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Vespucio 49, 41092 Sevilla, Spain.
Email: anamaria.gomez@icmse.csic.es (A.G.R.);
arge@icmse.csic.es (A.R.G.E.)

Funding Information
This work was supported by Junta de Andalucía
through the project P12–2265MO and from the
MINECO-CSIC through the EU regional fund
project RECUPERA 2020.

Plasma reactions offer an attractive alternative route for the synthesis of a variety of
valuable chemical compounds. Here we investigate the parameters that determine
the efficiency of ammonia synthesis in a ferroelectric packed bed dielectric barrier
discharge (DBD) reactor. The effects of varying the operating frequency, the size of
the ferroelectric pellets and the inter-electrode distance have been systematically
studied. Under optimised conditions nitrogen conversions in excess of 7% were
achieved, higher than those previously obtained usingDBDreactors. Thesefindings
are discussedwith respect to variations in the electrical characteristics of the reactor
under operating conditions and
in the light of emission spectra
obtained as a function of reac-
tant flow rates. These encour-
aging results signpost future
developments that could very
substantially improve the effi-
ciency of ammonia synthesis
by means of DBD technology.
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1 | INTRODUCTION

Plasma excitation of nitrogen/hydrogen mixtures results in a
significant degree of ammonia synthesis, reactant conver-
sions of up to 3% having been achieved.[1–6] However, such
yields and the associated low energy efficiencies do not
compete with the conventional catalytic synthesis of
ammonia by means of the Haber-Bosch process, where
conversions of up to 10% andmuch higher energy efficiencies
are attained.[7–9] Therefore, to enable plasma synthesis of
ammonia as a potential industrial process, it is essential to

significantly improve both the conversion and the energy
efficiency of current plasma processes.

Different kinds of plasma processes, encompassing low
pressure microwave discharges,[2–4] gliding arc[5] or micro-
discharges[6] have been essayed for the synthesis of ammonia
from N2 and H2 mixtures. Ammonia synthesis has been also
achieved with the so-called dielectric barrier discharge
(DBD) technique, a versatile atmospheric pressure plasma
process that has been extensively used for a large variety of
chemical applications.[10–14] Very recently, using a packed
bed parallel plate DBD plasma reactor incorporating pellets
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of a ferroelectric material to moderate the discharge, we
achieved a nitrogen conversion of 2.7% employing a mixture
of nitrogen and hydrogen only, without any added inert gas:
to our knowledge this greatly exceeds anything reported in
comparable studies.[15] It was found that the presence of a
ferroelectric material, either BaTiO3 or PZT, enhanced
the reactor performance, an effect that we attributed both to
the effect of the ferroelectric material on the discharge
and to the occurrence of catalytic reactions taking place
on the surface of the ferroelectric pellets. Even so, a
conversion of 2.7% is far from the values that are required
to make plasma technology competitive with current
industrial practice.

In the present work, we investigated systematically and in
detail the influence on reactor performance of the frequency
of the sinusoidal applied voltage, the size of the ferroelectric
pellets and the effect of the distance between electrodes.
Others have studied the influence of voltage, frequency and
the size of dielectric pellets on various reactions under DBD
conditions.[16–20] However, the interaction between these
process variables, the use of ferroelectric pellets and the inter-
electrode distance has not been examined, probably because
in the most commonly used cylindrical reactors with fixed-
geometry, the latter cannot be adjusted.[10,20] Here, we report
the effect of key experimental parameters, including the inter-
electrode separation, on the properties of N2/H2 mixtures and
the consequences for ammonia synthesis performance, using
a ferroelectrically moderated DBD reactor. Nitrogen con-
versions in excess of 7%were achieved, and it was shown that
this value could be increased by appropriate alteration of
discharge operating conditions and reactor design. These
conclusions were arrived at by analysis of the electrical
working parameters of the reactor and of the plasma emission
spectra, along with simulation of the electrical field at the
‘necks’ between ferroelectric pellets. The simulation was
done using COMSOL Multiphysics software,[21] and by the
evaluation of the electron energy and density by numerical
methods based on solution of the Boltzmann equation for
weakly ionised gases under uniform electric fields.[22]

Although conclusions were reached for the particular case
of ammonia synthesis, they are of general applicability and
should enable the optimisation of DBD reactor design and
operating conditions for other types of reactions.

