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Abstract
Plasma decomposition reactions are used for various gas phase chemical processes 
including the decomposition of ammonia. In this work we show that pure ammonia can be 
effectively decomposed at atmospheric pressure and ambient temperature using a packed-
bed plasma reactor moderated with  BaTiO3 ferroelectric pellets without catalyst. The 
decomposition rate and energy efficiency of this ferroelectric barrier discharge reactor have 
been monitored as a function of applied voltage (up to a maximum value of 2.5 kV) and 
flow rate. For each operating condition reaction efficiencies have been correlated with the 
parameters defining the electrical response of the reactor. It is found that plasma current 
and volume inside the reactor and hence the energy efficiency of the process and the 
decomposition rate vary with the applied voltage and the flow of ammonia (a maximum 
decomposition rate of 14% and an energy efficiency of 150  LH2/kWh has been determined 
under optimized operation conditions). The role of back reactions (i.e.  N2 +  3H2 →  2NH3) 
in decreasing reactor performance is another key effect affecting the overall efficiency for 
the ammonia decomposition. The possibilities of ferroelectric barrier discharge reactors 
to induce the decomposition of ammonia and the importance of keeping the operating 
temperature below the Curie temperature of the ferroelectric material are highlighted.

Keywords H2 production · NH3 decomposition · Atmospheric pressure plasma · Packed-
bed plasma reactors · Back or reverse reactions · Microdischarges

Introduction

The shortages in the use of fossil fuels in line with the current policies to reduce the 
emission of greenhouse gases are encouraging the search for new energy vectors [1]. The 
procedures for their generation must be sustainable and compatible with a distributed 
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operation based on small plants and reliable transportation networks. The European Green 
Deal aims at archiving net zero  CO2 emissions by 2050 and a reduction of 55% by 2030 
[2]. Within this transition scenario, Power-to-X technologies are expected to generate 
energy carriers (hydrogen or hydrogen-rich gases) using electricity generated by renewable 
power plants [3]. Up to now,  H2 has been the most widely investigated carrier due to its 
wide range of applications in different sectors. However, its complex storage and transport 
requirements have thrusted the search for alternative  H2-carriers, such as methanol, formic 
acid, liquid organic hydrogen carriers –LOHC- or ammonia [4–6].  NH3 is a particularly 
interesting because its decomposition gives rise to hydrogen and nitrogen as unique 
by-product.

The  NH3 decomposition process is favourable at low pressures and high temperatures. 
The binding energy of the  NH3 molecule is 388 kJ/mol and the H molar content represents 
75% of the atomic molar per molecule (weight percentage 17.7%). Besides these energy-
related magnitudes, ammonia has additional advantages: it is one of the three most 
frequently transported chemical compounds in the world, it is produced on a large scale 
(230 Mt per year) [7], is neutral or has a low impact as a greenhouse gas and its storage is 
relatively cheap and safe.

There are different technologies to produce hydrogen from  NH3 molecules. These 
include thermal decomposition (at temperatures around 500 °C using catalysts containing 
cobalt, nickel or iron) [8], pyrolysis (usually operated at temperatures above 700 °C) [9], 
liquid  NH3 electrolysis [10] or decomposition with mechanochemical methods [11]. Other 
procedures operated at mild conditions include its decomposition assisted by electric fields 
[12] or by plasmas operated at atmospheric pressure. The latter has already demonstrated its 
effectiveness in different gas processes [13–15], including the reforming of hydrocarbons 
[16, 17] the elimination of contaminants [18] and the synthesis of  NH3 [19–23]. Among 
the available plasma technologies (gliding arc, microwaves…), packed-bed plasma reactors 
have been much studied due to their easy operation and large prospects of use. Packed-
bed reactors work at atmospheric pressure and require relatively low voltages for plasma 
ignition. These conditions are very advantageous for on-board applications in cars, trucks 
and other vehicles.

