated with HNO3 which brought down the solution pH into 2. The cyclic voltammetric analyses 

revealed that the PADW which has a pH of approximately 2 could potentially be used as the electrolyte 

for the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) where enhanced 

hydrogen evolution at a Pt electrode was found when compared to a control solution of distilled water 

brought to a pH = 2 using HNO3. Figure 3a shows the cyclic voltammogram (CV) of HER in PADW, 

control solution and distilled water (D.water in Figure 3). The current density recorded in the PADW is 

-50.85 mA/cm2 at -0.40 V vs. RHE, which is significantly higher than the control solution at -27.08 

mA/cm2 (Figure 3e) It should be noted that the onset potential for the reduction process in PADW is 

0.20 V which can be attributed to a contribution from nitrate reduction which is produced during the 

plasma activation process.   

The OER activity of RuO2 in PADW was analysed using rotating ring disc electrode setup in order to 

confirm that oxygen is being evolved at the electrode rather than chlorine due to the presence of residual 

chloride ions in the electrolyte. In this setup when RuO2 on the disc catalyses the OER, the Pt ring 

electrode will detect any oxygen being liberated from the RuO2 and not detect liberated chlorine. 

Therefore, the detection of current at the disk can be correlated with activity at the ring electrode, thereby 

confirming that the current is due to the OER. In PADW a higher current density (10.71 mA/cm2) and 

lower overpotential (0.26 V vs. RHE) compared to the control solution of distilled water brought to pH 

2 using HNO3 was measured. (Current density: 7.42 mA/cm2 overpotential: 0.35 V vs. RHE). The ring 

current recorded during the experiment shows that oxygen is evolved at RuO2 at a lower potential than 

in the control solution and occurs at a potential slightly lower than the large increase in current at the 

disk. Most of the broad anodic feature seen from 1.2 to 1.55 V is not associated with the OER and could 

be related to the oxidation of other components in the PADW.  



16 
 

The result shows that even though pH of the control solution resemble the PADW, PADW still exhibited 

higher electrocatalytic activity with lower over potential in electrocatalytic water splitting (HER and 

OER reactions), confirming that the low pH is not the only factor responsible for the enhanced water 

splitting activity. The enhanced electrocatalytic activity may arise from the presence of different HER 

and OER activity facilitating ions such as SO4
-2, OH- and hydrogen peroxide groups would enhance the 

electrolyte conductivity compared to the control electrolyte. These factors may be the reason for the 

observed differences in HER or OER activities at similar pH values. Therefore, reactive species 

generated by the APP processing of seawater and its desalinated water could be a promising electrolyte 

for the future electrocatalytic water splitting devices [42, 43].  

 

 

Figure 3. PADW facilitates the efficient water splitting compared to the control solutions in both 

hydrogen evolution (HER) and oxygen evolution reactions (OER). (a) cyclic voltammograms recorded 

at the Pt rotating electrode for PADW, control electrolyte and distilled water (D.water) samples at a scan 

rate of 30 mV s-1; (b) The three-electrode system; (c) cyclic voltammograms recorded at the rotating ring 

disc electrode (Pt/ RuO2 drop coated glassy carbon (GC) ) for PADW and control solution at a scan rate 

of 30 mV s-1, current density of RuO2 drop coated GC part recorded as I1, and Pt ring part recorded as 

I2; (d) overpotential values of PADW and control solution for HER; (e) overpotential values of PADW 

and control solution for OER, and (f) magnified portion of the cyclic voltammograms given in panel (c) 

of PADW I2 and control I2 comes from Pt ring electrode.   
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3.3.Effect of PADW on seed germination  

To demonstrate the effectiveness of PADW in facilitating the seed germination process, PADW water 

was added to the normal tap water with different percentages and normal tap water was used as a control 

to see the effect of PADW on the seed germination. The result shows that mungbeans which were 

cultivated inside the PADW-spiked water exhibited enhanced seed germination rate and seed 

germination percentage compared to normal tap water control sample. Figure 3 a-c shows the Mung 

seedlings in Petri dish E1 (2.5 mL of PADW-spiked water), magnified image of the seedling and the 

mature Mung plants. Figure 3d represents the germination percentage of Mung beans with varying 

amounts of PADW. According to Figure 3d, samples with 2.5 mL (E1) and 5 mL (E2) of PADW showed 

100 % seed germination after 18 h of incubation with the highest seed germination rate recorded in the 

sample spiked with 2.5 mL of PADW.  

 

The reactive oxygen and nitrogen species (RONS) present in the PADW could potentially aid the 

germination of Mung beans. Previous research has shown that the presence of NO3
- ions in the PADW 

provides the essential nitrogen nutrient for the efficient seed germination [22]. In addition, H2O2 present 

in PADW can also enhance the seed germination. Accumulation of H2O2 in seeds and its positive effect 

on the germination at the early stages of incubation have been reported in several studies [25]. 

Appropriate concentration of H2O2 may stimulate respiration and metabolic activities by the production 

of O2 during catalase scavenging of H2O2. Further effects include etching of the seed coating, facilitating 

water diffusion into the seed, and oxidation of germination inhibitors [25].  

 

However, 50 mL of PADW without any tap water shows the lowest germination rate indicating the low 

pH and presence of high concentration of radicals inside the PADW is not favourable for the seed 

germination. In addition, higher amount of NO3
- in the solution could disrupt nitrogen metabolism in 

Mung bean sprouts, inhibiting mung bean nodule formation and nitrogen fixation [22]. Another reason 

for the reduced germination rate of canopy photosynthesis under high nitrogen arise from the overdose 
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of nitrogen producing toxic organic nitride, the presence of which damages plant growth [23, 55, 58]. 

