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Abstract 
The combination of nonthermal plasma with honeycomb catalysts still represents one of the major challenges in plasma 
catalysis from the technological point of view. The objective of this paper was to investigate a generation of stable 
discharge inside the channels of honeycomb catalyst (honeycomb discharge) with the assistance of micro-hollow surface 
dielectric barrier discharge generated by a perforated ceramic substrate. The surface discharge driven by AC high voltage 
served as a source of nonthermal plasma and was coupled in series with DC high voltage applied across the honeycomb 
channels. The honeycomb catalyst was emulated by a bundle of glass capillary tubes that enabled optical emission 
spectroscopy of the discharge. We investigated the effect of applied AC and DC high voltages, air flow rate and relative 
humidity on stability and light emission intensity of the honeycomb discharge. We found that generation of honeycomb 
discharge is positively supported by an increase of air flow rate as well as air relative humidity. A chemical activity of 
the honeycomb discharge in terms of ozone O3 production was also briefly examined. The results showed that O3 
concentration increased with an increase of amplitude of both AC and DC high voltages and was found higher for positive 
than for negative polarity of DC high voltage. 
 
Keywords: Honeycomb catalyst, honeycomb discharge, micro-hollow surface dielectric barrier discharge, capillary 

discharge, optical emission spectroscopy.  
 
 
1. Introduction 
 

Plasma catalysis provides a beneficial combination of nonthermal plasma (NTP) with catalysis that has 
many potential applications. Environmental applications of air and water pollution control [1–5] benefit from 
the combination of plasma with catalysis as it is often characterised by synergistic effects resulting in enhanced 
efficiency of the process [6–9]. Nevertheless, plasma catalysis is still facing significant challenges in scalability, 
energy efficiency, catalyst lifetime, understanding of surface processes, etc. In particular, the combination of 
NTP with a honeycomb catalyst represents one of the major challenges in plasma catalysis from the 
technological point of view. The honeycomb catalysts are of great importance in heterogeneous catalysis, as 
they provide high surface-to-volume ratio, low pressure drop and high mass and heat transfer [10]. Moreover, 
they are also employed in automotive catalytic converters for exhaust gas cleaning (oxidation of volatile 
organic compounds VOCs and polycyclic aromatic hydrocarbons PAHs, oxidation of carbon monoxide CO 
and reduction of nitrogen oxides NOx). However, their high activity is achieved only at elevated temperatures 
(> 300 °C) [11, 12] what limits their efficiency especially during winter months. Other drawbacks of 
automotive catalytic converters are limited lifetime in real conditions due to catalyst poisoning and 
impossibility of NOx reduction in strong oxidative environments (i.e. diesel exhaust gases). To overcome these 
drawbacks, it is necessary to search and investigate new methods, such as their coupling with the NTP. It seems 
to be a promising idea, as it allows for low-temperature activation of honeycomb catalysts as well as their 
lifetime enhancement. 

However, the combination of the NTP with honeycomb catalysts is still far from a practical use because of 
the difficulty of stable discharge generation inside their long and narrow channels. Formation of a discharge 
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in such geometry requires high ignition voltages due to losses of charged particles by interaction with the 
channel walls [13]. Moreover, the discharge is often unstable and associated with frequent sparking that is 
undesired due to possible mechanical damage of ceramic honeycomb monolith and also with a respect to some 
applications [14]. In the recent years, the research in this area has progressed significantly both in the terms of 
numerical simulations as well as experimental investigations. 

For numerical simulations, fluid or particle-in-cell/Monte Carlo collision models have been applied. Jánsky 
et al. simulated a propagation of atmospheric pressure air discharge initiated at a needle anode inside a 
dielectric capillary tube which emulated a single channel of honeycomb catalyst [15]. They studied the effect 
of relative permittivity and inner radius of the capillary tube on the discharge structure and dynamics. They 
found that discharge propagation velocity increases with the decrease of both the tube radius and relative 
permittivity. In addition, Jánsky et al. also performed a comparative study of their results from numerical 
modelling with the experimental results [16]. They reported a maximum discharge velocity in the tube with 
radius less than 100 μm which was 3–4 times higher than the velocity obtained without a tube. Hence, a 
confinement of the discharge in the tube showed significant change of the discharge dynamics, although 
interaction between the plasma and dielectrics (i.e. catalyst support) was not examined. This interaction was 
investigated by Zhang and Bogaerts who simulated the discharge propagation in honeycomb-like structures 
[17]. Their simulations showed that the place where the discharge initiates significantly affects its dynamics 
as it affects the plasma (i.e. electron) density. They found the discharge being much more enhanced when it 
initiates at the dielectric surface than at the centre of honeycomb channel (capillary tube). This can be explained 
by the surface charging process which plays a crucial role in discharge generation and propagation in confined 
geometry of honeycomb channels. The charging of walls of the channels creates additional electric field along 
their surface which sums up with applied (external) electric field. The enhanced total electric field pushes the 
electrons in the direction of discharge propagation resulting in a higher electron density and, thus, discharge 
enhancement. 

