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ABSTRACT 

In this study, hydrogen production from water splitting in N2 using an atmospheric pressure rotating 

gliding arc (RGA) plasma was investigated. The effect of input H2O concentration and total flow rate 

on the performance of the plasma water splitting process (e.g., H2 and O2 yield, H2 production rate, 

and energy yield of H2) was investigated. N2 showed a pronouncedly facilitating effect on the H2O 

splitting and H2 production process due to the reactions of the excited N2 species (e.g., electronically 

excited metastable N2(A)) with the H2O molecules. The maximum H2 production rate reached up to 

41.3 μmols-1, which is much higher than that of other typical non-thermal plasmas (e.g., ~0.2 μmols-1 

for a dielectric barrier discharge). Optical emission diagnostics has shown that in addition to the NO, 

N2, and N2
+ that were observed in the pure N2 spectra, strong OH and NH emission lines also 

appeared in the H2O/N2 spectra. OH radical is considered as a key intermediate species that could 

contribute to the formation of H2, O2, and H2O2. The increase of the H2O concentration could lead to 

a continuous enhancement of the OH intensity. The rotational temperature of N2
+ dropped drastically 

from 2875 ± 125 to 1725 ± 25 K with the addition of 1% (mol/mol) H2O into the N2 plasma.  

Keywords: Rotating gliding arc, water splitting, hydrogen production, optical emission spectroscopy 

(OES), reaction mechanisms 
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1. Introduction 

Hydrogen has been regarded as one of the most important and promising future energy carriers that 

can power fuel cells to generate electricity with high efficiency because of its high energy density 

and almost nil emission. Hydrogen can be produced from a wide range sources, including natural gas, 

hydrocarbons, biomass, waste, and water. Currently, almost 80-85% of the world's total hydrogen is 

produced via steam methane reforming [1]. However, to eliminate the reliance on fossil fuels, the 

unlimited water source must be the ultimate choice for extracting large amounts of hydrogen for 

widespread energy use. Although water electrolysis has been a commercial and extensively used 

method to produce hydrogen, it only accounts for 0.1-0.2% of the world’s hydrogen production at the 

moment due to the high cost [2]. Many researchers have long been exploring different new ways of 

producing hydrogen directly from water splitting, such as thermal, catalytic, and photocatalytic water 

decomposition [3-6]. However, the low water conversion, low hydrogen production rate, and low 

energy yield of hydrogen using these technologies restrict the potential scale-up of this process. 

Non-thermal plasma technology provides an attractive alternative to the conventional catalytic 

route for fuel production at low temperatures. In non-thermal plasmas, the overall gas temperature 

can be as low as room temperature, while the electrons are highly energetic with a typical electron 

temperature of 1-10 eV, which is sufficient to break down most chemical bonds of molecules and 

produce highly reactive species: free radicals, excited atoms, ions, and molecules for the initiation 

and propagation of chemical reactions. The non-equilibrium character of such plasma could 

overcome thermodynamic barriers in chemical reactions and enable thermodynamically unfavorable 

reactions to occur at low temperatures. High reaction rate and fast attainment of steady state in 

plasma processes allows rapid start-up and shutdown of the process compared to other thermal 

processes, which significantly reduces the energy cost and offers a promising H2 production route [7, 

8]. It should be noted that, water vapor splitting in traditional thermal plasma needs a relatively high 

temperature of around 1000 K [9]. 

Plasma-assisted water splitting process could potentially produce 1000 times more hydrogen than 

the conventional electrolysis process with a same dimension of electrolyser due to its volumetric 

nature [10]. Various non-thermal plasmas have been used for hydrogen production from water 

splitting, such as pulsed corona discharges [11], micro-hollow cathode discharges [12], dielectric 
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barrier discharges (DBD) [10, 13], and flat gliding arc discharges [14-16], creating promising 

possibilities for further application. However, the H2 production rate in these plasma processes is still 

quite low. For example, only 0.3 to 20.7 μmols-1 of hydrogen can be produced using gliding arc 

plasmas with knife-shaped electrodes [15], which might be resulted from the relatively low energy 

density and retention time of reactant in the plasma process. In addition, further study is needed to 

obtain insights into the reaction mechanisms of water splitting in plasma processes which are still 

poorly understood. 

In this study, a direct current (DC) rotating gliding arc (RGA) plasma reactor co-driven by a 

magnetic field and tangential flow [17], has been developed for hydrogen production from water 

splitting at atmospheric pressure. Compared to the traditional gliding arc systems with knife-shaped 

electrodes, the RGA reactor can generate a synergetic effect resulting from the combination of 

swirling flow and Lorentz force, which can make the arc rotate rapidly and steadily without 

extinction (with a rotational speed of up to 100 rotations per second (rps)), creating a 

three-dimensional stable plasma area with the increased retention time of the reactant in plasma 

chemical reactions. In addition, in conventional gliding arc reactors, a relatively high flow rate is 

required to push the arc moving along the electrode and produce a relatively large plasma area for 

chemical reactions whilst not all the gas flow can pass the plasma region, which in turn results in a 

low conversion of reactants due to the decrease of retention time [7]. In contrast, in the RGA reactor, 

a relatively low flow rate can still maintain a large plasma area and a long arc length, both of which 

enhance the reaction performance in plasmas. This unique character of the RGA plasmas allows 

