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Abstract. Ammonia synthesis at ambient conditions employing intermittent distributed green 

sources of energy and feedstocks is globally sought to replace the centralized Haber-Bosch (H-

B) process operating at high temperature and pressure. We report herein for the first time an 

effective and sustainable ammonia synthesis pathway from N2 wet with seawater vapor over 

spherical SiO2 and M/SiO2 (M: Ag, Cu, and Co) catalysts driven by non-thermal plasma (NTP). 

Experimental results indicate that the presence of a catalyst is required for ammonia production 

from seawater vapor and N2. The Co/SiO2 catalyst delivered the highest ammonia synthesis 

rate (rNH3
) of 3.7 mmol.gcat

-1.h-1
 and energy yield of 3.2 gNH3

. kW−1. h−1 at a relatively low 

input power of 2 W. The extraction of H atoms from H2O molecules plays an important role in 

the ammonia synthesis from seawater vapor. This work unfolds a novel platform for the 

subsequent optimization of sustainable ammonia production from endless resources such as 

seawater and N2 through catalytic non-thermal plasma potentially powered by renewable 

sources. 
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1. Introduction 

Ammonia plays a crucial role in the agricultural industry as a primary element for fertilizer 

production and it is also a foundational feedstock for pharmaceuticals, dyes, and chemical 

synthesis [1]. Ammonia has also emerged as an energy carrier and transportation fuel. 

Ammonia consists of 17.6 wt % of hydrogen, and thereby, it can be used as an indirect 

hydrogen storage compound [2]. Moreover, ammonia’s energy density is approximately 4.32 

kWh.L-1, showing a capacity equivalently to methanol and almost double than that of liquid 

hydrogen [3]. Recently, automobiles operating on pure ammonia and gasoline-ammonia fuel 

modifications are being hypothesized and near to be prototyped [4, 5]. An important advantage 

of using pure ammonia is the resulting diminished reliance on fossil fuels by changing to a 

“sustainable fuel source” that can be manufactured synthetically [6]. Soon synthetic low-

carbon fuels will be needed as a response to the current environmental emergency, and 

ammonia is among such synthetic fuels.  

 Currently, the most commonly-used technology for ammonia production is the Haber-

Bosch (H-B) process, which requires high energy input and emits greenhouse gas largely to 

achieve its harsh operating conditions i.e., high reaction temperature (400 – 500 o C) and high 

pressure (150 – 300 atm) [7-9]. Such large intrinsic carbon footprint technology for ammonia 

synthesis secures a long-standing need for the development of alternative processes that operate 

under milder conditions such as low temperature, atmospheric pressure, and even more 

preferably, with zero carbon emissions. A possible solution to fulfill this goal is the use of 

regionalized synthesis processes powered by renewable energy resources, which can even 

exploit benefits from local resources, particularly in remote areas. Another challenge of the 

current ammonia synthesis is the use of “expensive” feed i.e., hydrogen. While hydrogen is 

considered a “green fuel” to replace fossil fuels, the use of such a valuable chemical as a 

feedstock for ammonia production is uneconomical. More importantly, the energy cost of 

hydrogen production originates from the energy-intensive methane reforming process operated 
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at  high temperature i.e., 800-1000 o C [10]. The produced hydrogen also needs to be stored 

and transported, posing safety concerns, and high downstream costs [11]. Therefore, alternative 

sustainable pathways for ammonia production will draw important attention from researchers 

and industries. The use of H2O as a hydrogen source in the synthesis of ammonia is one of the 

most promising approaches when employing non-thermal plasma (NTP) in a sustainable and 

economical way. Nonetheless, most of the studies on the production of ammonia from N2 and 

H2O have been focused on photochemical, electrochemical routes, or hybrid plasma-activated 

electrolysis [12-17]. These processes are reported to operate under mild conditions. Despite the 

N2 reduction determining the final ammonia synthesis yield there is an important competition 

with the hydrogen evolution reactions from such electrochemical-based processes, which are 

challenging to control [18, 19]. In addition, the electron energy transferred to N2 molecules in 

these two processes is insufficient to dissociate its high bonding energy (NN, 9.8 eV), and 

thereby, the resultant ammonia production rate is relatively low [20, 21]. Electrochemical 

process for hydrogen production from water splitting is currently far from industrial application 

because of technical problems associated with electrode stability and electrolyser design/scale-

up [18]. Hybrid plasma-electrochemical systems reducing N2 with water show high potential 

for scale-up with high ammonia yield [22]. Nevertheless, such systems are complicated and 

require high capital investment to obtain a desirable high ammonia synthesis yield. In 

comparison to the mentioned processes, non-thermal plasma with highly energetic electrons, 

and in the presence of a catalyst i.e., plasma catalytic system can result in the activation of the 