Currently, the nitrate deficiency of plants is a serious issue as it reduces the crop yield, moreover, the 

fertilizers containing nitrates can act as a pollutant in the soil [59]. The simple plasma activated water 

can therefore be a promising solution to address such issue, as it can easily be mixed with normal tap 

water with appropriate dose and applied in the crop field without generating further pollutants in the 

soil, providing a green alternative solution.  

 

 

Figure 4. PADW-added water facilitates enhanced seed germination at the optimal concentration. (a) 

mung bean seedlings in PADW-added water; (b) magnified images of seedlings; (c) mature mung 

plants; (d) germination percentage of mung beans; and (e) germination rate of mung beans with 

varying concentrations of PADW.  

3.4. 2D Mg(OH)2 nanosheets 

After the collection of the precipitated salts from the plasma desalination process, salt crystals were 

recovered to produce 2D nanomaterials such as Mg(OH)2 nanosheets. Seawater contains high level of 

Magnesium which is about 1114 mg L-1 (Figure 2f). Mg(OH)2 2D nanoparticles were synthesized using 

the salt precipitated during the plasma discharge process followed by a salt assisted thermal annealing 

process. Figure 5a is an SEM image of precipitated salt crystals and Figure 5b is a magnified SEM image 
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of salt crystals with a cubic shape. XPS spectra of the sea water crystals indicate the Na 1S peak at 1071 

eV binding energy and  the Cl peak fit with two sets of spin of Cl 2p 3/2 and Cl 2p 1/2 which confirms  the 

presence of NaCl [60]. XRD analysis was carried out to examine the crystallinity and crystal phase of 

salt crystals and synthesized product. According to the XRD analysis, in addition to NaCl, the crystals 

show the presence of corundum and magnesian calcite (Figure S2).  

Figure 5c is an SEM image of synthesized Mg(OH)2 nanoparticles and Figure 5f is a high resolution 

image of Mg(OH)2  nanosheets. The thickness of the nanosheets are in the range of ~50 ± 10 nm having 

sharp edges and several micrometres in length with a clean and smooth surface. The XPS spectra of the 

synthesized Mg(OH)2 are shown in Figure 5f. The XPS spectra clearly indicate the principal Mg KLL 

Auger peak at binding energy of 300-306 eV [48, 49]. The XRD spectrum analysis shows that the 

synthesized Mg(OH)2 nanosheets  exhibit a hexagonal brucite lattice structure and the sharp and strong 

intensity of the peaks confirms the produced Mg(OH)2 nanosheets  are in crystalline nature (Figure S3) 

[53, 61]. Furthermore, the produced Mg(OH)2 nanosheets were analysed by the EDX analysis where 

clear peaks of Mg and oxygen were detected further reinforcing the presence of Mg(OH)2 nanosheets 

(Figure S4).  

We emphasize that Mg(OH)2  has unique properties which can be used in broad range of applications 

such as an antibacterial agent, a neutraliser of acidic water pollutants, fertilizer additive, paper 

preservative agent, and most importantly as a fire retardant material to incorporate in polymers to reduce 

the flammability [48-50]. Moreover, many researches have shown that nanostructured Mg(OH)2, such 

as 2D flower like Mg(OH)2 acted as an excellent flame retardant [51-53].   
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Figure 5. Precipitated NaCl crystals upon plasma discharge on seawater can be used to synthesize two-

dimensional (2D) Mg(OH)2 nanosheets. (a) SEM image of precipitated salt; (b) magnified SEM image 

of precipitated salt; (c) SEM image of synthesized Mg(OH)2 2D nanosheets; (d) magnified SEM image 

of Mg(OH)2 2D nanosheets; (e) XPS spectra of precipitated salt; (f) XPS spectra of synthesized 

Mg(OH)2 nanosheets.   

 

4. Conclusion 

Energy efficient desalination and useful salt recovery, energy efficient clean energy generation and 

sustainable agriculture all represent important topics of research in sustainable energy, materials, and 

technology fields. In this work, we utilize energy efficient, versatile and cold atmospheric pressure 

plasma as an effective tool in desalinating the seawater and crystallizing the seawater salts. The PADW 

exhibited pH value of ~2.0 and conductivity value 5.68 mS/cm.  Then the separated plasma activated 

desalinated water (PADW) was collected and used as an electrolyte for HER and OER reactions for 

electrocatalytic water splitting. The PADW electrolyte enhanced catalytic activities (generation of H2 

and O2 at lower overpotential with higher activities) compared to traditional acidic medium (with the 

same pH) used in HER and OER process. Moreover, PADW was mixed with normal tap water to form 
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an effective medium for enhanced and rapid seed germination of mung beans compared to the control 

normal tap water samples. Our results demonstrate that controlled dosage of PADW would be 

particularly useful in cultivating different type of crops with high yield in near future. Furthermore, the 

recovered seawater salts were further utilized to synthesize high value 2D nanomaterials such as 

Mg(OH)2 nanosheets. This sustainable use of all major seawater components in this work demonstrate 

that atmospheric pressure plasma is an effective and versatile tool which could bring significant impact 

in energy efficient desalination, clean energy generation, sustainable agriculture, and manufacturing of 

advanced functional nanomaterials from recovered inorganic salts.    
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