using a wide range of feed flow rate (e. g., approximately 0.05~40 L/min in our system), which is 

more suitable for the industry applications. It should be noted that, several kinds of 

three-dimensional RGA reactors have been developed by different authors to enhance the efficiency 

of the gliding arc reactor. Cormier et al. reported a magnetic blow out gliding arc reactor, in which a 

rotating magnetic field was applied to the ionized particles thanks to a magnet [18] [19]. Hnatiuc at 

al. presented that the using of a permanent magnet inside of the inner electrode could increase the 

rotating angle of the useful discharge from around 2π/3 to over 2π, ensuring a better transfer of the 

generated species to the injected gas and, respectively to the target to treat [20]. Lee et al. reported a 

study of the partial oxidation of methane using an AC rotating gliding arc that driven by tangential 

flow [21]. Three modes of plasma operations with different dynamic behaviors and arc lengths can 
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be observed in their reactor, resulted from the difference in the input energy density. 

In our previous work, the RGA plasma has shown to be a powerful transient plasma with a 

relatively high level of energy density, which is beneficial for chemical processes and 

high-productivity systems [17, 22, 23]. The RGA system was also shown to significantly improve the 

performance of plasma methane conversion process with a maximum methane conversion of 91.8% 

and a hydrogen selectivity of 80.7%, both of which are much higher than those using other 

non-thermal plasmas [17]. 

In this study, the RGA plasma reactor has been developed for the splitting of water into hydrogen. 

The effect of input H2O concentration and total flow rate on the performance (e.g., H2 and O2 yield, 

H2 production rate, and energy yield of H2) of the plasma water splitting process has been 

investigated. Optical emission spectroscopy (OES) diagnostics has been used to give new insights 

into the formation of reactive species in the plasma chemical reactions. In addition, the possible 

dominant reactions in the plasma water splitting process have been discussed. A comparison of the 

water splitting process using different technologies has been carried out. 

 

  

Fig. 1 Schematic diagram of the RGA reactor 

(Total flow rate = 0.5 mol/min; input H2O concentration = 10% (mol/mol). 

High-speed camera: HG-100K with a CMOS sensor, exposure time: 997 μs) 
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2. Experimental setup and methods 

2.1. RGA reactor 

The configuration of the RGA reactor is shown in Fig. 1. A con-shaped stainless steel anode (100 

mm in height) is placed inside of a stainless steel cylindrical cathode (inner diameter: 36 mm, height: 

170 mm). The narrowest gap between the electrodes is 2 mm to facilitate the initial ignition of the arc. 

A magnet was placed outside the cathode to generate a magnetic field with a flux density of around 

2000 G for the stabilization and acceleration of the arc. N2 was used as a carrier gas and was injected 

through three tangential inlets (1 mm in diameter) at the bottom of the reactor to form a swirling flow 

in the reactor. 

Typical photo image of the RGA discharge and the frame of a single arc recorded by a high-speed 

camera are also shown in Fig. 1. The arc was initially formed at the narrowest gap point between the 

electrodes and then propelled by the swirling flow and accelerated by the Lorentz force generated by 

the magnetic field. Finally, the arc would be anchored at the position a or b (depends on the total 

feed flow rate) of the anode, and rotated rapidly and steadily without extinction, forming a stable 

plasma volume for chemical reactions. The rotation speed of the arc was around 75 rps in this case, 

while the rotating arc is quite long (position a), with a length of approximately 46.5 mm, estimated 

from the frames of the arc. One or two cathode spots could be observed between the arc column and 

the cathode, and the cathode spots moved along the inner wall of the outer electrode with a speed of 

around 8.5 m/s. 

 

Fig. 2 Schematic diagram of the RGA plasma-assisted water splitting system 
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2.2. Experimental setup and gas analysis 

Fig. 2 shows the schematic diagram of the experimental setup. The flow rate of the inlet N2 was 

controlled by a MFC (Sevenstar D07-series), and a silica gel desiccant was added after the MFC to 

remove moisture in the gas. Water was controlled and injected into the gas tube using a 

high-resolution syringe pump (Harvard, 11 plus). In this way, the total feed flow rate (0.1-0.7 

mol/min) of the mixed stream and the input H2O concentration (1-30 % (mol/mol)) could be 

controlled. The mixed stream was then heated to 120°C in a stainless steel pipe with an inner 

diameter of 4 mm (40 cm in length) equipped with a temperature controller system, to generate a 

steady-state vapor before flowing into the RGA reactor. The quartz cover of the reactor was also 

heated to 120°C to prevent vapor condensation on the inner wall. The plasma reactor was connected 

to a DC power supply (380 V/10 kV) with a 40-kΩ resistance connected in the circuit to limit and 

stabilize the breakdown current. A two-stage condenser was placed at the exit of the plasma reactor 

to condense and collect the condensable vapors in the effluent consisting of a first-stage condenser 

pipe equipped with an ice water cycle system and a second-stage liquid trap placed inside of an ice 

water container. 

The gaseous products (H2 and O2) were measured by a gas chromatograph (GC) (GC9790A, Fuli 

Analytical Instrument) equipped with a thermal conductivity detector (TCD). The emission spectra 

of the plasmas were recorded by a 750-mm monochromator (PI-Acton 2750, grating: 1800 

grooves/mm) equipped with an intensified charge-coupled device (ICCD, PI-MAX 2, 512×512 

pixel). An optical fiber was placed at the exit of the RGA reactor to collect the plasma radiation. 