In addition to numerical simulations, many experimental investigations have been performed in various 
geometrical configurations. The first approach utilises a single high voltage (HV) power supply to generate 
the discharge inside the channels of honeycomb catalyst, i.e. honeycomb discharge [18–23]. Kim used two 
different systems: the first one was based on inserting the wire electrodes inside the honeycomb channels 
alternatively powered by HV or grounded, while the second one utilised several smaller elements (slices) of 
honeycomb catalyst with mesh electrodes placed in parallel between them [22]. Despite promising results for 
removal of NOx, the systems were characterised by unstable discharge and frequent sparking. Similar approach 
was utilised by Nguyen et al., Saud et al. and Hossain et al., who placed a honeycomb catalyst between two 
perforated electrodes, one powered by AC HV and the other one grounded [23–25]. They reported a generation 
of stable corona discharge of relatively large volume inside the channels of honeycomb catalyst. Shimizu et al. 
and Rajanikanth et al. utilised the dielectric barrier discharge (DBD) of cylindrical geometry inside glass tube 
equipped with a small honeycomb catalyst [18, 26]. The discharge was generated in a coaxial geometry by 
application of HV to the electrode placed inside the tube (in its axis), while the other electrode was wrapped 
around the tube and grounded. Both groups investigated these systems in NOx removal process, however, the 
detailed physical characteristics of the generated discharge are missing. Moreover, Ayrault et al. and Blin-
Simiand et al. generated the DBD in a plane-to-plane geometry in a slice of honeycomb catalyst, applied it for 
2-heptanone removal process and visualised the discharge propagation perpendicularly to the axis of 
honeycomb channels using a CCD camera [19, 20]. The authors reported that a development of plasma 
filaments was randomly distributed inside the honeycomb channels following streamers propagation crossing 
the channels walls or along their surface. Finally, a regeneration of diesel particulate filter of honeycomb shape 
was also investigated by Graupner et al. using the pulsed discharge generated by a set of electrodes inserted 
inside the filter channels from both sides [21]. 

The second approach for generation of honeycomb discharge utilises the idea of the assistance of another 
discharge [14, 27–35]. In these works, the auxiliary discharge (particularly DBD) was set/coupled in series 
with a honeycomb monolith. Firstly, the plasma of auxiliary discharge was generated at one nozzle end of the 
honeycomb monolith. Then, the DC electric field was applied across the monolith, so the generated plasma 
was extended into the honeycomb channels. It should be noted that in order to simplify the problem, instead 
of using a real honeycomb ceramic monolith, many authors used a bundle of glass capillary tubes that emulated 
its shape [14, 27–29, 31, 34, 35]. This enabled visual observation and optical diagnostics of generated 
honeycomb discharge. 
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One of the most studied configurations of honeycomb discharge generation utilised a pellet bed DBD [14, 
29–31, 35]. Hensel et al. and Sato et al. generated the honeycomb discharge with the assistance of pellet bed 
DBD using glass capillary tubes of 20 and 30 mm in length and 1 and 2 mm in diameter and performed its 
electrical and optical characterisation [14, 29, 31]. Takashima et al. studied the effect of air humidity and 
temperature on honeycomb discharge generation and properties and found their positive effect on discharge 
stability [35]. The chemical activity of the honeycomb discharge assisted by pellet bed DBD was investigated 
by Sato & Mizuno [30]. They studied NOx removal in the selective catalytic reduction (SCR) process using 
Fe-zeolite-supported honeycomb catalyst and NH3 as a reduction agent. In addition to a pellet bed DBD, 
various types of surface dielectric barrier discharges (SDBDs) were also employed as auxiliary discharges for 
honeycomb discharge generation [27, 28, 36]. Hensel et al. used a diffuse coplanar surface barrier discharge 
(DCSBD) with both electrodes embedded inside the Al2O3 ceramics [28, 36]. Mizuno utilised a micro-hollow 
SDBD generated by a perforated ceramic substrate consisting of one electrode printed on the ceramic surface 
and the other one embedded inside the ceramic [27]. Furthermore, Takashima et al. reported honeycomb 
discharge generation by using two ceramic substrates generating the micro-hollow SDBD placed at the 
opposite nozzle ends of a bundle of glass capillary tubes [35]. In addition, the applications of honeycomb 
discharge generated with the assistance of SDBDs have been studied, too. Seiyama et al. and Mizuno & 
Takashima studied the utilisation of honeycomb discharge for regeneration of diesel particulate filter of 
honeycomb shape [33, 34]. 

