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ABSTRACT 

Ammonia is an important precursor of fertilizers, as well as a potential carbon-free energy carrier. 

Nowadays, ammonia is synthesized via the Haber–Bosch process which is capital-and energy- 

intensive process  with an immense CO2 footprint. Thus, alternative processes for the sustainable 

and decentralized ammonia production from N2 and H2O using renewable electricity are required. 

The key challenges for the realization of such processes are the efficient activation of the N2 bond 

and selectivity towards NH3. In this contribution, we report an all-electric method for sustainable 

ammonia production from nitrogen and water using a plasma-activated proton conducting solid 

oxide electrolyser. Hydrogen species produced by water oxidation over the anode are transported 

through the proton conducting membrane to the cathode where they react with the plasma-

activated nitrogen towards ammonia. Ammonia production rates and faradaic efficiencies up to of 

26.8 nmol NH3/s/cm2 and 88%, respectively, were achieved.  
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Ammonia, from which virtually all nitrogen-containing compounds are derived, is a major and 

valuable raw material for industry and agriculture [1-2]. In fact, the fertilizers generated from the 

ammonia such as ammonium nitrates, phosphates and urea are responsible for sustaining one-third 

of the Earth’s population [3]. Moreover, one mole of ammonia contains 17.6 wt % of hydrogen 

(108 g H2/L) at 20 °C, which is highly desirable for the transportation [4] as well as for storing 

intermittent renewable energy such as wind and solar [5-6]. In addition, ammonia has been 

intensively studied for its potential use as sustainable fuel source [7-8] and other off-grid power 

applications [9]. 

Nitrogen-based fertilizer demand is growing rapidly and estimated to show a two or three-folded 

increase in the second half of the 21st century [10]. To date, approximately 500 million tonnes of 

ammonia are produced per year via the Haber-Bosch (H-B) process, accounting for 3–5% of total 

natural gas consumption worldwide and 2% of global energy usage [2, 10]. H-B requires a large 

fossil fuel energy input, high temperatures (400-600 °C) and pressures (200-400 atm) as well as a 

significant capital investment [11-15]. These intense conditions are the main disadvantages of the 
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H-B process, as they prevent the possibility of lowering capital costs [16], decentralization and 

small-scale ammonia production at the level of local communities. Moreover, the world’s 

hydrogen, which is also a key reactant in ammonia production, is produced primarily from the 

steam reforming of methane, emitting huge amounts of CO2 that account for 1.6% of global 

emissions per year [2, 15]. Therefore, alternative technologies need to be explored for ammonia 

synthesis, which occur under more moderate conditions [17], require less carbon input [18], or can 

be powered by intermittent renewable energy sources [19]. 

Nowadays, plasma technology has attracted a lot of attention as an alternative method of clean 

ammonia synthesis, including a renewable pathway that coupled this technology with other 

renewable energy approaches. At low temperature, plasmas are reported as one of the most 

efficient approaches for rupturing the triple nitrogen bond [20-24], which is the fundamental 

requirement for the ammonia synthesis. Most of the studies on plasma-assisted ammonia synthesis 

are based on atmospheric pressure dielectric barrier discharge plasma over various catalytic 

systems, with nitrogen conversion between 0.2-7.8% in N2/H2 mixtures [25-30]. There are also 

approaches in which plasma activation of nitrogen and water vapor (as a hydrogen source) have 

been investigated for ammonia synthesis offering promising results in terms of selectivity [31-34]. 

However, there are a few studies on the synthesis of ammonia from nitrogen−hydrogen using low 

pressure (0.01−10 Torr) discharges [35-40]. In fact, low pressure nitrogen discharges are well-

known for efficiently producing vibrationally excited molecules that can further generate atomic 

nitrogen via a vibrational dissociation channel [41-43]. Despite the potential benefits of plasma 

technologies, such as localized and environmentally friendly energy storage through chemical 

conversion, the two most critical challenges for upscaling this technology are the efficient 

dinitrogen fixation and suppression of the reverse reactions. Hence, suitable catalysts with stronger 
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plasma synergistic activities and optimized reactor designs are required to overcome these 

challenges [45, 46].  

Electrochemical processes for ammonia synthesis have also gathered enormous interest since one 

can synthesize ammonia directly from water and nitrogen in a single device, thus decreasing the 

complexity and carbon footprint of the conventional Haber-Bosch process [47-57]. However, the 

upscaling of this technology is primarily hindered by low rates and/or selectivity (faradaic 

efficiency) due to the challenge of dinitrogen triple bond cleavage at a rate that is comparable to 

the hydrogen evolution reaction rate. Recent efforts are directed in the development of more 

efficient electrode materials or modification of the electrode environment to suppress HER and 

thus improving faradaic efficiency (FE) towards ammonia synthesis [55, 56]. The best reported 

performance in liquid and solid electrolyte electrochemical cells are ~66% FE at 6.36 mA/cm2 

(14.5 nmol/s/cm2) and ~78% FE at 1.15 mA/cm2 (5.6 nmol/s/cm2) respectively [55, 57].  