 

2.3. Definition of parameters 

The effect of input H2O concentration and total flow rate on the performance of water splitting 

process in the RGA reactor was investigated in terms of H2 yield Y(H2), H2 production rate P(H2), O2 

yield Y(O2), H2/O2 molar ratio, and energy yield of H2 EY.  

Hydrogen yield is defined as, 

Y (H 2)(%)=
moles of H2 produced

moles of H2O introduced
´100%

 
(1) 

 

Hydrogen production rate is defined as, 
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P(H 2)(mmols-1)= mmoles of H2 produced per second (2) 

 

Oxygen yield is defined as, 

2
2

2

2 moles of O  produced
( )(%)= 100%

moles of H O introduced
Y O


  (3) 

 

The energy yield of H2 is defined as, 

2grams of H  produced per hour
(g/kWh)=

Discharge power (kW)
EY  (4) 

 

The specific energy input (SEI) is defined as 

Discharge power (kW) 60
(kJ/mol)=

Total molar flow rate (mol/min)
SEI


 (5) 

 

3. Results and discussion 

3.1. RGA assisted water splitting for hydrogen production 

3.1.1. Effect of input H2O concentration 

Fig. 3 shows the effect of input H2O concentration on the specific energy input, H2 and O2 yield, 

H2/O2 ratio, H2 production rate, and energy yield of H2. It is considered that the excited N2 species 

(e.g., electronically excited metastable N2(A) and vibrationally excited N2(X, v)) that formed in the 

plasma probably substantially contribute to the dissociation of H2O molecules, particularly at a low 

concentration of H2O (e.g., 1-5% (mol/mol), see Section 3.2). Therefore increasing the H2O 

concentration from 1 to 5% (mol/mol) (decreasing the N2 concentration from 99 to 95% (mol/mol)) 

leads to a significant decrease in both the H2 and O2 yield, from 12.4 to 5.8% and from 53.0 to 7.8%, 

respectively. 

With a further increase of H2O concentration, both the H2 and O2 yield drop slightly, even though 

the specific energy input increases. Similar results were also obtained in other works [24]. It is 

interesting to note that the facilitating effect of N2 on the decomposition of reactants in plasmas (e.g., 

methane, methanol, and ethylene) has been widely reported [17, 23, 25-27]. 
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Fig. 3 Effect of input H2O concentration on (a) specific energy input, (b) H2 and O2 yield, (c) H2/O2 

ratio, (d) H2 production rate, and (e) energy yield of H2 (flow rate = 0.5 mol/min) 

 

From the stoichiometry of the H2O splitting reaction, a H2/O2 ratio of 2.0 could be expected, 

whereas in this study the H2/O2 ratio at a H2O concentration of 1% (mol/mol) is only 0.47, as shown 

in Fig. 3(c). This might be attributed to the formation of a larger amount of NH radicals at a low H2O 

concentration (see Eqs. (17)-(21)), which probably then further react with H or H2 to produce NH3 

(see Eq. (22)). In agreement with these results, a maximum NH emission intensity reached at a H2O 

concentration of 1% (mol/mol), and with a further increase in the H2O concentration, the NH 

intensity decreased continuously (see Fig. 7), contributing to a further enhancement in the H2/O2 

ratio.  

A H2/O2 ratio of between 2.4 and 2.9 is obtained with a H2O concentration of 10 to 30% 
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(mol/mol), which is higher than the stoichiometric H2/O2 ratio of the overall reaction. This is 

probably resulted from the increased production of some O-containing species (e.g., H2O2, O3, NO) 

(see Section 3.2), with the increase of the H2O concentration. 

The hydrogen production rate and energy yield of H2 show similar evolution with increasing the 

H2O concentration: initially increase as the H2O concentration passes from 1 to 10% (mol/mol), and 

then declines with a further increase of the H2O concentration, as shown in Fig. 3(d) and (e). The 

maximum hydrogen production rate and energy yield of H2 are 41.3 μmols-1 and 0.96 g kWh-1, 

respectively at a H2O concentration of 10% (mol/mol) and in this case, the H2 and O2 yield are 4.9 

and 4.0%, respectively. 

 

3.1.2. Effect of total flow rate 

The effect of total flow rate on the specific energy input, H2 and O2 yield, H2/O2 ratio, H2 

production rate, and energy yield of H2 is shown in Fig. 4. Based on the OES analysis (see Section 

3.3.2 and 3.4), the emission intensities of different species, together with the rotational temperature 

of the plasma all vary slightly with the increase of flow rate (except 0.7 mol/min due to the 

difference in arc rotation mode), indicating that the characteristics of the H2O/N2 plasma seems to be 

relatively independent of the flow rate. Therefore, it is supposed that the increased residence time 

with increasing flow rate could substantially contribute to the decrease in the H2 and O2 yield. The 

estimated residence time, determined as the volume of the plasma zones divided by the volumetric 

gas flow rate, drops drastically from 1.6 to 0.3 ms with the increase of total flow rate from 0.1 to 0.7 

mol/min. The specific energy input decreases almost linearly with the increase of flow rate, which 

could also lead to a decrease in both the H2 and O2 yield, as shown in Fig. 4(a) and (b). 