highly stable N2 molecules into more reactive, vibrationally or electronically excited states, 

enabling thermodynamically unfavourable reactions to occur at ambient conditions on selected 

catalytic surfaces [23, 24]. Moreover, dielectric barrier discharge (DBD) plasma reactors can 

be straightforward turned on/off suitable for storing intermittent energy [25]. This added to 

their conceptualization as modular small-scale systems for ammonia synthesis results in simple 

lightweight units compared to high pressure thermal reactors, which comprise added complex 
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insulation/cooling systems [26]. Indeed, our group has studied ammonia synthesis over NTP 

catalytic processes over the past years [27-32]. The achieved fundamental understanding on 

the effects of different catalysts, plasma-catalyst synergisms, and energy efficiency on 

ammonia synthesis allow us to primarily estimate the great potential of ammonia synthesis 

from N2 and “green” H2 sources, which is an important step to achieve zero-carbon ammonia 

synthesis. Zhang and co-workers have pioneer the substitution of H2 by water [33, 34] for 

plasma-assisted ammonia synthesis over a notable supported Ru catalyst and obtain an 

ammonia synthesis rate of around 2.7 mmol.gcat
-1.h-1. However, much needs to be done in this 

respect, especially when exploring less costing materials that can show enhanced behaviour in 

plasma environments. The potential implementation of non-thermal plasma technology will 

not be feasible until there is a competitive plasma catalytic system in terms of material selection 

and reactor design. New approaches are needed for intelligent design of catalytic materials and 

the chosen materials must pair well with efficient plasma reactors. As a choice of catalytic 

materials, solid oxides are robust, efficient and low-cost materials for catalytic applications. 

Besides their low cost, they offer textural, compositional, and morphological properties that 

can be tailored for diverse targeted catalytic reactions [35]. Specially, silica is an appealing 

material for plasma catalytic ammonia synthesis due to: (i) its low electrical resistivity that can 

lead to more stable and uniform plasma discharges; [36] (ii) readiness to dissolve 

hydrogen;[37] (iii) weak bonding with nitrogen;[38] (iv) high thermal and chemical stability 

in the presence of water, which is the source of hydrogen in this work. Our catalyst selection 

is supported by our group’s previous experience on the rational design of catalysts for ammonia 

synthesis [27, 30, 39]. Moreover, it has been indicated that silica-based catalysts promote the 

decomposition of N2O [40, 41], which is an unwanted by-product during ammonia production 

from water and N2 [33]. 

 Given its wide availability, seawater is the most suitable and sustainable replacement for 

hydrogen in ammonia synthesis powered by NTP. The previously described challenges and 
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opportunities have motivated us to substitute of H2 by seawater during the synthesis of 

ammonia powered by a dielectric-barrier discharge (DBD) non-thermal plasma. To benchmark 

and compare the ammonia synthesis rate obtained from N2 wet with seawater vapor a feed 

mixture of H2 and N2 was also employed for NTP-assisted ammonia synthesis.  We have found 

the excellent ammonia synthesis rate of 3.7 mmol.gcat
-1.h-1

 and the energy yield of 3.2 

gNH3
. kW−1. h−1 at a low plasma input power of 2 W over the Co/SiO2 catalyst. Plausible 

insights of ammonia formation pathways from N2 and seawater vapor are elucidated. This work 

demonstrates the initial steps towards a straightforward single-step process to dissociate both 

water vapor and N2 molecules driven by atmospheric catalytic NTP to produce ammonia 

sustainably and economically.  

2. Experimental section 

2.1. Chemicals and materials. Polyethylene-block-poly(ethylene glycol) (Sigma Aldrich, 

average Mn ~920), deionized water, tetraethyl orthosilicate (TEOS, Sigma Aldrich, 99.9%), 

toluene (Sigma Aldrich, 99.5%), silver nitrate (Sigma Aldrich, 99.5%), cobalt nitrate (Sigma 

Aldrich, 99.5%), copper nitrate (Sigma Aldrich, 99.5%), ammonium hydroxide solution 

(NH4OH, 32 %, Sigma Aldrich), polystyrene microspheres (PS, Sigma Aldrich), and ethanol 

(70%, Sigma Aldrich). Seawater was collected from Rockport, Massachusetts, USA and used 

directly without further processing (Fig. S1).   

2.2. Catalyst preparation.  

2.2.1. Synthesis of silica spheres. A first solution was prepared by mixing 100 g of ethanol, 

40 mL of NH4OH and 6 g of Polyethylene-block-poly (ethylene glycol). A second solution 

consisting of 40 g toluene, 4 g PS beads, and 20 g deionized water was prepared. These two 

solutions were stirred separately for 30 mins before mixing them and stirring for 2 hrs. Then, 

26 g of TEOS was added to the solution and kept stirring for 10 hours at 90 oC and 360 rpm. 