The combination of N2 plasma with electrochemical cells has been recently proposed as an 

alternative way for nitrogen fixation [24, 58, 59]. In these systems plasma is utilized for nitrogen 

activation and electrochemical cells for providing the co-reactants. Hawtof et al have reported a 

hybrid approach where the electrical circuit of the plasma is integrated with the electrolysis one, 

allowing ammonia synthesis in the absence of nitrogen reduction electrode. FE of this approach 

has reached values of up to ~100% at 2.5 mA (8.63 nmol/s, the rate is not normalized per surface 

area due to the electrodeless configuration) [58]. Kumari et al have reported a polymer electrolyte 

membrane plasma integrated system, where plasma activation leads up to 47% increase on the 

ammonia production vs pure electrochemical approach. Due to poor faradaic efficiency the 

ammonia formation rate was 0.05 nmol/s/cm2 [59].  
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Inspired by the promising plasma electrochemical integrated systems, we have developed a plasma 

activated proton conducting solid oxide electrolysis cell (H-SOEC), as shown in Figure 1. At the 

anode, water oxidation (at anode: H2O (g) → 2H+ + 
12 

 O2 (g) + 2𝑒𝑒− ) takes place which produces 

protons (H+). These protons are transported to the cathode via proton conducting membrane where 

they either form molecular hydrogen or react with the activated nitrogen and form the NH3. In this 

approach, both the reactions (water oxidation and nitrogen reduction to ammonia) are taking place 

in two different compartments thus allowing two independent knobs of operation. To further 

understand the potential of the plasma aided electrochemical approach we have benchmarked this 

pathway with the classical pure plasma (without the presence of catalyst) and plasma assisted 

catalysis (where both the reactants H2 and N2 are co-injected and co-activated). 

 

Figure 1: Schematic representation of hybrid plasma electrochemical reactor setup. 

Figure 1 shows the schematic of our in-house built reactor to test the N2 plasma-assisted proton 

conducting solid oxide (H-SOEC) electrolyser. H-SOEC is based on commercial half anode 

supported cell Ni-BCZY/BCZY (where BCZY is the abbreviation of BaCe0.2Zr0.7Y0.1O3-δ) and a 

Pt cathode. The microstructure of the Pt catalyst is porous and consists of a network of percolated 

particles of the order of a micron (Figure S1). Such porous microstructure is desired for efficient 

diffusion of the reactant gases and for creating high surface area (interfacial area of particle and 

pore) as well as triple phase boundary (TBP: electrolyte-electrode-gases).  
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To determine the role of electrochemical and plasma-assisted electrochemical ammonia synthesis, 

a transient experiment was carried out at 500 °C by sequentially varying the applied current (from 

0 to 5 mA) and the plasma power (from 0 to 80 W), as shown in Figure 2. The reactions on each 

electrode are mentioned below with and without plasma activation. 

Anode:  H2O(g) → 2H+(BCZY) + 
12 

 O2(g) + 2𝑒𝑒−     (1) 

Cathode: 2H+(BCZY) + 2𝑒𝑒− → H2(g)       (2) 

   6H+(BCZY) + N2(g) + 6𝑒𝑒− → 2NH3(g)    (3) 

Plasma ON: 3xH+(BCZY) + Nx(g) + 3x𝑒𝑒− → xNH3(g)    (4) 

 

 

Figure 2: H2 and NH3 production rate 500 °C upon sequential step changes of the applied current 

(5 mA) and plasma (80 W), respectively.  

The rate of NH3 formation under open-circuit (I = 0) and plasma off conditions is zero due to the 

absence of the hydrogen species on the cathode. Upon applying current (i.e. galvanostatic mode) 
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of 5 mA (at t = 20 min), protons (H+) from water oxidation (equation 1) reach the cathode (via the 

membrane), forming molecular hydrogen of ~5.14 nmol H2/s/cm2 from their associative desorption 

(equation 2). In the absence of nitrogen plasma activation, no ammonia concentration was detected 

and this can be attributed to the low operating pressure and the poor electrochemical nitrogen 

reduction (equation 3) activity of Pt [60]. Upon plasma ignition (at t = 30 min) in the presence of 

the same applied current, NH3 formation starts taking place (equation 4) with a simultaneous 

decrease of the hydrogen evolution and a steady state is reached after ~4 min. Rate of NH3 

production (1.21 nmol NH3/s/cm2) is roughly 2/3rd the rate of hydrogen consumption (1.80 nmol 

H2/s/cm2), which is consistent with reaction stoichiometry. The corresponding conversion of 

nitrogen to ammonia is 0.045% at 1 mA/cm2 Once plasma is switched off at t = 60 min, the NH3 

production rate gradually returns to zero, while hydrogen formation returns to its initial value and, 

on further interrupting the current at t = 73 min, both NH3 and hydrogen signals drop to zero. 