The H2/O2 ratio varies slightly from 2.0 to 2.2 with rising flow rate. The maximum H2 production 

rate is obtained at a flow rate of 0.5 mol/min. The remarkable decrease of the production rate with 

increasing flow rate from 0.5 to 0.7 mol/min arose from the significant decrease in the discharge 

power from 301.0 to 123.2 W, resulted from the change of the arc rotation mode (as discussed in 

Section 3.3.2). The energy yield of H2 escalates with the increase of flow rate. 

According to the experimental results, an input H2O concentration of 10% (mol/mol) and a total 

flow rate of approximately 0.5 mol/min should be recommended for a relatively high H2 yield and H2 

production, as well as a high energy yield of H2 in the RGA N2 plasmas. 
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Fig. 4 Effect of total flow rate on (a) specific energy input, (b) H2 and O2 yield, (c) H2/O2 ratio, (d) 

H2 production rate, and (e) energy yield of H2 (H2O concentration = 10% (mol/mol)) 

 

 

3.2. Optical diagnostics and reaction mechanisms of the plasma chemical processes 

Optical emission diagnostics was carried out to understand the formation of reactive species and 

to give new insights into the possible reaction mechanisms of the plasma water splitting processes. 

Typical emission spectra of the pure N2, 5% (mol/mol) H2O/N2, and 15% (mol/mol) H2O/N2 plasmas 

are shown in Fig. 5. The spectra of the pure N2 RGA are clearly dominated by the N2 second positive 

band system (SPS) (
3 3C (v') B (v'')u g   , Δv=2,1,0,-1,-2,-3) and the N2

+ first negative band system 

(FNS) (
2 2B (v') X (v'')u g

    , Δv=-1). 
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Fig. 5 Emission spectra of pure N2, 5% (mol/mol) H2O/N2, and 15% (mol/mol) H2O/N2 plasmas 

(flow rate = 0.5 mol/min) 

 

Similar with other works [28, 29], although the N2 gas used is 99.99% in purity, several weak NO 

 (
2 2A (v') X (v'')   ) bands with vibrational sequences of Δv=1,0,-1,-2 (200-250 nm) also appear 

in the pure N2 spectra, indicating the existence of NO( 2A  ) radicals in plasmas. The NO  band 

emission, which is due to the existence of trace oxygen in the system, is a spectral signature of the 

presence of the metastable state N2(
3A u

 ), and the concentration of the NO( 2A  ) radicals depends 

on that of the N2(
3A u

 ) radicals, since the NO( 2A  ) radicals in the plasma bulk mainly produce 

from the reaction of N2(
3A u

 )
 
and NO( 2X  ) through [28]:  

N2(
3A u

 ) + NO( 2X  ) → N2(
1X  ) + NO( 2A  )

 
(6)

 

 

The ground state NO( 2X  ) is produced mainly via the following reaction: 

N2(
3A u

 ) + O → NO( 2X  ) + N(2D) (7) 

 

For the 5% H2O/N2 and 15% H2O/N2 plasmas, in addition to the N2 SPS bands, N2
+

 FNS bands, 

and NO  bands that are observed in the pure N2 spectra, the OH (
2 2A (v') X (v'')   , Δv=1,0) 

system in 280-325 nm and the strong NH (
3 3A (v') X (v'')   ) (0, 0) transition centered at 336.0 nm 

also appear in the spectra. The OH and NH spectral lines become more and more predominant in the 

spectra with increasing H2O concentration. The OH(A→X) transitions of Δv=0 are partly overlaid by 
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the N2 SPS transitions of Δv=1 in 311-316 nm, as shown in the enlarged spectra of OH in Fig. 3. 

In the H2O/N2 plasmas, NO can also form from the reaction of N atoms with the produced OH 

radicals or O2 molecules through the reactions [30], 

N + OH → NO + H (8) 

N + O2 → NO + O (9) 

 

And then, NO2 could form from the combination of NO and O [14, 24], 

NO + O → NO2  (10) 

 

The formation of OH radicals (i.e., the dissociation of H2O molecules) could take place from four 

possible channels in the atmospheric H2O/N2 plasmas. The first one is from the electron impact 

dissociation of water molecules [31-33],  

e + H2O → e + H + OH (11) 

 

Some authors also reported the formation of OH from the electron dissociative recombination of 

H2O
+ or H3O

+ ions (Eq. (12)), which are generated by charge transfer from primary ions (e.g., N2
+) to 

H2O molecules or from electron ionization of H2O molecules [34-36].  

e + H2O
+ → H + OH + e (12) 

 

This channel is supposed to be non-ignorable in the RGA plasmas, considering the population of 

N2
+ ions in the plasma bulk, which could transfer charge to the H2O molecules to produce H2O

+. In 

addition, the ionization energy of H2O (15.1 eV) is within the range of the ionization potential of N2 

(15.58 eV). Excited N2
+ is observed in the spectra, indicating that H2O

+ ions could be formed from 

direct electron ionization of H2O [36]. Bruggeman et al. demonstrated that the electron dissociative 

recombination reaction is clearly an important reaction in gas-water plasma with an electron energy 

of 1-2 eV, because the cross-section for OH(A) production by electron dissociative recombination of 

H2O
+ or H3O

+ is about four orders of magnitude larger than the maximum cross-section for electron 

dissociative excitation of H2O [35]. 