Several experimental and theoretical studies have dealt with the plasma-assisted  H2 
production using ammonia as fed gas [21, 22, 24–31]. Some works have reported the use of 
mixtures of  NH3 plus other gases acting as dilutants or to protect against the corrosive 
effects of the ammonia [30, 31]. Most frequently utilized gas carriers are  N2 and  H2 
since they are the products of the reaction and would naturally be present in gas mixtures  
scale-up feeding plasma reactors. Akiyama et al. obtained a 100% hydrogen yield using a 
diluted mixture of  NH3 and  N2 containing 4.87% of the former [30]. Bang et al. used a fix 
mixture of 1 mol % of  NH3 diluted in  N2 and obtained a conversion of  NH3 of around 15% 
working at high temperatures. These authors proposed different reaction mechanisms and 
developed a model to account for their observations, but claimed that improvements are 
still needed in the process [31].

A rather common approach by the use of packed bed plasma reactors is the incorporation 
of catalysts to promote certain surface reactions contributing to the decomposition of 
ammonia [12, 27, 28, 32]. Very often, the same catalysts used for the synthesis of ammonia 
are used for their decomposition. Yi et al. used both nanometallic and bimetallic catalysts 
of Fe, Co, Ni and Mo for the decomposition process, and found practically a 100% 
of conversion at 500 °C, the decomposition notably diminishing when decreasing the 
temperature [27]. Wang et al. also found an improvement of the conversion when adding 
a Fe-catalyst at temperatures above 380 °C [28]. They found a  NH3 conversion close to 
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100% working at 410 °C and pointed out a relevant effect on the ammonia excited species 
involved in the decomposition process [26]. Working at room temperature, Andersen et al. 
analysed the effect of different catalyst supports and found a maximum conversion of 15% 
for  MgAl2O4. They prove the important role of the microdischarges in the decomposition 
process, as well as the existence of a linear correlation between the dielectric constant of 
the packed material and the conversion degree [29]. Hayakawa et al. developed a two-step 
approach in which they combined a catalytic reactor operating at approximately 700 °C 
with a plasma membrane reactor. This innovative method yielded a pure hydrogen flow 
rate of 120 L/h [25], whereas solely employing the plasma membrane reactor resulted in a 
flow rate of 20 ml/min [24]. In plasma-catalyst reactors the enhancement in the ammonia 
decomposition yield has been generally attributed to the contribution of reactions at the 
catalyst surface. However, the importance of such surface reactions within the overall 
process is currently under discussion The controversy stems from recent investigations 
reporting that surface catalytic reactions are second order or even negligible and that bulk-
plasma processes determine the main reaction pathways leading to the formation of the 
desired chemical products [21, 32].

In this work, we study the  H2 production by decomposition of pure  NH3 in a packed-bed 
plasma reactor, using  BaTiO3 as discharge moderator, but no specific catalyst or carrier 
gas to dilute the ammonia. For the sake of precision, we designate this type of reactor as 
ferroelectric barrier discharge (FBD). These reactors may generate quite intense plasmas at 
relatively low excitation voltages and frequencies [33]. In the current work, the excitation 
voltage and the gas flow rate were selected as running parameters to optimise the reactor 
performance. The decomposition degree of ammonia and the energy efficiency of the 
process have been related with the expansion of plasma volume within the reactor and the 
characteristics of the discharge as determined by an exhaustive electrical characterization 
of the plasma reaction under different operation conditions. The results obtained reveal that 
the inlet flow is a critical factor that, affecting the electrical properties of the discharge, 
enables the adjustment of both the amount of produced  H2 and the energy efficiency of the 
process. Our results also provide some hints about the occurrence of detrimental reactions 
(i.e., back formation of ammonia) and the conditions favouring them. Although additional 
research is still required, the results reported here highlight the importance of plasma 
microdischarges, its distribution within the reactor volume and its dependence on simple 
running parameters such as flow rates for an effective control of ammonia reactivity and 
final decomposition degree.