The works mentioned above demonstrated and described the possibility of plasma generation inside the 
honeycomb catalyst by using various discharge geometries. The authors demonstrated that a common system 
of plasma and honeycomb catalyst can be successfully used, although there are still issues that must be resolved 
and improved. One of them is that the total volume of generated plasma is often unknown, i.e. it is not clear 
whether the plasma can be generated inside every channel of honeycomb catalyst or only inside some of them. 
Another uncertainty comes with a lack of data of discharge stability: many authors did not clearly report 
whether the honeycomb discharge was operated in a stable streamer mode (regime) or in an unstable spark 
mode, what is crucial in respect to eventual applications. In addition, many studies focused only on a particular 
application of the honeycomb discharge without presenting detailed electrical and optical characterisation of 
the generated discharge. Therefore, underlying mechanisms of honeycomb discharge generation are still not 
yet fully resolved and require further research. 

The objective of this paper is to build on our previous works [14, 28, 29, 31, 36] and the works of other 
authors from recent years and to further investigate alternative methods of honeycomb discharge generation 
and its basic electrical and optical properties. More specifically, the honeycomb discharge generation was 
investigated with an assistance of the micro-hollow SDBD generated by a perforated ceramic substrate in 
configuration with the air-exposed electrode. The honeycomb shape was emulated by a bundle of glass 
capillary tubes. The effects of the applied voltage, air relative humidity and air flow rate were studied on 
electrical and optical characteristics of generated discharge. Moreover, the effect of the polarity of DC HV 
applied across the capillary tubes was investigated on quality (stability) and homogeneity of the honeycomb 
discharge. Finally, plasma chemical effects of the discharge were briefly examined and evaluated in terms of 
ozone O3 production. 

A substitution of a ceramic honeycomb monolith by a glass capillary tubes was made to visually observe 
the discharge inside the tubes and to perform its optical diagnostics. A choice of a material affects the electrical 
and optical properties of the discharge as well as the chemical effects of the discharge, therefore the results 
obtained with glass capillary tubes may be slightly different that would be those in a ceramic honeycomb 
monolith. This is a very important issue to consider with respect to eventual applications and system 
optimisation, although in the presented study and at this early stage of the research this issue has not been 
explicitly addressed. 

 
 

2. Methods 
 
The experimental setup is depicted in Fig. 1 (a). The micro-hollow SDBD served as an auxiliary (assisting) 
discharge and was generated by a perforated ceramic substrate (KD-EB2B10, Kyocera) with the dimensions 
of 50  50  1 mm and perforated by 170 holes with an inner diameter of 1.5 mm (Fig. 1 (b, c)). The electrodes 
were made of Ni/Au alloy; one was embedded inside the ceramic and the other one was printed on the ceramic 
surface (air-exposed electrode). 
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Fig. 1. (a) Experimental setup and photographs of the (b) perforated ceramic substrate and 
(c) micro-hollow SDBD [Exposure time 3 s, f/5.6, ISO 400]. 
 

 
The substrate was powered by AC HV power supply consisting of a function generator (GwInstek SFG-