In addition, in the H2O/N2 RGA plasmas, initially formed highly energetic electrons can interact 

with N2 molecules to produce a cascade of processes yielding a variety of chemically reactive 
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species (e.g., electronically excited metastable N2(
3A u

 ) and vibrationally excited N2(
2X , vg

 )) [26, 

37, 38]. These species are believed to substantially contribute to the splitting of H2O molecules via 

Eqs. (13)-(14), particularly at a low concentration of H2O (e.g., 1-5% (mol/mol)) [24, 39]. 

N2(
3A u

 ) + H2O → N2 + H + OH (13) 

N2(
2X , vg

 ) + H2O → N2 (
2X , v'g

 ) + H + OH (14) 

The reaction rate of Eq. (13) is shown to be one order of magnitude lower than that of the 

electron impact H2O dissociation reaction (Eq. (11)), in case of the mean electron energy of 3.3 eV 

and gas temperature of 300 K [40]. 

The vibrational temperature of the RGA N2 plasmas was shown to be in the range of 4800-5100 

K according to our previous study [17].The vibrationally excited N2(X, v＜12) with relatively low 

excitation energy (＜3.23 eV) are probably abundant in the plasma bulk. By solving the Boltzmann 

equation using the BOLSIG+ software (a commonly used Boltzmann equation solver [41]), the rate 

coefficients for the production of N2(X, v=1-12) excited species are in the range of 10-9-10-27 cm3s-1. 

Our previous study of RGA plasma methanol decomposition process also showed that the 

vibrationally and electronically excited N2 species (e.g., N2(A) and N2(X, v)) probably played a 

critical role in the conversion of methanol, leading to a higher methanol conversion in the CH3OH/N2 

plasmas compared to the CH3OH/Ar plasmas due to the presence of more reaction pathways [23]. 

Aerts et al. demonstrated that the quenching reactions with metastable N2(A) appear to be important, 

while the direct electron impact dissociation reactions are negligible in the destruction of ethylene 

(10-10,000 ppm) using a DBD air plasma [27]. In addition, Diamy et al. and Pintassilgo et al. have 

shown that the excited N2 species (N2(A) and N2(X, v)) are critical in the initial decomposition of 

methane in 2-44.4% (v/v) CH4/N2 glow plasmas [26, 37, 38, 42]. 

In addition, O2 (which can then produce O atoms) concentration could affect OH generation 

through the following reactions [24, 31, 33, 43],  

O + H2 → H + OH (15) 

O(3P)/O(1D) + H2O → OH + OH (16) 

 

It should be noted that, the production of OH by thermal dissociation for the relative low gas 

temperatures (< 2000K in this study, see Section 3.3) is clearly negligible in this study [35]. 
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NH radicals were produced from the reactions of N atoms that formed from electron impact 

dissociation of N2, with H atoms, H2, and H2O molecules or OH radicals via the following reactions 

[30, 44, 45],  

e + N2 → 2N + e (17) 

N + H → NH (18) 

N + H2 → NH + H (19) 

N + H2O → OH + NH (20) 

N + OH → O + NH (21)  

 

NH3 is probably formed through the coupling reactions of NH with H or H2 (Eq. (22)) [46]. 

NH + 2H/H2 → NH3 (22) 

 

The main gaseous products of the water splitting process: H2 and O2 are not observed in the 

spectra, but can be generated via the following reactions [10, 24, 30, 39], 

H + H + M → H2 + M (23) 

OH + H → O + H2 (24) 

H2O + H → OH + H2 (25) 

e + H2O → O(1D) + H2 (26) 

H2O + H2O → H2O2 + H2 (27) 

O + O + M → O2 + M (28) 

OH + O → H + O2 (29) 

 

Eqs. (23)-(25), (28), and (29) probably play a important role in the formation of H2 and O2 due to 

the abundance of H, O, OH, and H2O species in the plasma bulk. 

In addition, as evidenced by many researchers in gas-liquid gliding arc plasmas [14, 16, 47, 48], 

H2O2 and O3 could probably produce as intermediate products in the H2O/N2 RGA plasmas. H2O2 is 

generated mainly from the combination of two OH radicals (Eq. (30)) or two H2O molecules (Eq. 

(27)), and O3 forms primarily from the reaction of O2 molecules with O atoms (Eq. (31)) [10, 30, 49]. 

It should be noted that, both H2O2 and O3 could be readily dissociated by thermal effect in the 

process considering the high gas temperature in the H2O/N2 RGA plasmas (1400-1825 K, see Section 
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3.4).  

OH + OH → H2O2 (30) 

O2 + O → O3 (31) 

 

The most probable dominant reaction pathways in the RGA water splitting processes in N2 are 

schematically shown in Fig. 6. We can see OH radical is shown to be a key intermediate species that 

could contribute to the formation of H2, H2O2, and O2. 

 

 
The numbers that labeled on the reaction path denote the corresponding numbered reactions in this paper 

Fig. 6 Schematic representation of the mechanisms of water splitting in N2 RGA plasmas 

 

3.3. Effects of input H2O concentration and total flow rate on the emission intensities of 

observed species 

3.3.1. Effect of input H2O concentration 

In order to obtain better insights into the mechanisms of the plasma chemical reactions, the 

emission lines of the OH(A→X) (0, 0) transition at 309.0 nm, NH(A→X) (0, 0) transition at 336.0 

nm, N2 SPS (0, 0) transition at 337.1 nm, and N2
+ FNS (0, 0) transition at 391.4 nm were selected to 

investigate the effects of input H2O concentration (Fig. 7) and total flow rate (Fig. 8) on the emission 

intensities of these species. 