2 | EXPERIMENTAL SECTION

Figure 1 shows a scheme of the reactor design used in the
present work, similar to that utilised by us in previous
studies.[15,23] It consisted of a stainless steel chamber and a
stainless steel plate as active electrode (7.5 cm in diameter)
with the bottom wall of the reactor as grounded electrode. Gas
feed was via a hole in the bottom wall that was covered with a

metallic mesh to ensure electrical continuity. The adjustable
inter-electrode space was filled with small spherical pellets of
PZT (lead zirconate titanate), a ferroelectric material previ-
ously shown by us to maximise the efficiency of NH3

synthesis.[15] The effect of varying the diameter of the
ferroelectric pellets was investigated: they were prepared
from PZT powders (APC International, LTD) using an
intensive mixer (Eirich GmbH, RV02). After introducing the
powder into the mixer, a solution 10% of PVA in water was
sprayed into it until the increase in weight was 17%. This
initiated the sintering process and promoted growth of pellets
whose size was controlled by the strength of the mixing and
shaking action. They were then maintained at 100 °C for 24 h
followed by sintering in air at 835 °C for 2 h. Subsequently, to
eliminate surface imperfections, the pelletswere ballmilled for
1 h and sized by sieving though calibratedmeshes. Pellets with
sizes between 0.5 and 2 mm and between 2 and 3mm were
used in the present work.

Experiments were carried out when the reactor walls had
reached a temperature of 60° C, maintained constant by
thermostatic fan cooling. The extent of cooling required
varied from case to case because the degree of Joule heating
depended on the operating frequency of the plasma. Light
emitted by the plasma discharge was collected through an
optical fibre as shown in Figure 1 and analysed by optical
emission spectra recordedwith amonochromator Jobin-Yvon
FHR640 using a diffraction grating blazed at 330 nm.
Entrance and exit slit apertures were fixed at 300 μm, the
integration time was 1 s and resolution was set at 0.2 nm.
Spectra were collected for different discharge frequencies of
the applied voltage and with a 10 mm inter-electrode space
(spectral observations with smaller electrode separations
were not possible due to optical limitations).

The plasma was driven by a high voltage power supply
(Trek, Model PD05034) connected to a function generator
(Stanford Research System, Model DS345) that provided the
required waveform. The operating frequency was varied
between 500 and 5000 Hz with applied voltages between
2.5 ± 0.3 and 5.5 ± 0.3 kV. A Tektronix TDS2001C oscillo-
scope was used to acquire the I(t) andV(t) signals bymeans of

FIGURE 1 Scheme of the reactor set-up
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a high voltage probe (attenuation factor: 1:1000) and a current
probe (coil with a conversion factor of 0.05 VmA−1). The
power applied to the plasma was determined from the area of
the Lissajous diagrams.[24] This allowed calculation of the
energy efficiency of the process, defined as ammonia
production per unit of consumed energy (g · kWh−1). The
extent of ammonia production is given in terms of the
percentage of nitrogen converted, quoted as N2 (%), i.e.
percentage of nitrogen molecules converted into ammonia. It
can be estimated from the flow rates of N2 reactant and NH3

product according to

YN2 ¼ 100 _MNH3=2 _MN2 :

where _M refers to the mass flow of these two gases.
Plasma electron mobility (μe) and energy (υe) were