1013), signal amplifier (Omnitronic PAP-350) and high voltage transformer. The micro-hollow SDBD was 
generated by applying AC HV to the air-exposed electrode, while the other one was grounded. The maximum 
amplitude of the applied voltage was 3–6 kV (i.e. 6–12 kVpk-pk) and a frequency was 1 kHz. The bundle of 
glass capillary tubes made of borosilicate glass was placed inside the quartz glass tube perpendicularly to the 
ceramic substrate on the top of air-exposed electrode, while a metal mesh serving as a remote electrode was 
placed on the top of capillary tubes and connected to a DC HV power supply (Technix SR20-R-1200) through 
ballasting resistors (9.4 MΩ). The bundle consisted of 48 capillary tubes (Ø 2.8 mm (i. d.)  Ø 4 mm (o. d.)  
20 mm (length)). The waveforms of the applied AC and DC voltages were measured by HV probes (Tektronix 
P6015A) and the discharge current was measured by a current probe (Pearson Electronics 2877) connected to 
a digital oscilloscope (Tektronix TBS2000). The power consumption of the micro-hollow SDBD was 
evaluated using the Lissajous figure method with an 82 nF capacitor and a voltage probe (Tektronix P2220). 
The power consumption corresponding to pulsed current component of the honeycomb discharge was 
estimated from the recorded current waveforms by calculating an area enclosed by current pulses, each of them 
sampled with a sufficient number of data points. An optical emission spectroscopy (OES) system consisted of 
dual-fibre optic spectrometer (Ocean Optics SD2000), optic fibre, two diaphragms, parabolic mirror and 
cylindrical lens. The OES system was adjusted to collect light signal from a plane perpendicular to the axis of 
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capillary tubes approximately 3 mm below the top of the tubes. This enabled to collect light emitted by the 
honeycomb discharge formed in several capillary tubes integrated over 8 s. Photographs of the discharge were 
taken with a digital camera (Sony Alpha DSLR-A230) with manually adjustable aperture and exposure. Dry 
synthetic air (purity 5.0) supplied from a pressure tank was used as the carrier gas and its flow rate (0.5, 1 and 
2.4 L min−1) was controlled by mass flow controllers (MFC) (Bronkhorst El-Flow Prestige FG-201CV). The 
air was alternatively enriched with water vapours by passing it through a water cell. The air relative humidity 
(RH) was monitored (0–80%) by an electrochemical probe (Arduino). Then the air was led into the reactor 
from the bottom side of the ceramic substrate, it passed through the perforated substrate, then capillary tubes 
and, finally, it exited the reactor. Chemical effects induced by the discharge in the gas phase, i.e. production 
of ozone O3, nitrous oxide N2O and nitric acid HNO3, were evaluated by means of FTIR spectroscopy 
(Shimadzu IR-Affinity 1S) using a 10 cm gas cell equipped with CaF2 windows. Ozone production was also 
evaluated by a homemade ozone analyser based on UV absorption at 254 nm. 

 
 
3. Results and discussion 
 
3.1 Discharge characterisation 
 
Fig. 2 shows side and perspective view of the reactor with ceramic substrate and bundle of glass capillary tubes 
in different conditions: (a) without any applied HV; (b) with only AC HV applied, (c) with both AC and DC 
HVs applied, and (d) with only DC HV applied. When only AC HV was used, the light was emitted only by 
the auxiliary micro-hollow SDBD at the bottom of the reactor (Fig. 2 (b)). When both AC and DC HVs were 
applied, the streamers occurred and propagated inside the capillary tubes and formed homogeneous 
honeycomb discharge (Fig. 2 (c)). When only DC HV without the assistance of the surface discharge was 
applied, the honeycomb discharge did not form. Light was emitted only by a corona discharge generated in the 
vicinity of the DC powered mesh electrode (Fig. 2 (d)). Based on these observations we might conclude that 
generation of stable and homogeneous streamer discharge inside glass capillary tubes benefits from an 
assistance of the auxiliary micro-hollow SDBD and application of DC HV applied across the tubes. The 
mechanism governing honeycomb discharge generation can be explained by a superposition of the AC 
powered surface discharge and the DC powered corona discharge. The first one serves as an ioniser producing 
charged particles while the latter one produces and maintains ionic wind toward the DC electrode, thus forming 
streamers inside the capillary tubes [14]. 

 