Experimental

Figure 1 shows a sketch of the packed-bed plasma reactor utilized in this work. A sim-
ilar reactor has been previously used for the synthesis of ammonia,  CO2 elimination 
and various revalorization reactions [15, 17, 21, 22, 34, 35]. It consists of a cylindri-
cal stainless steel chamber containing two circular aluminium electrodes (7.5  mm in 
diameter), separated by a 5 mm gap. The ground electrode is placed at the bottom of 
the chamber. It has a hole in its centre that acts as gas inlet. Gas outlet tube and active 
electrode are placed on the lid of the cylindrical chamber, this latter also made of stain-
less steel. The inter-electrode space was filled with rounded barium titanate  (BaTiO3) 
pellets, with a mean diameter of 2–3 mm. The fraction of voids in the packed-bed bar-
rier has been estimated in 36–42%. The morphological properties of the packed bed 
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material, as well as a photograph of the reactor, are provided as supplementary material 
S1. All experiments were carried out at atmospheric pressure and room temperature, 
using pure ammonia as input gas. Experiments were repeated three times. To analyse 
the effect of residence time on process performance, the total flow rate of  NH3 was var-
ied between 4.5 and 25 sccm using a mass flow controller (Bronkhorst, EL-flow type). 
A Fourier transform infrared spectrometer (FTIR) located downstream the reactor was 
used to quantitatively determine the composition of the exit gas mixture (the device was 
calibrated previously with mixtures of  NH3,  H2, and  N2 in different proportions). Each 
FTIR measurement is an average of 6 individual measurements.

To ignite the plasma, the active electrode was connected by means of an electrical 
feedthrough to a high voltage amplifier (Trek, Model PD05034) and a function generator 
(Stanford Research System, Model DS345). A sinusoidal V(t) signal waveform was used 
for electrical excitation. The excitation signal was characterized by a constant frequency 
of 5 kHz and a voltage amplitude varying from 1.5 to 2.5 kV. I(t) and V(t) curves were 
acquired by means of an oscilloscope (Tektronix TSD2001C) using a high voltage probe 
and a resistor (223 Ω) placed in series with the grounded electrode. The consumed 
power, P(w), was calculated analysing the Lissajous figures (supplementary material S1 
shows a sketch of the electrical connections).

The percentage of decomposed ammonia can be estimated as the difference between 
the ammonia moles in the inlet ( nin

NH
3

) and outlet ( nout
NH

3

) flows of the plasma reactor:

(1)D(%) =
nin
NH

3

− nout
NH

3

nin
NH

3

⋅ 100

Fig. 1  Sketch of the packed-bed plasma reactor
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Hydrogen yield is expressed in terms of the amount of hydrogen produced per time 
unit, and is defined as:

where D is the decomposition rate defined above and Qin
NH

3

 is the total  NH3 flow rate feeding 
the reactor.

The specific energy input (SEI) and the energy efficiency (EE) parameters have been 
used to evaluate the efficiency of the process and are defined as follows:

where  Qin refers to the flow rate of  NH3 feeding the reactor and  QH2 to the flow rate of 
produced  H2. SIE accounts for the mean energy deposited per molecule in the reactor, 
while EE refers to the amount of hydrogen produced per unit of consumed energy.

Results and Discussion

Electrical Analysis of the Packed‑Bed Reactor

A first step in this investigation was to evaluate the influence of the ammonia flow rate 
on the electrical behaviour of the reactor. Figure  2 shows the I(t) curves obtained upon 

(2)H
2
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3

2
⋅ D ⋅ Qin

NH
3

(3)SEI(kJ∕L) =
P(W) ⋅ 60

Qin(sccm)

(4)EE
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2
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)