Figure 3a shows the current vs. voltage (I-V) curves of proton conducting electrolyser at 500 °C. 

Under steady-state conditions no electrolysis current is observed, irrespective of plasma conditions 

(on or off), as expected. The electrolysis current (current density) steadily increased with the 

applied voltage beyond 1.2 V which leads to H2 production at the cathode as shown Figure 3b. 

With increasing current, H2 production increases as expected. The I-V curves with and without 

plasma are almost identical. This observation was also verified by the electrochemical impedance 

spectra (Figure S2) in which the polarization resistance practically remained the same. Therefore, 

plasma activation does not seem to interfere significantly with charge transfer on the cathode. 

Moreover, there is no plasma heating impact on the plasma electrode since it is far (i.e. 10-15 cm, 

defined as plasma afterglow) from the tail of the active plasma zone, as demonstrated in our 
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previous work. Thus plasma activation does not have any short-term detrimental effects on the 

functioning of the electrolyser.  

Figures 3c and d show the rate of NH3 formation and corresponding faradaic efficiency (i.e. 

selectivity to ammonia formation) under bias with plasma conditions (80W) as a function of 

applied current. Upon current application, protons arriving on the Pt/BCZY interface are diffused 

on the catalyst surface as adsorbates, where they can either react with activated nitrogen species 

for NH3 formation (equation 3) or with co-adsorbed proton species for the formation of molecular 

hydrogen (equation 2).  
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Figure 3: I-V characteristics (a), effect of current on the rate of H2 (b) and NH3 (c) production, 

faradaic efficiency of NH3 production (d) at 500 oC and 80 W plasma power. 

At low-current range, production of NH3 increases with the applied current since in this current 

range, reaction is limited by the supply of hydrogen species (Figure 3c). Whereas at higher current 

densities, NH3 production keeps increasing but with lower rate. Due to the architecture of our 

electrode (i.e. porous electronic conducting film with 10 microns thickness deposited on proton 

conducting support) the reaction zone is extended as the applied current (flux of protons) is 

increased [61]. At low current densities protons are diffused as adsorbates on the vicinity of the 

triple phase boundaries (TPB) i.e. electrode (Pt), electrolyte (BSZY) and gas (activated nitrogen) 

interface. Whereas at high current densities the hydrogen species are diffused to areas further away 

from the TPB and thus the ammonia production keeps increasing. Faradaic efficiency decreases 

from 88% at 0.2 mA/cm2 to 10 % at 80 mA/cm2 with increasing current(Figure 3d), suggesting 

that the vicinity of the TPB is more active for nitrogen fixation when compared to the rest of 

electrode.  

Another important metric in catalytic studies which is not usually reported, is the turnover 

frequency (TOF) which quantifies the specific activity of a catalytic center by the number of 

catalytic cycles occurring at the center per unit time. It is usually difficult to define TOF for plasma 

studies since the quantification of  plasma interaction with the reactor walls and/or catalyst is not 

straightforward. Whereas, in our approach due to the separation of the reactants (via the proton 

conducting membrane), reaction zone is limited to  catalyst surface, which simplifies the 

estimation of TOF. 
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In addition the use of Pt as cathode has the advantage to offer a reliable way to define the 

electrochemical active surface area (ECSA). ECSA of Pt can be defined by the well-established 

method of hydrogen under potential deposition (HUPD) [62]. ECSA of Pt electrode, estimated 

from HUPD (Figure S3), is equal to 10.5 nmol of Pt per nominal electrode cm2. This allows us to 

estimate the TOF which is depicted as a function of current density in Figure S4. As one can see 

value of ~ 2.6 s-1 is obtained which is quite high when compared with the ~ 0.1 s-1 of the Haber-

Bosch process [63]. 