obtained with the Bolsig + Electron Boltzmann equation
solver,[22] using as input parameters the gas mixture
composition and the reduced electric field, E0/N, N being
the gas density expressed as the number of molecules per unit
volume and E0 the electric field calculated as described
below. Electron density (ne) was then deduced assuming that
in high pressure discharges this quantity is equal to the ratio
between the current density (J) and the product of the
macroscopic electric field (E0), electron charge e, and
electron mobility μe. In accord with ref.,[25] current density,
J, was calculated by assuming that the PZT pellets formed
a hexagonal close packing (hcp) structure for which
J= I/(A · α), where A is the electrode area and α= 0.09 the
void fraction in cross-sectional area. E0 was estimated as the
ratio between the voltage drop in the inter-pellet region, Vp−p,
and the maximum inter-pellet distance, dmax. This latter,
taken as the free-distance left by the pellets divided by the
number of holes along a pellet column (i.e., the number of
pellets plus one), is estimated on the basis that the inter-
electrode space is filled with an integer number of pellets.
Assuming that the voltage drop is uniformly distributed along
a pellet row, Vp−p is calculated as the ratio between the
applied voltage and the number of gaps in a pellet column.
Clearly, this calculation underestimates the actual value of the
electrical field, particularly at the necks between pellets
where plasma intensity would be enhanced.[26] The electric
field distribution in the absence of plasma was simulated by
means of COMSOL Multiphysics software,[21] and calcu-
lations were carried out for different PZT pellet sizes, taken as
spheres, at constant inter-electrode separation (10 mm).

The reactor was fed with a stoichiometric 1:3 N2:H2

mixture at a total flow rate that varied from 5.7 to 76.7 sccm.
Assuming that the pellets formed a hcp structure, these flow
rates correspond to gas residence times within the plasma
region ranging from 121 to 9 s. In most experiments, when
not otherwise stated, the flow was maintained constant at
a value of 11.5 cm3 · min−1 (residence time 60 s). The
1:3 reactant ratio was chosen because it was found to

yield the highest conversions in our earlier study.[15]

Reactant flows were delivered by calibrated mass flow
controllers and the outlet gases were analysed with a mass
spectrometer as described previously.[15] Repeated meas-
urements showed that the error bar was of the order of 10%
in all cases.

3 | RESULTS AND DISCUSSION

3.1 | Effect of operating frequency

In a first series of experiments, the frequency of the applied
voltage varied between 500 and 5000 Hz for two reactor
configurations characterised by inter-electrode separations of
3 and 10 mm with the same pellet size of 0.5–2 mm. Plasma
ignition voltages for these two inter-electrode gaps were
2.5 ± 0.3 and 5.5 ± 0.3 kV, respectively. These voltages gave
the highest efficiencies in our earlier work, where the effect
of applied voltage was studied.[15] As is apparent from
Figure 2a and b, conversion increased almost linearly up to

FIGURE 2 N2 conversion and energy efficiency as a function of
operating frequency. Electrode gaps were 3 (top) and 10 mm (bottom) and
the applied voltages were 2.5 ± 0.3 and 5.5 ± 0.3 kV, respectively. Pellet
size range was 0.5–2 mm
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a maximum achievable value of ca. 7% for both conditions.
The energy efficiency was higher with the smaller gap,
although in both cases there was an overall decrease with
operating frequency. The maximum achievable N2 conver-
sion of 7% at 5000 Hz very substantially exceeds the
maximum achievable value of 2.7% previously obtained at
6 kV and 500 Hz. To our knowledge, this conversion yield
surpasses those previously achieved by others,[11,12] and
specifically those reported by Bai et al. (1.25%),[14] Hong
et al. (4.2%, using Ar as carrier gas),[13] Peng et al.
(approximately 4%)[27] and Hong et al. (2%),[10] which
correspond to the highest previously reported values.

Experiments were also carried out with 3 mm pellets, an
inter-electrode space of 10 mm and applied voltages of
4.1 ± 0.3 and 5.5 ± 0.3 kV. Varying the frequency under
these operating conditions gave the conversions and energy
efficiencies shown in Figure 3. For both voltages, conversion
increased with frequency: at 4.1 ± 0.3 kV the effect was very
pronounced for frequencies above 2000 Hz. In common with
the results illustrated in Figure 2, increased conversion
correlated with decreased energy efficiency. It is especially
noteworthy that in this case increasing the operating voltage
to 5.5 kV produced a huge enhancement in conversion with
frequency to 7.2% at 2000 Hz. Observations at higher
frequencies with this pellet size were not possible because
electrical arcing between the two electrodes prevented
attainment of stable discharges. This is a highly promising
finding that provides a signpost for future investigations: it
should be possible to achieve even higher conversions by
appropriately optimising reactor architecture and operating
conditions to circumvent electrical shorting. For example,
addition of a thin dielectric layer on the top of ferroelectric
pellet barrier could eliminate short circuits between the latter
and the bare metal electrode.