=
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2
(sccm) ⋅ 60
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Fig. 2  I(t) characteristic curves for an applied sinusoidal V(t) voltage of 2.5 kV and 5 kHz of frequency for 
a 4.5 sccm, b 9 sccm and c 25 sccm  NH3 flow rates
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applying a V(t) sinusoidal signal of 2 kV amplitude and 5 kHz frequency and three  NH3 
flow rates (4.5, 9 and 25 sccm). It is noticeable that I(t) curves deviate from a sinusoi-
dal behaviour as the flow rate increases and that the superimposed microdischarges are 
more intense and their density higher as the flow rate increases. For the 4.5, 9 and 25 sccm 
flow rates the mean microdischarge amplitude was 1.68, 2.55 and 3.62 mA, respectively. 
To estimate the microdischarge amplitude, we used a Fourier and filtering procedure, as 
detailly explained in supplementary material S2.

The Lissajous figures plotted in Fig. 3a correspond to the used flow rates and applied 
voltage, this latter varying from 1.5 to 2.5 kV. It appears that, at a constant flow rate, the 
higher the voltage the higher the transferred charge (there is a vertical enlargement of the 
charge–voltage curves in this figure) and consumed power (calculated as the area of the 
Lissajous plot multiplied by the frequency). It can be also realized that, as the flow rate 
increases, the shape of the curves evolves from circular or almond shapes to parallelepi-
pedal, in agreement with the deformation of the I(t) curves observed at high flow rates. 

Fig. 3  a Lissajous figures and b consumed powers for different applied voltages (1.5, 1.75, 2, 2.25 and 
2.5 kV) and flow rates (4.5, 9 and 25 sccm). Frequency was kept constant at 5 kHz for all experiments
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For example, the 25 sccm case reveals that plasma on- and off- regions can be easily deter-
mined using the Lissajous figures [36]. The figures obtained for the 4.5 sccm flow reveal a 
clear capacitive component, unlike the shape of the curves obtained at higher flow rates. As 
discussed in next sections, we believe that this effect can be attributed to a surface chemi-
cal reduction experienced by the barium titanate pellets exposed to a hydrogen-rich plasma 
when working at high flow rates. Such a reduction would promote the occurrence of micro-
discharges, resulting in plasmas with a more resistive  but less capacitative character at 
higher flows.

From the curves in Fig. 3a we estimated the consumed power, whose values are shown 
in Fig.  3b for the different operational conditions. Interestingly, at 25 sccm, despite the 
higher density and intensity of microdischarges, the consumed power was smaller than 
the one calculated for 4.5 and 9 sccm, these two conditions rendering similar values. This 
behaviour is a consequence of the I(t) curve deformation shown in Fig. 2 and the smaller 
contribution of displacement current in the experiments using a flow of 25 sscm. From an 
electrical point of view, a higher microdischarge amplitude is a consequence of a lower 
plasma impedance at high flow rates. This feature can be attributed to changes in the 
properties of the  BaTiO3 ferroelectric packing bed material, as suggested above and further 
discussed later.

These electrical reactor responses can be interpreted on the basis of the equivalent 
circuit model proposed by Peeters and Sanden [37]. Following the premises of this model, 
the electrical effect of the discharge moderator is usually represented by a capacitor,  Cdiel. 
The capacitance of the barrier empty space is  Cgap, while for the entire reactor in the 
absence of plasma the capacitance is represented by  Ccell (it is worth mentioning that the 
capacitance of the gap varies when the gases proportions in the mixture change, as it is the 
case in our study due to the change in conversion rate for each examined flow). A variable 
resistor R represents the plasma consumed power. As shown in the supplementary material 
S3, the equivalent circuit of Peeters and Sanden [37] divides the interelectrode space into 
two regions, a first one filled with the plasma discharge (characterized by a unit ratio β) 
and another with no plasma (unit ratio α). For the entire reactor α + β = 1. Since in our 
case the plasma does not occupy the whole interelectrode space, the dielectric capacity is 
better represented by ζdiel instead of  Cdiel. ζdiel is defined as indicated in Eq. 5 and, in partial 
discharges, corresponds to the slope of the plasma-on region of the Lissajous figure. The 
cell and dielectric capacitances  (Ccell and ζdiel) can be calculated from the slope of the ON- 
and OFF-regions of the Lissajous figures. For this purpose, we used a regression analysis, 
with a regression coefficient consistently above 0.98. Supplementary material S3 provides 
a detailed account about this analysis and calculations.