The effect of plasma power, which may affect the distribution of excited states and their flux to 

the electrocatalyst surface, has also been studied. By estimating plasma volume from the 

photographs in Figure S5, it is observed that plasma volume increases linearly with power. As 

shown in the SI, the power density remains constant at approximately 0.6 W/cm3 in all cases, 

leading to similar plasma properties for all plasma powers. Therefore, it can be concluded that the 

largest difference in conditions between different plasma powers comes from the growth of the 

plasma volume and the corresponding reduction of the distance between the plasma edge and the 

electrolyser surface. As discussed in the SI, plasma conditions are very similar to those modelled 

in the work of Guerra et al, who include the development of plasma-activated species downstream 

of the nitrogen plasma [64]. Assuming a constant axial gas flow velocity between plasma edge and 

catalyst surface, a time-of-flight for plasma-activated species of ~ 200 ms at 40 W to ~ 100 ms at 

120 W has been estimated from the photographs in Figure S5. Comparing with the N2 plasma 

model by Guerra et al, both vibrationally excited N2 and atomic N can reach the electrode at 

significant concentrations. Particularly, highly energetic N2(ν > 10) can impinge on the electrolyser 

at mole fractions of > 10-4, and atomic nitrogen at mole fractions > 10-3 and even with higher mole 

fractions as the plasma edge moves closer to the electrolyser surface [64]. The increase in ammonia 
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formation rates with increasing plasma power can, therefore, be assigned to an increasing flux of 

one or both of these energetic nitrogen species to the electrolyser. As discussed in the SI, the poorer 

performance at 120 W compared to 80 W could be due to a decreased flux of N2(ν > 10) to the 

electrolyser surface, but experimental quantification of the fluxes of energetic nitrogen species will 

be required before definitive conclusions can be drawn.  

Furthermore, pure plasma (without SOEC) and plasma assisted catalysis (with SOEC but at open 

circuit conditions) have been carried out at 500 °C, where the reactants (H2 and N2) were co-

activated by RF- plasma, as shown schematically in Figure S6. From Figure 3c-d and S6 (bottom), 

it is clear that plasma assisted electrochemical approach (1930 ppm NH3, 10% H2 conversion) is 

better than either of pure plasma (990 ppm NH3, 5% H2 conversion) or plasma assisted catalysis 

(1185 ppm NH3, 6% H2 conversion) in terms of rate and hydrogen conversion at 500 °C and 80 

mA/cm2 current density or equivalent hydrogen. This can be attributed to the different adsorption 

pathways for hydrogen species involved in each process i.e. via the protonic conducting membrane 

and gas phases respectively. However, direct comparison between pure plasma and plasma assisted 

catalysis with electrocatalysis is not straightforward since addition of H2 to the plasma will affect 

the densities of activated molecules. With the ionization potential (and electron impact ionization 

cross-sections) being very similar for N2 and H2, the electron density and electron temperature will 

not change radically when adding H2, but the N2(v) and N densities arriving at the catalytic surface 

may still decrease significantly simply from dilution by H2 [20, 21, 65]. Furthermore, while it has 

been shown that in pure N2 plasma up to 70% of electrical power is deposited as internal energy, 

and up to 35% specifically in vibrational modes, of the N2 molecule [43]. The addition of H2 will 

cause a significant fraction of the input power to go towards the internal energy of H2 as well as 

into dissociation of H2. Especially the latter will reduce N densities significantly as the H2 content 
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increases, since the lower dissociation energy of H2 (4.5 eV) compared to N2 (9.8 eV) will lead to 

preferential deposition of plasma power into H2 dissociation [66]. 

Thermodynamic calculations have been also carried out for the equilibrium concentration of NH3 

in N2, H2 and NH3 mixture as a function of temperature and pressure for 3% H2 in N2 (Figure S7). 

The performance observed in our approach is ~ 4 orders of magnitude higher than the 

thermodynamic equilibrium at the same temperature and pressure. To realize this difference, a 

conventional thermochemical reactor operating at thermodynamic equilibrium would require ~100 

bar pressure to produce the same amount of NH3.  

To benchmark the performance of our plasma-assisted electrochemical ammonia synthesis reactor 

with other studies for electrochemical ammonia synthesis (which is based on the similar reactor 

configuration but without the plasma activation), a comparison to literature for formation rates and 

faradaic efficiencies to NH3 has been also shown in Figure S8. Typical rate and faradaic 

efficiencies in this work is higher than reported in the literature for proton conducting solid oxide 

electrolysers. Overall, achieved ammonia production rates for plasma assisted electrochemical 

approach is in the range of 0.1 to 2.6 x 10-8 mol/s/cm2 with faradaic efficiency varying from 88 to 

10 %, which is five times lower than required one to satisfy the commercial needs i.e. rate =10-7 

mol/s/cm2 and faradaic efficiency at least 50% [47]. We believe that these numbers can be achieved 

with appropriate reactor optimization. To extend our comparison to  other electrochemically-

driven systems, we would like to also mention the lithium mediated approaches [67, 68]. In such 

systems, faradaic efficiency up to 88.5 % has been reported, which  is similar to the efficiency 

obtained in this work. Nevertheless, the lithium-mediated approaches are multistep processes, 

whereas in our system the hydrogen production/purification and nitrogen fixation take place in a 

single step.  
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The energy consumption in our system for plasma-assisted electrochemical approach is 605 MJ/N-

mol which is within the range of reported values (95 to 2698 MJ/N-mol) for N2 fixation by H2O 