The obtained white gel was calcined at 650 oC for 4 h with a heating rate of 1 oC ∙ min-1 in air.  
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2.2.2. Synthesis of silica supported metal catalysts. The M/SiO2 (M: Ag, Cu, and Co) 

catalysts were prepared by incipient wetness impregnation method using metallic nitrates as 

precursors. The samples were calcined at 500 °С for 4 hrs with a heating rate of 1 oC.min-1. 

The nominal metal fraction was calculated by the ratio of metal mass (g) from its respective 

salt per the SiO2 mass. This step aims to secure the metal content of 3 wt.% in the prepared 

catalysts.   

2.3. Catalyst characterization. Powder X-ray diffraction (XRD) patterns were collected 

on a 3rd generation Empyrean, Malvern Panalytical (Cobalt Source), operated at 45 mA and 40 

kV. The diffraction peaks were collected over a range of 2θ of 10-70° with a scanning step size 

of 0.01° and a time of 2 s. Raman Spectroscopy was employed for detailed molecular 

interaction information. The experiments were conducted under room temperature in a Micro-

Raman Spectrometer and Raman microscope (Foster and Freeman) at 638 nm with accessible 

laser output power between 4.5-5 mW (maximum power output of 9 mW). All catalysts were 

tested at multiple points over microscopic slides in pentaplicates and further averaged. For the 

presented data, the instrument was calibrated before each sample was loaded, the catalyst was 

carefully spread on a polystyrene microscopic slide (25*75 mm). The average scanning time 

(15-18 seconds/scan) was automated via FORAMX3 software. Counts were increased to 10 

for refining the Raman shifts (cm-1). Raman bands are often influenced by strain, particle 

distribution, vibration bands of amorphous silica and presence of surface species. For the 

presented data, the wavelength of 638 nm was selected for sharp visualization of peaks and 

lower signal-to-noise ratio at higher wavenumber (cm-1). The morphologies of the catalysts 

were characterized by using scanning electron microscopy (SEM) JEOL JSM-7401F, with an 

acceleration voltage of 5 kV. The metallic concentration was verified by using ICP-OES 

equipment (NexION™ 350D-Optima 8300, PerkinElmer). Whereby, 1 mg of each catalyst 

sample was digested in a 5 % HNO3 solution prior to analysis. The measurement was 

performed at room temperature and in triplicates. 
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2.4. Plasma-driven ammonia synthesis reaction. The experimental setup for ammonia 

synthesis reaction is shown in Fig. S2. Different input N2 flowrates were employed i.e., 3.1, 

6.2, 12.5, and 25.0 sccm when using water vapor as hydrogen source. Similar input N2 flowrate 

range was employed in ammonia production from N2/H2 mixtures with the input H2 flowrate 

fixed at 12.5 sccm. Seawater was contained in a 500 mL DURAN© washing flask container. 

The relative humidity (RH%) of inlet N2 gas was 100 % at 20 oC and atmospheric pressure.[33] 

The effluent headline of the input N2 gas pipeline was dipped to the bottom of the seawater 

container to secure maximum contact with the seawater. This step was performed at room 

temperature. The humid gas was passed through a packed-bed DBD reactor made of quartz 

tube (I.D. of 4 mm and O.D. of 6.40 mm) with coaxial tungsten rod electrode (2.4 mm diameter) 

and copper mesh grounding. The inner electrode was made of tungsten, and it was placed at 

the center of the quartz tube. For each experiment, 100 mg of catalyst in fine powder form was 

packed in the center of the quartz tube reactor. Quartz frits were placed at the input and output 

of the reactor to prevent any possible catalyst displacement under the gas flow. To ensure that 

all ammonia was captured, the gas was bubbled in deionized water. The reactor exhaust was 

connected directly to an Agilent 8860A GC operating with a HP-PLOT U column (30 m × 0.32 

mm × 10 μm) with hydrogen gas as a carrier. The light emitted from the discharge was led 

through an optical system. The measurements were recorded using a dual channel 

UV−vis−NIR spectrophotometer (Avantes Inc., USB2000 Series) in a scope mode. The 

spectral range was from 200 to 1100 nm, using a line grating of 600 lines/mm and a resolution 

of 0.4 nm. A bifurcated fiber optic cable of 400 μm was employed. Acceptance angle and 

location: emission spectra of the glow region were measured at the center of the tube since the 

catalyst was packed in the center of the tube. The fiber optical cable was positioned at the center 

of the reactor, and the distance between the reactor and fiber optical cable was 7 cm, consistent 

throughout the collection. The UV−vis−NIR spectrophotometer focuses the exit light under 

90°. Standard optical fibers have a numerical aperture of 0.22 and an acceptance angle of 25°. 
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3. Results and discussion 