Under our working conditions, although it is not possible to accurately estimate α and 
β (it would require that plasma fills the entire space between electrodes, but the reactor 
short-circuited when approaching this stage), we may analyse the relative variation of β 
(see Eq. 6). This relative variation would provide an approximate description of the plasma 
expansion as the voltage increases. In other words, although we cannot calculate the 
extension of the plasma discharge region, we may have information about how it increases/
decreases following the evolution of the parameter β with the voltage.

(5)�diel = �Ccell + � ⋅ Cdiel
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Figure 4 shows the  Ccell and ζdiel values determined for the 9 and 25 sccm reactant flow 
rates as a function of applied voltage (Fig.  3a shows that only the comparison of these 
two flow rates allow to clearly differentiate the ON- and OFF- plasma regions according 
to the equivalent circuit model). According to the plots in this figure,  Ccell remains almost 
constant with approximate values of 0.11 and 0.06 for 9 sccm and 25 sccm flows, respec-
tively. However, ζdiel growths rather sharply for voltages higher than 2 kV, an increase that 
points to a dependence on some specific physical magnitudes. Firstly, the known variation 
in the dielectric constant of  BaTiO3 (and therefore  Cdiel) as the applied voltage increases 

(6)
Δ�

�
≡

�(2) − �(1)

�(1)
=

�
(2)

diel
− �

(1)

diel

�
(1)

diel
− Ccell

Fig. 4  Capacitances calculated 
from Lissajous figures repre-
sented as a function of the exter-
nal applied voltage for a 9 sccm 
and b 25 sccm of  NH3. Note the 
different Y scales in each plot. 
Frequency 5 kHz
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[33, 38]. Secondly, a possible change of  Cdiel if the surface of pellets becomes reduced by 
their exposure to a plasma rich in hydrogen and therefore with a highly reducing chemical 
character. Figure S4 in the supplementary material shows a photograph of an already used 
packed bed with the pellets depicting dark spots, which are attributed to a partial reduc-
tion of the surface. We assume that this reduction process contributes to vary the surface 
impedance of the pellets (they should be less resistive upon reduction), thus favouring the 
development of microdischarges. This assumption agrees with the higher density of micro-
discharges depicted in Fig. 2 for the 25 sccm flow. In this way, both an intensification of 
the microdischarges and an increase in the concentration of  H2 in the discharge volume 
will take place as the reduction degree of the surface of pellets progressively increases up 
to reach the steady state (we will come back to this point in next sections). As a third factor 
in this retrofitting scheme, we claim that an increase in β (Eq. (5)) occurs because plasma 
volume expands when operating voltage increases.

The relative variation of β, depicted in Fig. 5, confirms the hypothesis above. For both 
the 9 and 25 sccm flow rates, an increase in the discharge volume correlates with the 
increase in the amplitude of the applied voltage, but with a more pronounced effect for the 
25 sccm flow rate. To a first approximation, this increase in the relative plasma volume will 
lead to an enhancement in the probability of electron-ammonia interaction and lead to an 
increase in the ammonia decomposition degree.