[31-33]. However, the reactor in this work demonstrates a proof-of concept for plasma-assisted 

electrochemical NH3 synthesis with very high formation rate and faradaic conversion. A further 

reactor optimization is required in order to have more optimized energy consumption and NH3 

production. For instance, as mentioned above, the cross-sectional area of the plasma discharge in 

our setup is much higher than the cross-section/active area of cathode electrocatalyst, due to which 

most of the activated N2 species bypass the electrocatalyst hence do not contribute in NH3 

synthesis. Moreover, Pt cathode electrocatalyst has been used which is highly active for HER 

kinetics [47-49]. Recent theoretical studies have suggested that a more selective catalyst for 

nitrogen reduction reaction or with lower hydrogen evolution activity, such as Co, Ni and Ru, 

respectively, could significantly improve the NH3 formation rate [45,46]. The effect of electrode 

microstructure on ammonia production is also essential since porosity, particle size, TPB length, 

and tortuosity play key role on the accessibility of activated nitrogen and hydrogen species on the 

reactive sites. Correlation of the microstructural characteristic with ammonia production can only 

be realized with structured electrode [69]. In future work, these possibilities will be investigated 

experimentally and combined with plasma modeling for the particular reactor geometry under 

study here. 

To summarize, we have demonstrated that plasma-activated nitrogen can be combined with 

electrochemically generated surface hydrogen species to achieve an alternative, all electric 

nitrogen fixation pathway. The highest NH3 production rate is 26.8 nmol/s/cm2, corresponding to 

a TOF of 2.6 s-1 at 80 mA/cm2 with a 10% faradaic efficiency. Interestingly, at lower current 

density faradaic efficiency up to 88% (with rate and TOF of 0.61 nmol/s/cm2 and 0.059 s-1 
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respectively) was achieved. This novel plasma assisted electrochemical approach was 

benchmarked and proved superior to the individual pure plasma and plasma catalysis approaches, 

in which gas phase hydrogen is co-fed and activated with nitrogen by the plasma source. We expect 

that performance can be further enhanced by improving the interaction of activated nitrogen 

species with electrocatalyst (via utilization of advanced SOEC architectures and reactor design) 

and adjusting the operational parameters of the plasma.  
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EXPERIMENTAL 

Set-up description 

Schematic of our in-house built reactor to test the N2 plasma-assisted proton conducting solid oxide 

(H-SOEC) electrolyzer, is shown in Figure 1. As mentioned, it is characterized by a RF plasma 

source and a proton conducting solid oxide electrolysis cell (H-SOEC), which operates in 

intermediate temperature range (400 - 650 °C). Reactor consists of an inductive coil which is 

connected to the matching network of a RF power supply (Huttinger PFG 300 RF:13.56 MHz, 300 

W maximum power rating). The inductive coil encloses a quartz tube (40 mm outer diameter and 

700 mm length), mounted on vacuum flanges on both ends. These flanges also serve as mechanical 

support for both the quartz tube and the tubular proton conducting solid oxide electrolysis cell (H-

SOEC). H-SOEC is based on commercial half anode supported cell (Coorstek: Ni-BCZY/BCZY, 

where BCZY is the abbreviation of BaCe0.2Zr0.7Y0.1O3-δ) on which cathode (Pt) was deposited by 

brush painting. Inner volume of the tubular H-SOEC (anode side) is referred as inner compartment 

whereas the active and passive zone of the plasma (cathode side) in the quartz tube is referred as 

plasma compartment. For each compartment, there is one inlet and one outlet. Outlets of each 

compartment is connected with  a Quadrupole Mass Spectrometer (HAL 201RC) whereas inlets 

of inner comportment of H-SOEC and plasma compartment are connected  to humidified He and 

N2 supply (Figure 1), respectively. 

As depicted in the inset of Figure 1, the inner electrode serves as the anode (counter-electrode) 

while the outer as an cathode (working electrode; plasma-electrode). Humidified He (50 sccm) is 

fed in the inner compartment (1 bar) of the tubular cell while N2 (100 sccm) is used as feed gas in 

the plasma compartment (5 mbar). The gas temperature is assumed to be as furnace temperature 

since the plasma itself will not give much heating at this low pressure. The plasma excitation was 
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started when the hydrogen in plasma compartment reached in steady state and furnace at desired 

temperature.  