Fig. 7 shows the addition of 1% (mol/mol) H2O into N2 plasma leads to the formation of OH and 

NH, as well as a noticeable increase of N2 intensity and a drastic drop of N2
+ intensity. Then, when 

further increasing the H2O concentration, the OH intensity continues to increase, whereas the NH, N2 

and N2
+ intensity decrease. 
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Fig. 7 OH, NH, N2, and N2
+ emission intensities as a function of input H2O concentration (flow rate 

= 0.5 mol/min) 

 

In agreement with other works [32, 43], increasing amount of H2O addition leads a continuously 

remarkable increase in the OH intensity. In the H2O/N2 plasmas, in addition to the direct electron 

impact dissociation of H2O (Eq. (11)), as well as dissociative electron recombination of H2O
+ (H3O

+) 

(Eq. (12)), the reactions of excited N2 species (e.g., electronically excited N2(A)) with H2O 

molecules (Eq. (13)) are also considered to play an important role in the generation of OH radicals, 

which can be evidenced by the following two aspects. Firstly, the N2(A) molecules are abundant in 

the plasma bulk, inferring from the high intensity of the N2 SPS transitions (see Fig. 5), and therefore 

the collision probability between the introduced H2O molecules and excited N2(A) molecules should 

be quite high. Secondly, as shown in Fig. 7, the N2 intensity exhibits a relatively faster decrease rate 

compared to other species (e.g., N2
+ and NH) with the increase of H2O concentration, indicating 

efficient energy transfers from the excited N2 species to H2O molecules. 

Due to the quenching effect of H2O molecules on the plasma system, the mean electron energy 

(or electron temperature) is considered to decrease with the increase of H2O concentration [50], 

giving rise to a decrease in all the NH, N2, and N2
+ emission intensities. In addition, the estimated 

gas temperature slightly declined from 1725 ± 125 to 1400 ± 75 K (See Section 3.4), whereas the 

discharge power rose from 261.7 to 361.0 W with an increase of the H2O concentration from 1 to 25% 

(mol/mol). Therefore, the electron density in the plasma bulk is expected to increase with rising H2O 
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concentration due to the increased discharge power, which could also lead to an enhancement in the 

OH emission intensity. 

With the addition of 1% (mol/mol) H2O into N2, a noticeable increase of N2 intensity appears, 

probably resulted from the increase of electron density. Whereas, as the H2O concentration further 

increases, the N2 intensity then drops with a relatively fast rate, which should arise from the decrease 

of electron temperature and the increased energy transfers to the H2O molecules, as discussed above. 

The addition of 1% (mol/mol) H2O into N2 leads to a significant drop of the N2
+ intensity, and a 

further increase of H2O concentration results in a slight decrease of the N2
+ intensity. Finally, no N2

+ 

spectral line appears in the spectra at a H2O concentration of 25% (mol/mol). Due to the high 

ionization energy of N2 (15.58 eV) [36], the N2
+ emission intensity is very sensitive to the electron 

temperature, and thus the decrease of electron temperature with increasing H2O concentration should 

substantially contribute to the decrease of the N2
+ intensity. 

For the NH emission, the addition of 1% (mol/mol) H2O into N2 drastically increases the NH 

intensity, resulted from the introduction of the H-containing species (e.g., H2O, H2, OH, and/or H) 

into the plasma system that can react with N atoms to produce NH via Eqs. (17)-(21). Then, the 

decrease of electron temperature and/or the reduce of H or H2 concentration could contribute to the 

decrease of NH intensity with a further increase of the H2O concentration. 

 

3.3.2. Effect of total flow rate 

Fig. 8 shows that the emission intensities of OH, NH, N2, and N2
+ appear to be weakly dependent 

on the flow rate with a flow rate of 0.1-0.5 mol/min. This is because, the N2/H2O plasma system with 

only 10% (mol/mol) H2O is full of excited N2 molecules and N2
+ ions, therefore their concentrations 

can hardly be affected by increasing flow rate. The slight increase of NH or OH emission intensity 

probably arises from the increase of electron density with increasing flow rate. 

It is interesting to note that, increasing flow rate from 0.5 to 0.7 mol/min can drastically decrease 

all the emission intensities of NH, OH, N2, and N2
+, which is due to the change of the arc rotation 

mode. When the flow rate was gradually increased to 0.7 mol/min, the rotating arc suddenly shifted 

from position a to b, as shown in Fig. 1. A reasonable explanation of this phenomenon was proposed 

in our previous work [51]. A longer distance between the plasma disc at point b results in the 

pronounced drop of the emission intensities. In addition, the drastic decrease of discharge power 
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from 301.0 to 123.2 W with increasing flow rate from 0.5 to 0.7 mol/min could also contribute to the 

noticeable decrease of the emission intensities of these species.  