Decomposition Rate and Energy Efficiency

After the previous assessment of the electrical behaviour of the reactor, we analysed the gas 
outlet products, which solely consisted of  N2 and  H2, along with unreacted  NH3. No traces 
of hydrazine were detected in the conducted experiments (as proved by mass spectrom-
etry, see supplementary material S5). This analysis proved that the gas flow composition 
at the reactor outlet is consistent with the  NH3 decomposition reaction  2NH3 →  N2 +  3H2, 
with no traces of other substances. Figure 6 shows the evolution of the percentage of  NH3 
decomposition and that of the energy efficiency of the process as a function of the applied 
voltage for the three flow rates utilized in this work. In all cases (Fig. 6a) the decomposi-
tion of  NH3 is favoured at higher voltages, reaching a maximum of 14% at 4.5 sccm and 
2.5 kV. The increasing evolution of the decomposition percentages vs. voltage was differ-
ent depending on the flow rates: for 4.5 and 9 sccm the increase was around 10% per kV, 
while for 25 sccm it was around 4%. The values of these ratios are somehow contradictory 
with the electrical analysis of the reactor behaviour reported in the previous section, where 

Fig. 5  Relative variation of the discharge volume as a function of the applied voltage for 9 and 25 sccm. 
Frequency 5 kHz
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a higher plasma intensity was found for 25 sscm flow rate. In the same line, the curves of 
energy efficiency in Fig. 6b prove one order of magnitude enhancement in this parameter 
for the 25 sscm flow and all applied voltages (note the logarithmic scale in this plot). This 
result stresses the importance of properly adjusting the working parameters during opera-
tion of packed bed reactors. In the experiments herein, the development of a relatively large 
plasma volume and an enhancement in the density and intensity of microdischarges when 
operating the reactor at 25 sscm leads to a clear increase in energy efficiency [29]. Mean-
while, the much lower energy efficiency obtained for the 4.5 and 9 sscm flows must be 
attributed to that only part of the applied power (see Fig. 3b) is spent in the generation of 
microdischarges, the rest being spent in the form of displacement current.

Fig. 6  a  NH3 decomposition per-
centage and b energy efficiency 
for different applied voltages and 
 NH3 flow rates
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Figure 6b also reveals that EE varies differently with voltage for the 25 sscm and the 
other two flows: in the former case efficiency decreases with voltage, while for 9 and 4.5 
sscm it slightly increases. This result, together with the slow progression in decomposition 
rate at the highest flow (c.f. Figure 5a) mean that at 25 sccm and high voltages a significant 
fraction of the input energy is wasted in other processes that are inefficient to generate  H2 
(i.e.,  NH3 decomposition) [22, 34]. We suggest that at high flow rates and high power con-
sumptions (i.e., for applied voltages above 1.75 kV), the amount of produced  N2 and  H2 
is high enough to make quantitatively relevant the formation of  NH3 molecules. Reverse 
reactions are demonstrated to occur in different plasma-assisted chemical processes and are 
thought to be one of the factors bringing down the efficiency in packed-bed plasma reac-
tions [22, 34]. To prove that this reaction is feasible under the utilized reaction conditions, 
new experiments were conducted with mixtures  N2 and  H2 and the same experimental con-
ditions than for the  NH3 decomposition experiments. The results, shown as supplementary 
material S6, demonstrate the production of  NH3, with nitrogen conversion rates of approxi-
mately 1.2% at 2.5 kV. This proves that under the experimental conditions of this study, the 
reverse reaction is likely to occur. It is noteworthy that, despite the considerable increase 
in the occurrence of back-reactions occurring for the 25 sscm experiment (and therefore a 
progressive decrease in the overall energy efficiency for the production of  H2), values as 
high as 50  LH2/kWh are still obtained at 2.5 kV for the ammonia decomposition reaction.

Parameters such as the total hydrogen production and specific energy input (SEI) are 
commonly used to figure out how energetic factors affect reactor performance. Figure 7 
shows plots of hydrogen yield (in  mLH2/min) and EE as a function of SEI. Figure 7a shows 
that, for all analysed flow rates, the increase in the amount of energy deposited per mol-
ecule leads to an increase in the production of hydrogen. This is equivalent to say that the 
availability of more energy per molecule increases the probability of activating ammonia 
decomposition processes. It should be remarked that the same applies to back reactions, 
making that at high production rates the efficiency may relatively decrease as deduced 
when comparing the 25 sscm curves in Fig. 7a and b.