 

Electrolyzer preparation 

Ni-BCZY/BCZY/Pt proton conducting solid oxide electrolyser (H-SOEC) was prepared by brush 

painting the Pt plasma electrode (cathode) on the outer surface of a commercial anode-supported 

half-cell (Coorstek: Ni-BCZY/BCZY tube). Cathode was fabricated by calcining the Pt paste 

(organometallic paste, Fuel Cell Materials) at 650 °C for 2h in ambient air. Prior to the 

experiments, the Pt electrocatalyst  was reduced in 5% H2/He for 1 h at 650 oC. The superficial 

plasma electrode surface area is 5 cm2
 with a loading of ~5 mg/cm2. Ni and Au wires were used as 

the anode and the cathode current collectors, respectively. 

 

Characterization 

The surface morphology and cross-section of the Ni-BCZY/BCZY/Pt were characterized using a 

scanning electron microscope (FEI Quanta 3D FEG instrument). Electrochemically active surface 

area (ECSA) of Pt was estimated by the well-established method of hydrogen under potential 

deposition (HUPD). The electrochemical characterization was carried out using a CompactStat 

(Ivium) potentiostat. The experiments were performed at 500 °C for three different values of 

applied input power (40 – 120 W) while maintaining 0 W reflected power through a tunable 

matching network. The gases from the electrochemical cell and plasma reactor were analyzed 

using a Hiden Analytical Quadrupole Mass Spectrometer HAL 201RC. 
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Quantification of ammonia and equilibrium concentrations 

Quantification of as synthesized NH3 and production /consumption of H2 was carried out by 

calibrating them using 200 ppm NH3 in He and 1% H2 in He cylinders , respectively. In each case, 

the standard gas mixture was diluted further with He in the levels of 50 % and 20% keeping the 

flow rate constant. In both cases (H2 and NH3), a linear relation between the signal level of the 

calibrating gas and the gas examined, was observed. To validate that ammonia in our system is 

actually produced by N2 reduction, we quantitively compare the decrease in H2 signal with the 

increase in NH3’s. In all cases, the observed alterations of the corresponding concentrations were 

in good agreement with a relative error of 4 %. Due to the sticky nature of ammonia molecule (and 

the length of the sampling line) the equilibration time during mass spectrometer measurements 

was 30 min. We have also performed blank experiments where the N2 feed gas was substituted 

with Ar. In these experiments, no ammonia production was detected, further verifying the clarity 

of the presented results. To estimate the equilibrium concentration of NH3 in a N2, H2 gas mixture 

the HSC Chemistry software (Outotec Technologies) was used. 

 

Energy consumption calculations 

The plasma power (PP) levels indicated in the study concern power transferred to the coil, as 

indicated on the power supply, since the reflected power is always tuned to zero. However, an 

unknown fraction of this power is absorbed by the plasma, with the remainder being radiated into 

free space by the coil. The fraction of this power absorbed in the plasma is difficult to determine 

in our system, so for our energy consumption calculations we assumed that all the power is 

dissipated in the plasma. It can be stated that the actual fraction of absorbed power is likely a 

constant in the experiment, because electrical plasma properties (i.e. electron density, reduced 
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electric field) remain constant with increasing power, so that the coupling between coil and plasma 

can also be expected to remain constant. This is supported by the observation that the plasma 

volume increases linearly with the power setting on the power supply, as discussed in the section 

on the effect of plasma power on NH3 synthesis below. 

The power consumed for the SOEC operation (PSOEC) is defined as V*I, where V is applied voltage 

and I is resulting current. At the maximum plasma aided electrochemical ammonia synthesis PSOEC 

= 2.75 V x 0.4 A = 1.1 and plasma power (PP = 80 W), ammonia production rate is maximum. 

Under these conditions, the ammonia production rate is 26.8 nmol/s/cm2 (or 134 nmol/s). The 

energy consumption (EC) is calculated as: EC (J/mol) = (Total power (W))/(ammonia rate (mol/s))  

Under above mentioned conditions, EC is 605 MJ/N-mol. 
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RESULTS 

Microstructural Characterization 

Figure S1 shows microstructure of the Ni-BCZY/BCZY /Pt cell, the electrode thickness is around 

10 µm. Electrode has a porous structure and consists of a network of percolated particles of the 

order of micron . SEM micrographs before and after plasma experiments show no difference due 

to the mild conditions of our plasma and the distance of the active zone with the cathode.  

 

 

Figure S1: Microstructure (top) of Ni-BCZY/BCZY/Pt cell. Surface view (a) and Cross-section 

view (b). 
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Electrochemical Characterization 

Nyquist plots at 500 oC with or without plasma are shown in Figure S2. Both the plots are similar. 

Series resistance which is the high frequency intercept on the real axis, is 2.5 Ω. Electrode 

polarization resistance which is the difference between high frequency and low frequency intercept 

on the real axis, is around 1250 Ω. Electrode polarization resistance can be improved further by 

optimization of electrode microstructure and architecture. However, this is not the objective of this 

work. 