 

 

Fig. 8 OH, NH, N2, and N2
+ emission intensities as a function of total flow rate  

(H2O concentration = 10% (mol/mol)) 

 

3.4 Determination of the rotational temperatures 

The N2
+(B→X) (0, 0) transition in 380-392 nm were selected for rotational temperature 

determination, based on finding the best fit between experimental and simulated spectra using 

Lifbase software [52], which is commonly used in atmospheric pressure plasmas [50]. The 

rotation-translation relaxation of N2
+(B) is sufficiently fast to equilibrate the rotational temperature 

and the gas kinetic temperature before the rotationally excited N2
+(B) molecules undergo radiative 

decay, therefore the rotational temperature of N2
+(B) is considered approximately equally to the gas 

temperature in atmospheric pressure plasma [53]. 

The effects of input H2O concentration and total flow rate on the rotational temperatures of the 

RGA plasmas are shown in Fig. 9 and Fig. 10 respectively. It is interesting to note that a comparison 

of Fig. 9 and Fig. 7 shows the rotational temperature of N2
+ follows a similar evolution of the 

emission intensity of N2
+ with the increase of the H2O concentration. The addition of 1% H2O 

(mol/mol) into the system leads to a drastic drop of the rotational temperature from 2875 ± 125 to 

1725 ± 25 K, resulted from the strong cooling effect of H2O molecules that have large heat capacities. 

The slight elevation of gas temperature from the H2O concentration of 1 to 5% (mol/mol) probably 
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comes from the extremely rapid vibration-translation (V-T) relaxation of H2O molecules [54]. Then, 

with increasing amount of H2O addition, the rotational temperature continues to decrease. 

As shown in Fig. 10, the rotational temperature of N2
+ first decreases slowly as the flow rate 

passes from 0.1 to 0.5 mol/min, and then drops drastically from 1600 ± 25 to 1075 ± 75 K with a 

further increase of flow rate to 0.7 mol/min. A similar evolution of the emission intensity of N2
+ was 

also observed with increasing flow rate, as shown in Fig. 8. The increased heat loss in the plasma 

system at a higher flow rate could make a significant contribution to the decrease of the rotational 

temperature of N2
+. The noticeable drop of the rotational temperature from 1600 ± 25 to 1075 ± 75 K 

as the flow rate passes from 0.5 to 0.7 mol/min should be ascribed to the drastic decrease of the 

discharge power from 301.0 to 123.2 W when the arc position shifts from a to b, as mentioned in 

Section 3.3.2.  

Note that the rotational temperatures determined by the N2(C→B) spectral lines in flat gliding arc 

N2 plasmas are 1000-1500 K, which is slightly lower than the RGA H2O/N2 plasmas in this study [55]. 

In addition, in an alternate current (AC) rotating gliding arc H2O/Air plasma driven by tangential 

flow (discharge power = 44 W, total flow rate = 4.0 L/min, water vapour = 0.63 % (v/v)), the 

rotational temperatures derived from N2(C→B) and N2
+(B→X) are 2000-2500 K [56]. 

In addition, our previous study have shown that the mean electron temperature and electron 

density of the RGA N2 plasma were 0.8-0.9 eV and 1.5-4.9 × 10 13 cm-3, respectively [17]. 

 

 

Fig. 9 Rotational temperatures of N2
+ as a function of input H2O concentration  

(flow rate = 0.5 mol/min) 
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Fig. 10 Rotational temperatures of N2
+ as a function of total flow rate  

(H2O concentration = 10% (mol/mol)) 

 

 

3.5. Comparison of different technologies for hydrogen production from water splitting 

Table 1 shows a comparison of the performance (e.g., H2 yield, H2 production rate, and energy 

yield of H2) of water splitting for hydrogen production using electrolysis, photocatalysis, and typical 

non-thermal plasma systems.  

With the advantages of high volumetric productivity, fast ignition, as well as low investment and 

operating costs, various plasma reactors have been investigated by many researchers for hydrogen 

production from water splitting, whereas the H2 yield is still unsatisfactory, only 1 to 54% (H2 yield 

of ≥50% was obtained only with a flow rate of ≤20 sccm and a H2O concentration of ≤1.5% 

(mol/mol) [57]). In addition, the energy yield of H2 (0.25-13 g kWh-1) is also quite low compared 

with the electrolysis of water (14-20 g kWh-1), which has been commercially and commonly used at 

small scale and viewed as an expensive route. 

The low efficiency of the non-thermal plasmas for water splitting is probably resulted from three 

aspects: a) a relatively low electron energy of the plasmas that is not high enough for the propagation 

of the water splitting reaction, which is a strong endothermic reaction (ΔG0=229 kJ/mol) [58]; b) a 

fast gas flow that leads to a low residence time; c) the generation of various undesired byproducts 

such as NH3, H2O2, and NO. Therefore, more attempts should be focused on the optimization of the 

reactor design to obtain a higher electron energy of the plasmas and a longer residence time of water 
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in the plasmas. In addition, to suppress the production of byproducts, the reaction conditions should 

be carefully controlled, such as the gas temperature, reactor pressure, as well as the types and 

concentration of the working gas or added gas. Several authors have demonstrated that, as working 

gas, Ar could enhance the performance of the water splitting process, with the formation of only a 

small amount of byproducts (e.g., H2O2) [14, 15]. Table 1 also reveals that the addition of O2 into the 

plasma system could lead to a decrease in the H2 yield. In addition, micro-plasma reactors, with a 

lower power requirement, can better control the water splitting process and are also considered as a 

promising method to enhance the energy efficiency of plasma water splitting process [10, 59]. 