3.2 | Reactor electrical characteristics and
electron densities

In order to gain insight into the effect of electrical properties
on ammonia production, the electrical behaviour of the
reactor under operating conditions was analysed. The I(t) and
V(t) curves had similar shapes consisting of a well-defined
sinusoid in the latter case and a phase shifted sinusoid with
slight deformations in the former (Supporting Information
S1). Lissajous curves derived from the V(t)− I(t) data are
shown in Figure 4 for the different operating frequencies.
With increasing frequency they evolve from an elongated to a
more rounded shape. This corresponds to a progressive
increase in the capacitance of the system in the absence of
plasma as determined by the slope of the curve in the
positive voltage branch.[28] As the geometry of the system
was constant during the measurements, the increase in
the capacitance (see Figure 4) must be due to changes in
the dielectric constant of PZT. The effects of temperature
and frequency on the dielectric properties of PZT are
known.[29–35] Unlike the strong effect of temperature on
the dielectric constant of PZT perovskites,[29–32,34] e.g. from
625 to 1125 at 298 and 473 K and at a constant frequency
of 1 kHz,[36] frequency variation by itself causes a negligible
decrease in dielectric constant.[30,33,35] Accordingly, we
tentatively attribute the observed increases in capacity (c.f.
Figure 4) and chemical conversion (c.f. Figures 2 and 3) with
frequency to local enhancements in temperature in localised
regions between pellets where the electric field and plasma
would be much more intense. Such local heating with
frequency is an analogous effect to the universally recognised
microwave heating in a dielectric medium,[37] and would be
related with the switching of ferroelectric domains during the
application of the AC field.[38] Temperature increases up to

FIGURE 3 N2 conversion and energy efficiency as a function of
operating frequency for an electrode gap of 10 mm and applied voltages
of 4.1 ± 0.3 and 5.5 ± 0.3 kV. Pellet size 2–3 mm

FIGURE 4 Lissajous curves for the reactor operated at the indicated
frequencies with 3 mm inter-electrode gap, 0.5–2 mm pellets and a voltage
of 2.5 ± 0.3 kV. The straight lines plotted in the figure are used to
determine the capacitance of the system according to ref.[28]
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60 °C at frequencies as low as 60 Hz have been reported for
PZT ceramics.[39]

Global values of electron densities and energies were
estimated for comparative purposes, as explained in Section
2. Figure 5 top panel shows the calculated values of electron
density which clearly exhibits a marked increase with
operating frequency. At first sight, this might account for
the increase in nitrogen conversion illustrated in Figures 2
and 3. However, the increase of ne with frequency is not
sufficient to justify the observed increase of conversion data
because no similar correlations appear between ne and other
variables (pellet size and inter-electrode distance) which also
affect conversion (see, e.g. the bars for two pellet sizes and
10 mm inter-electrode distance in Figure 5 top).

Average electron energies estimated using the Bolsig+
code,[21] according to the procedure described in Section 2,
are shown in Figure 5 (bottom panel). These calculated values
are not expected to be quantitative; rather they provide an
indication that can account for observed tendencies in the
performance of the plasma system. According to the figure, υe

does not vary significantly with the operating frequency,
although it does vary with other parameters namely pellet size
and applied voltage, reaching maximum values for 2–3 mm
and 5.5 kV, respectively. We propose that conversion
depends on both υe and ne according to a complex reaction
pathway involving a number of intermediate steps.

To determine electron energies, the Bolsig+ code makes
use of an average electrical field E0 which, as explained in the
experimental section, has been estimated from the applied
voltage incorporating corrections that take into account the
filling of the inter-electrode space with ferroelectric pellets.
However, as previously reported by Bogaerts et al. for the
case of dielectric pellets,[26] in packed bed DBD reactors, the
spatial distribution of the electric field is not homogeneous
and reaches much higher values at the necks between pellets.
It is expected that these inhomogeneities are even more
pronounced with ferroelectric pellets because they are
characterised by much higher values of dielectric constant.
Using the COMSOLMultiphysics Software,[21] we simulated
the electric field distribution in a model system consisting of
spherical pellets beads of two different diameters. As is
apparent in Figure 6, the calculated electric field distribution
is maximised at the necks between pellets and is much higher
for the large pellets than the smaller ones (note the different
voltage scales in the figure).