0 500 1000 1500 2000

0

500

1000

1500

 Without Plasma

 With Plasma

-Z
''(
Ω

)

Z'(Ω)
 

Figure S2: Nyquist plot of Ni-BCZY/BCZY/Pt at OCV at 0 and 80 W plasma power. 

 

 

Calculation of the active surface  

Electrochemically active surface area (ECSA) of Pt can be estimated by the well-established 

method of hydrogen under potential deposition (HUPD) [1]. We have performed HUPD using 

cyclic voltammetry. For this, a three electrode cell with Pt/YSZ, Pt coil and Ag/AgCl as working, 

counter and reference electrodes, respectively, has been used at pH=1 (H2SO4) . During the 
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reduction of Pt, protons from the acid are adsorbed at the surface of the electrode whereas for the 

oxidation, these atoms of hydrogen are desorbed according to the following electrochemical 

reaction: Had → H+ + e−  

Thus the number of electrons liberated during the oxidation of Pt for low potentials gives the 

number of hydrogen atoms desorbed and hence the number of adsorption sites present on the 

electrode’s surface. This defines the active surface of the electrode. Cyclic voltammogram for 

Pt/YSZ is shown in Figure S3. The total charge corresponding to the hydrogen desorption can be 

related to the integral of the curve for a certain interval of potentials (60 to 350 mV) where the 

atoms are being desorbed. This charge is 1040 mC for 1 cm2 of Pt electrode and corresponds to 

6.5 x 1015 adsorption sites (or 4.95 cm2 of Pt surface) per electrode cm2 so for 5cm2 area it is 3.25 

x 1016 which is equal to 52.5 nmol of Pt. 

 

 

Figure S3: Cyclic voltammetry of Pt/YSZ cell for ECSA determination, (H2SO4 pH=1, scan rate 

15 mV/s). 
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Calculation of the turn over frequency (TOF)  

Turn over frequency (reaction rate per catalytic active site) as function of current is shown in figure 

S4. TOF for the current density 80 mA/cm2 is 2.55 s-1. 

 

Figure S4: Turn over frequency (TOF) as a function of current density. 

 

Effect of the plasma power on NH3 synthesis 

Figure S5 shows the effect of plasma power on NH3 concentration for applied current 120 mA at 

500 oC. As shown in this figure, NH3 concentration increases with plasma power. NH3 

concentration values 352, 656, 1075 and 915 ppm have been observed for the plasma power 40, 

60, 80 and 120 W, respectively. However, at 120 W, NH3 is lower.  

To analyze this further, plasma length and plasma radius were estimated from the photographs in 

Figure S5, see Table S1. From this it is revealed that the power density is approximately constant, 

varying between 0.57 - 0.66 W/cm3. For an applied frequency of 13.56 MHz, at a gas pressure of 

5 mbar, electron density can be expected to be low enough that the radial electric field amplitude 
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generated by the coils is not significantly affected by the presence of plasma [2]. In other words, 

the skin depth of the applied electric field is very large compared to the radius of the plasma,  thus 

there is limited variation of electric field within the plasma volume and it can also be expected that 

plasma power density is relatively constant within the volume. 

Furthermore, based on self-consistent kinetic models by Guerra et al. at conditions similar to those 

used here, a reduced electric field of ~ 50 Td can be assumed for N2 plasma at a pressure of 5 mbar 

[3]. A further check of this reduced electric field can be made by determining the electron density 

required to achieve the estimated power density obtained from the photographs. At 50 Td in a pure 

N2 gas at an estimated gas temperature of ~ 800 K, each electron can transfer 2.3·10-11 W to N2 

molecules, as calculated using a Boltzmann solver in pure N2 [4, 5]. The electron density must 

then be 0.6/2.3·10-11  = 2.6·1010 cm-3; a value consistent with that obtained in the self-consistent 

models of similar N2 plasmas [3], and equally consistent with a large skin depth for the applied 

electric field [2]. 

Based on the above discussion, it can be concluded that the largest difference in conditions between 

different plasma powers comes from the growth of the plasma volume and the corresponding 

reduction of the distance between the plasma edge and the electrolyser surface. This distance can 

also be estimated from the photographs in Figure S5. If it is further assumed that the axial gas flow 

velocity profile is relatively flat along the tube cross-section, these distances can be easily 

converted to an average time-of-flight for plasma-activated nitrogen species towards the 

electrolyser surface. For a flow rate of 100 sccm at 5 mbar and an estimated gas temperature of 

800 K the average gas flow velocity is 0.88 m/s, leading to time-of-flight between 122 and 188 ms 

(see Table S1). 
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Table S1: Estimated plasma sizes, power density, distance to surface, time-of-flight and electron 

density as function of plasma power. The calculation for time-of-flight assumes an axial gas flow 

velocity of 0.88 m/s and expected electron density is based on a power dissipation of 2.3·1010 

W/electron. 