 
Fig. 2. The ceramic substrate with glass capillary tubes – side and perspective view: (a) 
without discharge; (b) with applied AC HV only (amplitude 4 kV at 1 kHz); (c) with applied 
both AC and DC HVs (4 kV at 1 kHz; +14 kV, respectively); (d) with applied DC HV only 
(+14 kV) (RH ~ 60%; 2.4 L min−1) [Exposure time 8 s, f/5.6, ISO 400]. 
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Fig. 3 shows a comparison of voltage and current waveforms of micro-hollow SDBD and honeycomb 
discharge for positive polarity of DC HV. The waveform of micro-hollow SDBD contains a typical DBD 
current record (Fig. 3 (a)). However, when a positive DC HV was applied to the remote mesh electrode, 
relatively high current pulses with amplitudes up to 200 mA occurred in the current waveform (Fig. 3 (b)). 
These pulses were attributed to the honeycomb discharge formed inside the capillary tubes. When positive DC 
HV was used, the current pulses of honeycomb discharge appeared only during the negative half-period of the 
applied AC HV. On the contrary, with negative DC HV the pulses were observed only during the positive half-
period of the applied AC HV. Explanation can be given as follows: the pulses, i.e. honeycomb discharge, 
appeared when an electric field strength applied across the capillary tubes reached the highest values. In a case 
of positive DC HV, it happens at the peak voltage during the negative half-period of the applied AC HV, and 
vice-versa. Thus, the voltage across the capillary tubes was changing in time with a frequency of the AC HV 
(e.g. for DC amplitude +16 kV and AC amplitude 4 kV, the net voltage applied across the capillary tubes 
changed in a range of 12–20 kV). The DC corona discharge that developed within this range of the applied 
voltages passed through several discharge modes, some of them being pulsed (streamer mode corresponding 
to current pulses visible on the waveform in Fig. 3 (b)), other being unipolar (glow mode). The transition 
between the modes happened during each period of the applied AC HV. To evaluate the honeycomb discharge 
power consisting of the power of SDBD and the power induced by DC HV, one must measure both pulsed and 
unipolar (continuous) components of the discharge current. Although we did not measure the unipolar 
component of the current, we tried at least to estimate the power consumption corresponding to pulsed current 
component from the recorded current waveforms. The power was found higher for positive than negative 
polarity of DC HV and the maximum values were in a range of 0.4–0.6 W (+DC, RH 60%, 2.4 L min−1). For 
a comparison, the power of micro-hollow SDBD was in a range of 0.3–4.3 W depending on the amplitude of 
AC HV in a range of 3–6 kV, respectively. Therefore, we can hypothesize that the total power of honeycomb 
discharge is probably not higher than 10 W. 

 

 
Fig. 3. Voltage and current waveforms of (a) micro-hollow SDBD (AC HV amplitude 4 kV 
at 1 kHz; ~ 1.8 W) in comparison with (b) honeycomb discharge (AC HV amplitude 4 kV at 
1 kHz; DC HV +16 kV; RH ~ 60%; 2.4 L min−1). 

 
 
3.2 The effect of the air flow rate 
 
Evaluation of the honeycomb discharge quality (stability, homogeneity) was performed by measuring its light 
emission intensity in various conditions. In the measured emission spectra, N2 second positive system was 
dominant. As the capillary tubes were made of borosilicate glass, strong attenuation of the light emission 
intensity occurred below 350 nm. For this reason, the discharge emission intensity was further evaluated based 
on the 0–1 spectral band (357 nm) of N2 second positive system instead of 0–0 spectral band (337 nm). 

In general, a higher signal of integrated emission intensity corresponds to higher number of stable discharges 
maintained in the streamer discharge mode. Possible instability of the discharge is associated with a transition 
from the streamer to the spark mode, what is usually undesirable. The emission intensity is also a measure of 
discharge activity, i.e. concentration of reactive species generated by the discharge. Hensel investigated the 
configuration with an auxiliary pellet bed DBD and reported an excessive sparking when operating honeycomb 
discharge in dry gas mixtures [14]. He further reported that the streamer-like behaviour of the discharge was 
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supported with an increase of the gas humidity, but details of discharge behaviour with a gas humidity were 
not examined. Therefore, we investigated the effect of air RH on stability and quality of honeycomb discharge. 
Besides, the effects of air flow rate and polarity of applied DC HV were also examined. 

Fig. 4 shows light emission intensity of the honeycomb discharge as a function of amplitude of applied DC 
HV (11–16 kV) for various air flow rates and both DC HV polarities. When amplitude of AC HV was set to 4 
kV, the honeycomb discharge started to occur for DC HV amplitudes in a range of 12–14 kV (i.e. ignition 
voltage). Then, an average ignition electric field strength for honeycomb discharge generation was found to be 
in a range of 8–9 kV/cm which is slightly lower than 10 kV/cm reported by Sato et al. who used the assistance 
of pellet bed DBD [29]. The maximum amplitude of DC HV (i.e. sparking voltage) was found to be in a range 
of 16–17 kV. When this value was exceeded, a permanent sparking inside the capillary tubes occurred. From 
the ignition to the sparking voltage (i.e. in a range of 12–16 kV), the discharge was maintained in a stable 
streamer discharge mode. Fig. 4 further shows an increase of light emission intensity of the honeycomb 
discharge with an increase of air flow rate. Thus, the air flow rate positively supported the honeycomb 
discharge generation and this effect was stronger for positive polarity of DC HV. 