Assuming a similar behaviour in the actual packed bed
reactor, namely an inhomogeneous distribution of plasma
density that will be higher at points where the electrical field
is maximum, i.e. at the necks of the larger pellets of bigger
size,[25,26,40,41] we conclude that our calculations in Figure 6
of the magnitude of electrical field function (this tightly
related with the distribution of plasma density) are in good

FIGURE 5 (Top) Electron density as a function of operating frequency
for the indicated working conditions. (Bottom) Idem for the average
electron energy determined using the Bolsig+ code

FIGURE 6 Distribution of electric field intensity determined with the
COMSOL software for two idealised ferroelectric systems formed by
spherical beads of 1.25 (left) and 3.12 (right) mm. Note the different
electric field scales
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qualitative agreement with the E0 values used to determine
the average electron energies via the Bolsig+ code as shown
in Figure 5, thus providing a qualitative explanation for the
observed trends in conversion illustrated in Figures 2 and 3 as
a function of frequency. These calculations of local variations
of electrical field also sustain the hypothesis that local
increases in temperature growing with the operating
frequency and pellet size could lead to substantial changes
in the dielectric constant of the ferroelectric pellets and,
consequently, to further enhancements in the intensity of the
plasmas at these points and in the overall chemical conversion
of the process.

3.3 | Optical emission spectra and residence
time effects

The above analysis provides a qualitative account of the
dependence of conversion on frequency, pellet size and inter-
electrode gap. However, the relatively low energy efficiency
of the process (Figures 2 and 3) remains to be explained. In
earlier work on methane reforming and formaldehyde
synthesis in DBD packed-bed reactors, [23,42] we showed
that decreases in energy efficiency are likely due to the
occurrence of back-reactions and other intermediate pro-
cesses that consume a substantial amount of input energy
without contributing to the formation of desired products (by
‘back reactions’ we mean any processes that contribute to
decomposition of ammonia molecules, e.g. NH3 + e− →
NH* + 2H* + e−). To check whether similar processes were
at work, in the present case we first examined the dependence
of conversion rates and energy efficiency on the total flow of
reactants at a fixed frequency. The total flow rates used were
5.7, 11.5, 23, 38.3 and 76.6 sccm, corresponding to residence
times of 121, 60, 30, 18 and 9 s, respectively. These
experiments showed (Figure 7) that conversion decreased
and energy efficiency increased for lower residence times.
The former suggests a reduced reaction probability due the
shorter residence time of reactants in the reaction zone, while
the latter indicates that at high reactant flows less energy is
utilised in secondary reactions or other parasitic processes
that reduce the formation of ammonia. This behaviour
resembles that observed previously,[23,42] leading to the
conclusion that undesired back reactions (decomposition of
ammonia) are minimised at short residence times.

OES analysis of the plasma confirms this view. Figure 8
shows a spectrum taken at 5000 Hz. The overall spectral
intensity increased with frequency in much the same manner
that the evolution of conversion in Figures 2 and 3. The
spectral lines can be assigned to various excited nitrogen
species, specifically the second positive system of N2 and
the first negative system of N2

+. The first, corresponding
to the transition [C3∏→ B3∏], is identified by the
emission line at 357.9 nm, while the line at 391.4 is due
to the [B2∑u

+→X2∑g
+] transition. Excited NH* radicals

(A3∏→X3∑ transition) were also observed at 336.0 and
337.0 nm, the former with a higher relative intensity.[43,44] As
before,[15] no lines attributable to atomic hydrogen were
observed. In our earlier study of this system, we identified
N2

+ and NH* as two signature species whose intensity

FIGURE 7 Dependence of conversion and energy efficiency on flow
rate of nitrogen for an applied voltage of 4.1 ± 0.3 kV with 2–3 mm
ferroelectric pellets

FIGURE 8 (a) Optical emission spectra recorded at 4.1 ± 0.3 kV at
5000 Hz. (b) Normalised intensity to N2