Bringing together the results in Fig. 5 about discharge volume variations and the data 
in Fig. 7, it can be realized that, for each flow rate, an increase in the specific energy input 
corresponds to an increase in the discharge volume. This means that there is a greater 
amount of energy available per molecule to decompose the ammonia, as well as to promote 
back reactions. In addition, part of the energy can be dissipated in the form of heat.

In general, to optimize the hydrogen production yield, a good trade-off between ammo-
nia decomposition, hydrogen yield and energy efficiency should be found. Figure 8 shows 
the  NH3 decomposition rate as a function of EE. The maximum  NH3 decomposition of 
14% found for a flow of 4.5 sscm corresponds to an efficiency of 10.4  LH2/kWh. Data in 
our work also demonstrated that in our system varying the ammonia flow rate is a simple 
way to increase ammonia decomposition and energy efficiency. A flow rate of 4.5 sccm 
renders the maximum decomposition, which drastically decreased for higher flow rates of 
25 sccm to values around 5–8%, though with an energy efficiency above 140  LH2/kWh 
(and a higher hydrogen yield at a lower SEI as compared to 4.5 and 9 sccm flows). Thus, 
taking together the plots in Figs. 7 and 8, it can be deduced that most favourable conditions 
to stablish an optimum trade-off between EE,  H2-yield and decomposition percentage are 
a flow of 25 sccm and medium voltages. Recirculation of gases after recovering hydrogen 
(e.g., with palladium-platine membranes placed at the reactor outlet) would also contribute 
to optimize the reactor performance.

A final remark refers to heating effects that may be encountered during operation of 
ferroelectric reactors. One of the consequences of increasing power is reactor warming 
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(in fact, during long working periods at the highest powers the reactor reached a 
temperature of 40 °C, measured at the reactor wall). Considering that  BaTiO3 has 
a Curie temperature of 120 °C, and that a temperature drift inside the reactor is 
likely, there is a risk that moderator material loses its ferroelectric character at some 
contact-points and, thus, its ability to enhance plasma generation (the transition 
from ferroelectric to dielectric behaviour entails a drastic decrease in permittivity 
and, therefore,  Cdiel). This means that operating the reactor at low temperatures is 
crucial when working with  BaTiO3 as moderator. It is also likely that gas flow can 
be an important variable contributing to heat dissipation and, hence, to maintain the 
ferroelectric character of the discharge. The shape of the Lissajous curves in Fig.  3 

Fig. 7  a  H2 production and b 
energy efficiency as a function of 
the specific energy input (SEI) 
for the three different flows used
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suggest such a transformation of the operating mode of the reactor when increasing the 
flow rate.

In relation to the chemical reduction of the surface of pellets discussed in the 
previous sections, we may assume that the resistivity of  BaTiO3 will decrease due 
to the reduction of pellets with a hydrogen rich plasma [39]. We assume that this 
reduction process contributes to reinforce the formation of microdischarges observed 
at high flows.