Compared to other non-thermal plasma systems, the RGA plasma shows a highest H2 production 

rate in plasma water splitting process. It is also interesting to note that the RGA plasmas can provide 

a relatively high feed flow rate (or processing capacity), while allowing for a wider range of input 

H2O concentration. The high H2 production rate, with a maximum of 41.3 μmols-1 that is much 

higher than that of other plasmas, is resulted from the relatively high energy density of the RGA 

plasmas with increased retention time of reactant in plasmas due to the rapid rotation of the arc [17]. 

Whereas, the H2 energy yields are unsatisfactory, which is probably due to the relatively low electron 

temperature in the RGA plasmas (approximately 1 eV) [17]. Further works will focus on the 

minimization and optimization of the reactor to obtain a higher electron temperature and therefore a 

higher energy efficiency. 

 

 

Table. 1 Comparison of performance of water splitting by various technologies 

Method Worki

ng gas 

Power supply 

and/or discharge 

power 

Input flow 

rate 

Qgas(L/min), 

QH2O(ml/min) 

Input H2O 

concentration 

(%(mol/mol)) 

H2 

yield 

(%) 

H2 production 

rate 

(μmols-1) 

Energy yield of 

H2 (g kWh-1) 

Ref. 

Electrolysis - - - - -  14-20 [60-62] 

Photocatalysis - - - - - ~0.01 0.01 [63] 

Pulsed corona N2 37-72 W 
Under water 

discharge 
- - ~0.4-0.8 ~0.25 [11] 

DBD N2 AC, 7.8 kV, 50Hz Qgas:0.01-1.5 1-2.5 1-29 <0.22 - [61] 

Glow discharge He 
AC, 0.44-1.29 kV, 

8.1kHz 
Qgas: 0.01-0.08 2.9-3.1 8-54 - - [57] 

Tubular 

plasma-catalyst 
Ar 

AC, 0.28-0.72 kV  

8.1 kHz, 

Qgas: 0.01 
2.3 3.8-14.2 0.006-0.085 - [64] 
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Micro-hollow 

cathode 
SO2 

AC, 0.5-2.0mA,  

1-20kHz,  

0.15-0.45 W 

Qgas: 0.03 or 

0.1; 

QH2O: 100-500 

>99 - ~2.5-5.3 - [12] 

Flat pulsed 

gliding arc 

Ar 

25 kV, 250 Hz, 1.5 W 
Qgas: 2; 

QH2O : 1-20 
~38.4-92.6 - 

~0.25-0.55 ~5-13 

[14] Air ~0.15-0.32 ~4-8 

N2 ~0.05-0.10 ~1-2 

 

Flat AC gliding 

arc 

CO2 

AC, 12 kV, 250 W 
Qgas: 2.2 or 3.7; 

QH2O: 25 
93.4 or 89.4 - 

12 

- [15] 

N2 17.3 

O2 0.3 

Ar 20.7 

He 4.1 

RGA N2 
DC, 10kV 

123.2-367.5 W 

Qgas: 2-14.1; 

QH2O: 0.1-2.7 
1-30 1.2-12.4 10.4-41.3 0.32-0.96 This work 

 

Conclusions 

A detailed study of hydrogen production from water splitting by an RGA plasma has been 

performed. Results show that the H2 and O2 yield both decrease with increasing H2O concentration 

or total flow rate, and vary over the range of 1.2-12.4% and 0.8-53.0%, respectively. Due to the 

formation of NH radicals, NH3 molecules, and some O-containing byproducts such as H2O2, O3, and 

NO, the H2/O2 ratio vary from 0.47 to 2.9 with increasing H2O concentration. Compared to other 

non-thermal plasma systems, the RGA plasma shows a highest H2 production rate in plasma water 

splitting process. It is also interesting to note that the RGA plasmas can provide a relatively high feed 

flow rate (or processing capacity), while allowing for a wider range of input H2O concentration. 

Optical emission diagnostics has shown that NO, OH, NH, N2, and N2
+ are detected in the 

N2/H2O spectra, and the OH and NH spectral lines become more and more predominant with 

increasing H2O concentration. OH intensity increases with increasing H2O concentration. In addition 

to the direct electron impact dissociation of H2O, and the dissociative electron recombination of 

H2O
+ (H3O

+), the reaction of excited N2(A)
 
with H2O molecules is also considered to play an 

important role in the generation of OH radicals. 

The complex reactions in the N2/H2O plasma bulk are initiated from the excitation, ionization, 

and/or dissociation of H2O and/or N2 molecules, producing various key intermediate species such as 

OH, H, H2O
+ (H3O

+), N2
+, N2(A), and/or N etc., which will then lead to the formation of H2, O2, 

H2O2, NO (or NO2), and NH3 etc. via coupling reactions among each other. 

The rotational temperature of N2
+, which can be considered as the gas temperature, shows a 
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significant drop from 2875 ± 125 to 1725 ± 25 K with the addition of 1% (mol/mol) H2O into N2. 

Increasing total flow rate from 0.1 to 0.5 mol/min leads to a slight decrease of the rotational 

temperature of N2
+, whereas a further increase of flow rate to 0.7 mol/min results in a significant 

drop of the rotational temperature from 1600 ± 25 to 1075 ± 75 K. 
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