+ as the residence time of the
gases decreases. Inter-electrode distance 10 mm and pellet size 2–3 mm
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variation as a function of voltage could indicate a possible
reaction mechanism.[5,6,11–14] Specifically, N2

+, formed by
N2 + e−→N2

+ + 2e− or N2* + N2*→N2
+ +N2 + e−, is

the intermediate species involved in the formation of
ammonia, while NH* stems from both the formation and
decomposition of ammonia (reactions N2

+ + H2→NH* and
NH3+ e−→NH*+2H* + e−, respectively). Analysis of the
relative emission intensities due to these species showed that
the ratio NH*/N2

+ decreased with gas flow (Figure 8 bottom
panel). As the OE spectra were taken at fixed voltage and
frequency, no changes are expected neither in the overall
properties of the plasma (electron energy and density should
be substantially the same) nor in the reaction mechanisms
which would involve the majority N2 and H2 molecules
present in a similar proportion irrespective of the total gas
flow. Therefore, the observed trend of the NH*/N2

+ intensity
ratio must be attributed to decrease in the rate of formation of
NH* radicals resulting from the decomposition of minority
NH3 molecules whose residence time drastically decreases
when increasing the gas flow rate.

Apart from the plasma processes outlined above, it is
noteworthy that surface reactions may also be involved in the
formation of ammonia. For example, some of the intermediate
processes leading to ammonia formation (N2

+ + 2H→NH*,
NH+ 2H→NH2 +H, NH2 + 2H→NH3+H) are reported to
occur at plasma-exposed surfaces, such as reactor walls.[45–47]

In our previous publication on ammonia production, we
pointed out that ferroelectric material surfaces could be acting
as a catalyst, thus promoting the reaction.[15]Although plasma-
catalysis processes have been claimed to enhance the ammonia
yield,[48] plasma-catalyst synergetic effects are far from being
understood and deserve investigation as an important research
theme in future investigations.

4 | CONCLUSIONS

From a mechanistic point of view, plasma synthesis of
ammonia from N2 and H2 is a simple reaction that allows the
derivation of principles relating mechanistic information to
plasma operating conditions. In pursuit of optimising DBD
reaction conditions, the present findings provide important
indications about which operational parameters may be
advantageously explored for application in other systems. It
has been found that in ferroelectric packed bed DBD reactors
frequency plays a critical role in enhancing electron density
and energy and, consequently, the reaction yield. We propose
that this enhancement is linked to an increase in electrical
field at the necks between ferroelectric pellets. At these hot
spots local increases in temperature would induce sharp
increases in dielectric constant that could be responsible for
the observed changes in the macroscopic capacitance of
the system. The almost linear increase in conversion with

frequency would be the consequence of these changes in the
intrinsic electrical properties of the reactor during plasma
ignition. Another important conclusion of our work is that
these electrical characteristics can be modified by adjusting
working parameters such as the inter-electrode spacing and
the size of the ferroelectric pellets. By varying these and the
applied voltage and frequency, we were able to substantially
increase all plasma variables and the nitrogen conversion
rate at relatively low frequencies. Yet higher increases in
performance were prevented by electrical short-circuiting
through the pellet barrier.

Despite the unprecedented nitrogen conversion rates of
7% found here, the energy efficiency of the process is
uncompetitive with the classical route for ammonia synthesis.
The dependence of conversion on reactant flow and analysis
of the plasma emission spectra strongly suggest that back-
reactions and other parasitic excitation processes are
responsible for the relatively low energetic efficiency. At
first sight, the opposite dependences of nitrogen conversion
and process energy efficiency on frequency may appear to
preclude the possibility of DBD plasma chemistry achieving
competitive efficiency in comparison to other methods.
However, the present findings signpost possible means for
simultaneously increasing both conversion and energy
efficiency. Possible strategies include modifying the reactor
configuration (including the architecture of barrier material),
sequential injection of reactants and pulsing of the discharge.
Moreover, the use of ammonia trapping and residual gas
recirculation methodology could very substantially increase
the limited chemical efficiency achieved by conventional
single pass operation.
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