3.1. Catalytic characterization. Figure 1 presents the characterization results for the silica 

catalyst sample employed in this work. The scanning electron microscopy (SEM) image of the 

SiO2 (Fig. 1(a)) and the Co/SiO2 (Fig. 1(b)) indicates the presence of spherical particles 

surrounded by shapeless agglomerations. It is indicated that the spherical morphology is the 

most stable shape achieved in nature [42]. Being used as catalysts for chemical reactions, 

spherical structures provide high mechanical strength, short pathways for diffusion of species, 

dispersion enhancement due to the stabilization of electrostatic charges, and high surface area 

to volume ratio [43-45]. The presence of such spherical particles in the catalysts is expected to 

promote the ammonia synthesis yield. The impregnation of metals i.e., Co on the SiO2 did not 

alter the morphology of the silica significantly (Fig. 1(b)). The X-ray diffraction (XRD) reveals 

only a broad peak at 2 of 26.08 o (JCPDS 05–0492), implying the amorphous structure of the 

silica (Fig. 1(c)). The SiO2-related diffraction peak area was smaller in the impregnated 

catalysts. This is due to the competition with the sharp diffraction peaks of metals (Ag, Co, and 

Cu) in the approximate regions. Moreover, the diffraction peaks of Ag (JCPDS #04-0783), 

Co3O4 (JCPDS #42-1467), and CuO (JCPDS #80-1916) were well-detected from the Ag/SiO2, 

Co/SiO2, and Cu/SiO2 catalysts, respectively. The ICP-OES of the Co/SiO2, Ag/SiO2, and 

Cu/SiO2 catalysts verified the respective metallic content was 3.02, 3.10, and 3.04%, 

respectively.  The Raman spectrum was collected from 1000 – 3500 cm-1 wavelengths for all 

catalyst samples (Fig. 1(d)). The peak at 1000 to 1300 cm-1  are associated with Si while the 

peaks at 1500 – 1600 cm-1 are assigned to the photoluminescence of interstitial oxygen from 

atmospheric air in the interparticle space, respectively.[46-48] Such interstitial oxygen lead to 

the formation of a Frenkel defect pair (Si–Si bond and interstitial oxygen atom, O) by dense 

electronic excitation. There are unknown peaks appearing between 2500 and 3000 cm-1. These 

bands appear with the laser excitation (𝜆exc) at 514.5 nm possibly due to either linearly 

coordinated resonance phenomena [49] or the presence of small amounts of carbon, derived 



 9 

from organic surfactants employed during catalyst preparation, attributed to incomplete 

removal after calcination in air.  

 

Fig. 1. (a) SEM image of the SiO2 and (b) Co/SiO2; (c) XRD patterns and (d) Raman spectrum 

of all prepared catalysts. 

3.2. Catalytic activity. We studied the catalytic performance by screening the ammonia 

synthesis rate (𝑟𝑁𝐻3
) over plasma-driven ammonia synthesis from N2/sea water vapor with 

various N2 flowrates i.e., 3.1, 6.2, 12.5, and 25.0 sccm and plasma powers (2, 3, 5, and 6 W) in 

the absence of catalyst and ammonia was not detected. In contrast, an ammonia synthesis rate  

(𝑟𝑁𝐻3
) of 0.8 mmol.gcat

-1.h-1
 was obtained from a N2/H2 mixture at similar testing conditions 

(N2 flowrate was 12.5 sccm and H2 flowrate was fixed at 12.5 sccm, plasma power of 2 W), 

which is consistent with our previous studies [25, 30]. This result provides evidence that a 

catalyst is required for ammonia production from N2 and sea water vapor. The observed 
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ammonia synthesis rate (𝑟𝑁𝐻3
) produced from N2/sea water vapor mixture at different flowrates 

and plasma powers over the silica sphere catalyst is shown in Fig. 2(a). The ammonia synthesis 

rate obtained from the N2/H2 system (H2 flowrate fixed at 12.5 sccm, is shown in (Fig. 2(b)) 

over the silica catalyst was also performed to benchmark and compare the catalytic activity. 

We observed that ammonia could be produced effectively from sea water vapor and N2 over 

the SiO2 catalyst at the relatively low N2 feed flowrate of 3.1 sccm, as shown in Fig. 2(a). At 

this N2 flowrate and an input plasma power of 2 W, 1.8 mmol.gcat
-1.h-1 of ammonia was 

produced from N2/sea water vapor system while the highest ammonia synthesis rate could be 

obtained at the feed flowrate of 6.2 sccm with a value of 2.8 mmol.gcat
-1.h-1. Noticeably, at 

similar conditions, an ammonia synthesis rate of 2.6 mmol.gcat
-1.h-1 was obtained from the 

N2/H2 system with the N2 flowrate of 3.1 sccm corresponding to the N2:H2 ratio of 

approximately 4.0 (H2 was fixed at 12.5 sccm), as shown in Fig. 2(b). The increase in the 

plasma power above 2 W, such as 3W, 5W, and 6 W, led to an enhancement in the ammonia 

synthesis rate when using N2/H2 mixture relative to N2/sea water vapor (Fig. 2(a)&(b)). 