Plasma 

power (W) 

Estimated 

length (cm) 

Estimated 

radius (cm) 

Power 

density 

(W/cm3) 

Estimated 

distance to 

surface (cm) 

Time-of-

flight to 

surface (s) 

Expected 

electron density 

(1010 cm-3) 

40 9.35 1.50 0.61 16.6 0.188 2.62 

60 12.9 1.31 0.57 14.8 0.168 2.46 

80 15.4 1.68 0.58 12.8 0.145 2.51 

120 19.1 1.74 0.66 10.8 0.122 2.84 

 

  

 

Figure S5: Effect of plasma power on the concentration of NH3 (left) and picture of N2 plasma 

with different power (right). 
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Ammonia formation increases as the plasma power is increased except from the case of 120W ( 

Figure S5). There could be one of the two potential reasons for the poorer performance at 120 W 

compared to 80 W. The first one is the larger plasma diameter at 120 W. As a consequence, plasma 

is almost in direct contact with the quartz tube wall at this higher power which leads to more atomic 

N recombination, and relaxation of vibrationally excited N2 on this surface prior to reaching the 

electrolyser [6]. The second potential reason is related to the distribution of vibrational energy 

among nitrogen molecules. In fact, as per the vibrational ladder climbing effect, vibrational energy 

tends to accumulate in the most highly excited collision partner during the collisions between 

vibrationally excited N2. However, for 120 W plasma, the time-of-flight of plasma-activated N2 to 

the surface is the shortest (Table S1), and hence the least ladder climbing effect will have occured 

[3]. Therefore, for reaction at the electrode surface which requires a certain minimum vibrational 

energy in N2, a longer time-of-flight (i.e. a lower plasma power) may lead to a higher ammonia 

production. 

 

Pure plasma and plasma catalysis approaches 

The ammonia production in pure plasma (without catalyst) and plasma assisted catalysis (on Pt 

catalyst of Ni-BCZY/BCZY/Pt cell) have been carried out at 500 °C, where the reactants (H2 and 

N2) were co-activated by RF- plasma, as shown schematically in Figure 4 S6 (top). Here, the 

reaction rate is not normalized to the surface area since the pure plasma constitutes a process 

reactor wall not in a well-defined way and hence, it is not possible to define the catalytically active 

area. Ammonia rates as high as 78 and 90 nmol/s have been obtained for pure plasma and plasma 

assisted processes, respectively (Figure S6). Therefore, only a small contribution of Pt catalyst to 

NH3 formation is observed under this operation mode where nitrogen and hydrogen are both 
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activated in the plasma. The overall trend of NH3 concentration with increasing H2 fraction in the 

gas-phase does not change with the introduction of the Pt catalyst which is consistent with 

literature. As per literature, for pure plasma catalysis, it is mostly the available surface area that 

participates in ammonia synthesis and  introduction of a small additional surface area of Pt only 

enhances the NH3 production without significantly shifting the optimal hydrogen/nitrogen ratio 

[7-9].  

 

 

 

Figure S6. Pure plasma vs. plasma catalysis (on Pt electrode of cell), schematic (top) and ammonia 

formation (bottom). 
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An interesting fact is that the maximum ammonia formation is obtained for low hydrogen/nitrogen 

ratios. This also corroborates to the coupling of nitrogen plasmas with water electrolysers (at these 

specific conditions) in a single reactor as proposed here since electrolysers can operate up to a 

specific current density (i.e. ~0.5-1 A/cm2) which typically correspond to the equivalent hydrogen 

flux of the same percentage range (~3% H2) required to obtain the optimal ammonia formation 

rate. 

Equilibrium concentration of ammonia 

Figure S7 shows the equilibrium concentration of NH3 in N2, H2, NH3 mixture as a function of as 

a function of temperature and pressure for 3% H2 in N2. The thermodynamic calculations were 

performed at this composition to simulate the gas mixture obtained upon at the conditions (80 

mA/cm2 of protonic flux and 100 sccm of total flow rate) where the highest ammonia production 

rate was observed. With increasing temperature, NH3 concentration is decreasing whereas at 

temperature in between 200-800 oC, it is increasing with pressure.  

 

Figure S7. Equilibrium concentration of NH3 as a function of the Temperature and pressure for 

3% H2 in N2. 
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Benchmarking our approach with electrochemical ammonia synthesis: Present study vs. 

literature  

Present study has been compared with literature. As shown in Figure S8a and b, both NH3 

formation rate and corresponding faradaic efficiency is much higher than reported values in 

literature. 

 

Figure S8: Present study vs. literature [10-19]. NH3 rate (a) and Faradaic efficiency (b). 
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