Benchmarking of Plasma Technologies and Other Hydrogen Production 
Technologies

The previous results and discussion gain relevance when comparing them with the lat-
est results on ammonia decomposition in packed-bed plasma reactors and other types of 
discharges. Table  1 shows the percentage of ammonia decomposition, consumed power, 
ammonia input flow, energy costs, EE, and SEI values recently obtained in different works. 
It can be seen that non-thermal arc plasma reactors provide the best results in terms of cost 
and energy efficiency, with values exceeding 1000  LNH3/kWh and 1500  LH2/kWh. Addi-
tionally, they allow for the treatment of large gas flows. We should mention in this regard 
that arc reactors require large input flows to operate and that, therefore, they may not be 
suitable for situations where localized small-scale hydrogen production is needed. In these 
cases, packed-bed reactors would likely be a better choice. Induction reactors have also 
depicted good results in terms of  NH3 decomposition percentages, albeit with lower energy 
cost and efficiencies (energy costs are defined as  LNH3/kWh, so it is desirable for this 
value to be as high as possible). Our results are similar to those obtained by other authors 
using dielectric barrier discharge or packed-bed configuration reactors. We would like to 
highlight that our reactor is advantageous because it does not use any catalyst and operates 
at ambient conditions. This contrasts with most packed-bed reactor studies, where operat-
ing temperature exceeds 400 °C to make catalytic effects relevant. To increase energy effi-
ciency with our reactor we foresee the implementation of selective membranes to remove 
 H2 from the discharge immediately after its formation and the possibility of operating by 
recirculating gas flows. The use of catalysts could also be beneficial, as well as redesigning 
the reactor by varying aspects such as the shape, size, and material of the pellets, as well as 
its characteristic dimensions.

Fig. 8  Ammonia decomposition percentage as a function of the energy efficiency at a frequency of 5 kHz 
and the indicated flow rates
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By the Net Zero Emission Scenario in 2050, the cost of  H2 should ideally remain within 
the range of $1–2 per kilogram(H2), which corresponds to approximately 60 g(H2)/kWh 
[43] (under normal conditions, it is around 672  g(H2)/kWh). This means that further 
research is still required to achieve this target, and that emerging plasma technologies are 
still far but approaching this desired value [31]. Other technologies at more advanced TRL 
(Technology readiness level) are beginning to be implemented in industrial applications. 
For instance, electrolysis achieves yields of approximately 600–10000  LH2/kWh [44, 45] 
and microwave assisted production values of 149  LH2/kWh [43, 46]. Catalytic processes, 
which are responsible for the majority of  H2 currently produced, boast conversion rates 
exceeding 99% [47–50]. Plasma technology is still at a low TRL level and therefore 
requires of further research. Owing to its operational advantages (zero emissions, minimal 
wastes, the ability to operate under normal pressure and temperature conditions, and in 
a distributed manner, etc.), overcoming current bottlenecks hindering high yields and 
conversions is a clear challenge to make plasma competitive with other procedures.

Conclusions

In this work we have shown that a FBD reactor moderated with  BaTiO3 pellets and no 
catalyst is rather effective to promote the decomposition of ammonia into hydrogen and 
nitrogen at ambient temperature and relatively low activation voltages and frequencies. 
The effectiveness of the process has been compared with the plasma conditions of the 
discharge, finding a good correlation between reaction parameters, such as decomposition 
rate and energy efficiency, with plasma parameters, such as volume and density of 
the plasma in the interpellet space and the consumed power of the discharge. Although 
some surface contribution to the decomposition rate cannot be discarded at this point, 
experimental results suggest that the characteristics of the plasma discharge is the primary 
factor controlling the efficiency of the process. In this scenario, hints exist about that a back 
reaction between  N2 and  H2 to yield  NH3 can be detrimental and contribute to decrease the 
yield for the ammonia decomposition reaction. This suggests that an immediate removal of 
hydrogen from the reaction medium (e.g., using Pd–Pt membranes) would be desirable to 
optimize the plasma technology to decompose ammonia.

By the analysis of the electrical characteristics of the plasma discharge it has been found 
that the flow rate of reactants contributes to increase the plasma intensity. This unexpected 
result has been tentatively explained assuming that at low temperatures the surface of 
the  BaTiO3 pellets may be partially reduced (i.e.,  Ti4+→T3+) by the interaction with the 
reducing plasma and that a discharge intensification benefits from this chemical reduction 
of the surface of pellets, now formed by an unmodified ferroelectric core and a very thin 
crush with less electrical resistivity. Another possible factor contributing to reinforce the 
intensity of the discharge at high flow rates is heat removal from the plasma zone and the 
preservation of the ferroelectric properties of the pellets.
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