Accordingly, the highest ammonia synthesis rate (𝑟𝑁𝐻3
) value reached was approximately 5.0 

mmol.gcat
-1.h-1, 1.5 times higher than that produced from N2/sea water vapor system with 3.2 

mmol.gcat
-1.h-1 at similar plasma power of 6 W. Ammonia could not be detected from the 

reaction of N2/sea water vapor in the absence of catalyst, even when varying the plasma power. 

This result reveals that plasma power has less significant role in ammonia production from 

N2/sea water vapor system than that of the catalyst, which played an important factor to secure 

a desirable ammonia synthesis rate. This also show experimentally the importance of the 

plasma-catalyst synergism when employing sea water vapor as hydrogen feedstock. These 

primary observations reveal novel directions for future work on optimizations of scalable 

ammonia production from cheap and widely available sources of “gold hydrogen” such as sea 

water. Moreover, the increment in the N2 input flowrates above 6.1 sccm such as 12.5 and 25.0 

sccm resulted in the subsequent decline of the ammonia synthesis rate (𝑟𝑁𝐻3
) produced from 
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N2 and sea water vapor. Similarly, the ammonia synthesis rate (𝑟𝑁𝐻3
) produced from the N2/H2 

system also reduced with the increase in the N2 input flowrate (Fig. 2(b)). Moreover, we 

observed that the ammonia synthesis rate produced from the N2/sea water vapor system was in 

range of that obtained over the N2/pure water vapor system (Fig. S3) at similar testing 

conditions and catalysts.  As an example, the maximum ammonia synthesis rate with Co/SiO2 

for pure water vapor was 3.9 mmol.gcat
-1.h-1  compared to the value obtained for the same 

catalyst with sea water vapor of 3.7 mmol.gcat
-1.h-1 at a N2 flow rate of 6.1 sccm and 2 W. The 

potential to use seawater instead of pure water is advantageous in a commercial process 

because of its wide availability. Such observations prove a great potential for further 

optimization of ammonia production process from N2 and sea water for industrial scale. 

However, further details related to the long-term operation of equipment with sea water should 

be detailed in future studies due to the corrosion, a process caused by saltwater reacting to 

metals. Energy yield produced from both N2/sea water vapor and N2/H2 mixtures declined with 

the increase of input power. Ammonia synthesis from the N2/sea water vapor at the N2 input 

flowrate of 6.2 sccm secured a higher energy yield (2.3 gNH3
. kW−1. h−1)  than that produced 

with greater N2 flowrates such as 12.5 sccm (2.2 gNH3
. kW−1. h−1) and 25.0 sccm (0.6 

gNH3
. kW−1. h−1), as shown in  (Fig. 2(c). (Calculation details can be found in Supporting 

Information). Meanwhile, the highest energy yield for the synthesis of ammonia over the N2/H2 

mixture was 2.2 gNH3
. kW−1. h−1 at a N2 flowrate of 3.1 sccm (Fig. 2(d)).   
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Fig. 2. Ammonia synthesis rate (𝑟𝑁𝐻3
) produced from (a) N2/sea water vapor and (b) N2/H2; 

Energy yield obtained from (c) N2/sea water vapor and (d) N2/H2 over the SiO2 catalyst at 

different plasma powers. 

 These observations further validate our postulate that plasma catalytic reactions for 

ammonia production from N2 and sea water vapor and N2/H2 were not solely controlled by the 

plasma power but by the nature of the catalyst as well. The presence of a catalyst in the plasma 

zone appears to alter the plasma-surface reactions, resulting in plasma-catalyst synergism,[50] 

and by that, promoting the ammonia production. To verify the influence of the metal active 

centers on ammonia synthesis from N2 and sea water vapor, this work also employed the SiO2 

as a support impregnated with metals such as Ag, Cu, and Co.  The catalytic performance of 

these catalysts is shown in Fig. 3. For the N2 and sea water vapor system, the presence of a 

metal supported on the SiO2 support did not increase the ammonia synthesis rate significantly. 

Accordingly, the Co/SiO2 sample produced 3.8 mmol.gcat
-1.h-1 of ammonia while the Ag/SiO2 
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and Cu/SiO2 delivered an ammonia production rate of 3.4 and 3.3 mmol.gcat
-1.h-1 with the N2 

input flowrate of 6.2 sccm and power of 2 W, respectively (Fig. 3(a)). All these values are 

within range of each other despite the type of metal employed. When comparing with other 

researchers, [33, 34] who have reported to produce ammonia from water, the synthesis rate of 

2.67 mmol gcat
-1 h-1 from N2/water has been observed over the noble catalyst Ru/MgO at a N2 

feed of 100 sccm and Vp-p of 8.23 kV. From our prepared catalysts, Co/SiO2, displays a 

comparative performance in terms of ammonia synthesis rate when employing N2 and sea water 

vapor at a N2 feed of 6.2 sccm and power of 2 W (about Vp-p of 4.12 kV) with a value of 3.7 

mmol gcat
-1 h-1. An advantage, with respect to these reports is that a transition metal-based 

catalyst such as Co/SiO2 is lower in cost and there is a wider availability compared to noble 

metals such as Ru [10]. However, for the N2 sea water vapor system is important to remember 

the challenging selectivity competition with N2O formation due to the oxygen presence related 

to the hydrogen source. This can explain the apparent no effect of the metal towards ammonia 

production.  

Noticeably, for the N2/H2 reaction mixture the presence of the Co/SiO2 catalyst promoted the 

ammonia synthesis rate (𝑟𝑁𝐻3
) to 6.3 mmol.gcat

-1.h-1
, which is threefold to that produced over 

the SiO2 support at similar experimental conditions (Fig. 3(b)). In general, the N2/H2 reaction 

mixture observed a greater impact from the metal content compared to the case when the sea 

water vapor is employed as hydrogen source. Besides, the metallic active centers possessing 

better activity than oxides like silica, with the possibility to delivered better ammonia 

production rate [51], since the selectivity competition with N2O does not exist in this case.  

From the catalysts employed the Co/SiO2 catalyst displayed the highest energy yield of 3.2 and 

5.3 gNH3
. kW−1. h−1 for ammonia synthesis over the N2/sea water vapor and N2/H2 systems 

respectively at a power of 2 W (Fig. 3(c) & (d)). The Ag/SiO2 and Cu/SiO2 delivered energy 

yields of 2.7 and 5.0 gNH3
. kW−1. h−1 obtained from the N2/sea water vapor and N2/H2 systems, 

respectively. These results confirmed the important role of the catalysts in the synthesis of 
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ammonia and the possible need of different catalysts when switching the hydrogen source for 

this reaction due to the added presence of oxygen. 

In terms of materials, the Co/SiO2 catalyst also exhibited the highest ammonia production rate 

at all testing conditions (Fig. S4&S5). This can be attributed to the lower binding energy of Co 

with nitrogen relative to the Ag and Cu [52, 53]. Other researchers have also indicated that 

metals having stronger nitrogen binding energy delivered lower ammonia synthesis rate due to 

slow N-H formation [54-56]. Accordingly, the theoretical targeted ammonia synthesis yield for 

an ideal small scale ammonia synthesis process is 100 gNH3
. kW−1. h−1, while the currently 

reported values employing N2/H2 are mostly below 20 gNH3
. kW−1. h−1 produced over noble 

catalysts i.e., Ru-based catalysts. [53] Other catalysts  such as Ni or Fe are reported to produce 

energy yield of below 1.0 gNH3
. kW−1. h−1.[57] In comparison with such reported works, the 

ammonia energy yield obtained from either N2/sea water vapor (3.2 gNH3
. kW−1. h−1) or N2/H2 

system (5.6 gNH3
. kW−1. h−1) over the Co/SiO2 catalyst in this work displays a competitive 

performance and high potential for further optimizations.  
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Fig. 3. Ammonia synthesis rate (𝑟𝑁𝐻3
) produced from (a) N2/sea water vapor and (b) N2/H2; 

Energy yield obtained from ammonia synthesis reaction of (c) N2/sea water vapor and (d) 

N2/H2 at different plasma powers and an input N2 flowrate of 6.2 sccm.  

3.3. In situ OES. It should be noticed that the inevitable obstacle for the substitution of H2 

by oxygen-contained reactants i.e., seawater is the formation of oxidative species as by-

products such as nitrogen oxides. In this work, operando optical emission spectroscopy (OES) 

analysis was performed to study the plasma excitation process with and without catalyst. The 

results are shown in Fig. 4. The overall OES spectrum for ammonia synthesis from different 

routes are well-detected (Fig. 4(a)). Noticeably, the main nitrogen oxide product detected was 

nitrous oxide (N2O), as shown in (Fig. 4(b)). Other nitrogen oxides such as NxOy were possibly 

generated but within concentrations below detection limits. Compared with the plasma-only 

experiments, the catalyst-plasma experiment for ammonia synthesis from N2 and sea water 

vapor exhibited insignificant differences in the intensity of the N2O-related peaks (Fig. 4(b)). 
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However, its intensity was higher than that of the ammonia synthesis route from N2 and H2. 

Such observations indicate that N2O formation might occur predominantly in the gas phase and 

is promoted with the presence of sea water vapor.[58] Noticeably, NHx-assigned peak at 336.1 

nm was well-detected from the plasma catalyst processes with N2/H2 and N2/sea water vapor 

while it is not visible for the plasma-only process with N2/sea water vapor (Fig. 4(c)). This 

result validates the absence of ammonia product from N2/sea water vapor over the plasma-only 

route as discussed previously. In addition, plasma-activated nitrogen species exist in the form 

of vibrational and rotational excitation, electronic excitation, and ionization without minimal 

dissociation observed (Fig. 4(d)). 
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Fig. 4. (a) Overall OES spectrum (200-800 nm) for plasma-assisted catalytic ammonia 

synthesis from N2/H2, N2/sea water vapor, and plasma without catalyst (plasma-only) of 

ammonia synthesis reaction from N2/sea water vapor; (b) zoom-in OES spectrum of NO()  

(220-300 nm); (c) zoom-in OES spectrum of NH (330-342 nm); and (d) zoom-in OES spectrum 

of N2
+ (386-396 nm) obtained over the Co/SiO2 catalyst. 

 Noticeably, the OES spectrum collected from the ammonia synthesis reactions over the 

Co/SiO2 catalyst (Fig. 5) displayed the presence of N2O, similar to the one obtained over the 

SiO2 catalyst. Meanwhile, nitrous oxides were not detected from the reaction over the Ag/SiO2. 

By experimental data and computational calculations, Kepp et al.,[59] have indicated that 

metal-oxygen interactions are in an order of Co, Cu, and Ag with bond dissociation enthalpy 

with oxygen of  420, 310, and 200 kJ/mol, respectively. Given stronger affinity to oxygen, 

more active oxygen was absorbed on the Co/SiO2 surface and reacted with N2
* to form nitrous 

oxide while the reactions occurred over the Cu/SiO2 presented weak intensity of nitrous oxide, 

as shown in Fig. 5.  For the metals with weaker affinity such as Ag or Cu, active oxygen was 

possibly prone to recombination with H atoms. These conclusions can be verified via the 

selectivity of N2O and NH3 (Fig. S6). The N2O calibration curve is also shown in Fig. S7. At 

N2 input flowrate of 6.2 sccm and 6 W, the Ag/SiO2 and Co/SiO2 catalysts displayed lower 

N2O selectivity of 27.5 and 32.0%, respectively than that of the SiO2 and the Cu/SiO2, which 

produced the N2O selectivity of 47.6 and 41.8%, respectively (Eq.(3), Supporting 

Information). 

In terms of nitrogen fixation, such nitrogen oxide can be a useful platform for other chemicals 

production. A possible concept to make a full use of downstream products from ammonia 

synthesis is the addition of a membrane DBD plasma reactor to separate produced N2O for 

other chemical synthesis i.e., HNO3 with air while the formed ammonia can be liquefied. This 

product separation strategy in a DBD reactor has been explored by our group for the N2/H2 

plasma ammonia synthesis [25]. Another solution is to recycle the formed NOx to the reactor 
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for ammonia synthesis [60]. A possible concern is whether a desalination step is necessary to 

translate seawater to purer water prior to entering to the DBD reactor for ammonia synthesis 

reaction. This is originated from an apprehension that seawater possibly causes oxidation of 

the electrode of the DBD reactor. Nevertheless, even though either pure water or air was used, 

the inner electrode of the DBD reactor also deals with oxidative issues under long-term cycling 

reactions. Such phenomenon requires a thoughtful study to assess the effects of oxygen-

consisted co-reactants such as pure water, seawater, or air, which is out of the main scope of 

this work. While experimental results of this work indicated insignificant difference of 

ammonia production rate from both N2/pure water vapor and N2/sea water vapor, the addition 

of such desalination step into the process undoubtedly raises investment capital. Future work 

in this area can focus on the development of highly active catalysts, process optimization, and 

evaluation of scale-up capacity with a vision to propose a feasible technology for ammonia 

production plants at harbours or remote sea areas. 
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Fig. 5. (a) Overall OES spectrum (200-800 nm) for plasma-assisted catalytic ammonia 

synthesis from N2/sea water vapor, (b) zoom-in OES spectrum of NO()  (220-300 nm); (c) 

zoom-in OES spectrum of NH (330-342 nm); and (d) zoom-in OES spectrum of N2
+ (386-396 

nm) of different catalysts.  The OES spectrum of the SiO2 catalyst is re-presented for 

comparison purpose.  

Insights on the plasma ammonia pathway from sea water vapor and N2 plasma activation. 

Despite the recent developments and progress in understanding the plasma-mediated ammonia 

synthesis from N2 and H2 [24, 61, 62] there is still much to be done. At the same time, the use 

of novel hydrogen sources such as seawater is expected to alter these proposed reaction 

pathways [63]. This work seeks to provide plausible pathway insights into the plasma 

activation of N2 and sea water vapor for ammonia production. Experimental results of this work 

indicated that ammonia was not detected from the reaction between N2 and sea water vapor 
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with no catalyst. Therefore, it is worthwhile to mention that a catalyst is needed to provide an 

active surface for plasma activated N2 species to react with H* species dissociated from H2O 

vapor. Other researchers also reveal that an active surface is necessary to secure a  good 

ammonia synthesis rate [57]. DBD plasma offers a high degree of excitation (vibrational or 

electronic) however it observes a low degree of dissociation [64]. Some researchers also 

indicate the possibility that N2 is not completely dissociated in the plasma environment and the 

presence of a heterogeneous catalyst could facilitate the dissociation of the plasma-generated 

species [51]. However, recent experimental-theoretical work from our group shows the 

importance of N radicals as they are more reactive compared to N vibrational species. And 

even a minute presence of N radicals can offer a pivotal effect in the synthesis of ammonia 

from N2 and H2.[65] However, most of the reported mechanisms for ammonia synthesis from 

N2 and H2 include the formation of plasma-induced vibrationally excited N2() species and the 

excitation of adsorbed N(ads) on the catalyst surface to react with H2 to form NH3 via either 

Eley-Rideal (E-R) or Langmuir-Hinshelwood (L-H)[23, 61, 62, 65-67]. With both the E-R and 

L-H mechanisms involved in many reactions to form ammonia. Meaning either N radicals or 

N vibrational species can be disregarded as both play a role in the ammonia synthesis reactions. 

However, the presence of seawater alters such mechanisms by adding the excitation and/or 

ionization of water molecules. In our case, the nitrogen plasma can react with H2O vapor 

molecules to generate NH and OH radicals [68] where the extraction of H from water molecules 

plays an important role in the formation of ammonia. This deduction is in good agreement with 

other researchers [69, 70]. In this work H2O vapor molecules could cause the quenching of N2 

vibrational levels given the N2/H2O vibrational-translational relaxation, reducing electron 

density. This added to the consumption of nitrogen excited species to form N2O reduces the 

overall ammonia synthesis rate [71]. OH* could also be generated from the dissociation of H2O 

molecules. Nevertheless, the presence of such OH* species would lead to the formation of 

H2O2,[72] which was not detected in this work. Therefore, such hydroxyl radicals with 
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significant short life could get dissociated to H* and O* subsequently.  Experimental results in 

this work indicated that even if the Co/SiO2 catalyst displayed good ammonia synthesis rate, a 

strongest N2O-related spectra was detected, indicating the strong competition imposed by N2O 

formation. While the Ag/SiO2 catalyst displayed no OES spectra related to NOx species it 

showed a competitive activity relative to the Co/SiO2, as discussed previously. Meaning the 

surface interactions might be overcoming the gas events. This also shows the importance of 

the silica substrate that as mentioned above can aid in the N2O decomposition. Hence, future 

work can focus on enhancement of the catalytic activity of oxygen-phobic metals or electron 

density on the catalyst surface to dissociate N2 and maintain relatively weak intermediate 

bindings effectively. Such active metals would be ideal if they possess high affinity to oxidative 

oxygen species to offer strong bindings or act as oxygen sinks [73, 74] to hinder the formation 

of nitrogen oxide. 

A schematic diagram describing a plausible reaction pathway for ammonia synthesis from N2 

and sea water vapor is shown below in Fig. 6. 

 

Fig. 6. Schematic diagram of the plausible pathway of plasma-driven ammonia synthesis from 

N2 and sea water vapor over the metal supported on SiO2 catalyst. 
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4. Conclusions 

In this work, ammonia was successfully produced from N2 and sea water vapor at ambient 

conditions directly from using renewable sources such as N2, sea water vapor, and electricity 

potentially from solar or wind. The presence of a catalyst was required to secure the formation 

of ammonia from the N2/sea water vapor. An ammonia synthesis rate of 2.8 mmol.gcat
-1.h-1

 and 

an energy efficiency of 2.3 gNH3
. kW−1. h−1could be produced from N2/sea water vapor 

reaction with a N2 flowrate of 6.2 sccm and a relatively low plasma input power of 2 W over 

the SiO2. The use of seawater as an alternative H2 source delivered a comparative ammonia 

production rate and energy yield relative to the utilization of pure H2. Plasma power has a less 

significant role in ammonia production relative to the catalyst that acted as an important factor 

to secure a desirable ammonia synthesis rate. This work can open novel research directions for 

future work to rationally design active metals supported on silica or other good dielectric 

materials like perovskites for ammonia production from seawater sustainably and 

economically.  
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