The air residence time inside the capillary tubes was 0.74, 0.37 and 0.15 s corresponding to air flow rate of 
0.5, 1 and 2.4 L min−1, respectively. Due to different time scales of the mechanisms of discharge formation (ps 
to μs) and gas flow dynamics (ms to s), the gas flow cannot directly affect an ignition and propagation of 
individual discharge filaments [37]. However, it can affect the conditions prior to the ignition by changing the 
level of pre-ionisation what may subsequently affect the ignition voltage or peak current [37]. Indeed, the 
effect of gas flow rate on discharge dynamics is particularly important for plasma jets [38–40]. In our 
configuration, the air flow passed first through the perforated ceramic substrate and then through the capillary 
tubes. Thus, the air flow enhanced a transport of charged particles from the surface “seeding” discharge into 
the tubes. Consequently, a higher air flow rate resulted in higher number of seeding particles inside the 
capillary tubes what enhanced a honeycomb discharge generation and its emission intensity. The effect of the 
air flow on honeycomb discharge was also studied by Nguyen et al. and they reported an increase in the 
discharge current with an increase of the air flow rate [23]. Similarly, Saud et al. reported a gas flow rate as 
one of the key parameters affecting the honeycomb discharge performance [24]. 
 

 
Fig. 4. Emission intensity of the honeycomb discharge as a function of applied (a) positive 
and (b) negative DC HV for various air flow rates (AC HV amplitude 4 kV at 1 kHz; RH ~ 
55%). 

 
3.3 The effect of the air relative humidity 
 
In addition to the air flow, the positive effect on the honeycomb discharge quality was also observed with the 
increase of the air RH. When dry air was used as a carrier gas, the auxiliary micro-hollow SDBD showed the 
highest stability and light emission intensity. On the contrary, in dry air the honeycomb discharge did not form 
at all regardless of air flow rate and amplitude and polarity of the DC HV. When the air RH was increased, the 
honeycomb discharge in capillary tubes started to form and its higher emission intensity was always observed 
when using positive DC HV. On the contrary, when negative DC HV was applied, the honeycomb discharge 
was less stable and sparking voltage was found to be slightly lower (~15–16 kV). Therefore, we hypothesise, 
the positive DC HV caused that negatively charged electrons produced by the micro-hollow SDBD were 
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intensively driven into the capillary tubes what in turn resulted in more efficient discharge formation inside 
them and, thus, higher discharge emission intensity. The effect of polarity of DC HV was also tested by Hensel 
using an auxiliary pellet bed DBD [14]. Even though he did not compare an emission intensity of the discharge 
for both DC HV polarities, he observed a bigger range between ignition and sparking voltage for stable 
discharge operation without sparking for negative polarity. However, this effect was not observed in our 
experiment. 

Fig. 5 shows light emission intensity of the honeycomb discharge as a function of amplitude of DC HV and 
various air RHs. For positive DC HV, the emission intensity increased with an increase of air RH from 0 to 
60% and subsequently with further increase of air RH to 80%, it decreased below values with air RH of 40 and 
60% (Fig. 5 (a)). On the contrary, when negative DC HV was used, the emission intensity monotonously 
increased with air RH from 0 to 80% (Fig. 5 (b)). However, the overall emission intensity of the discharge was 
lower with negative than positive DC HV. In general, the humidity has a substantial effect on electric 
discharges as it affects a distribution of electric field [41, 42], a mobility of charge carriers [43], plasma 
chemistry [44], etc. Its exact effect also depends on working conditions (composition of gas mixture, gas 
pressure, etc.) and the type of electric discharge. Therefore, the humidity effect is generally very complex and 
must be investigated carefully with respect to other working conditions. In our case we hypothesise that 
enhancement of honeycomb discharge formation with increasing air RH may be attributed to an enhancement 
of surface electrical conductivity of glass capillary tubes. As already mentioned, when a discharge is initiated 
along the capillary tubes surface, its propagation is enhanced due to surface charging phenomenon [17]. The 
discharge propagation along the capillary tubes surface could be further enhanced as a result of enhanced 
surface electrical conductivity provided by water adsorption onto capillary tubes surface. Such explanation 
was also given by Nguyen et al. [23]. Our hypothesis is further supported by findings of Falkenstein and 
Coogan who investigated a behaviour of DBD microdischarges in humid air mixtures [45]. They reported that 
a dominant effect of air humidity on DBD is not the electronegativity of water molecules, but rather its 
influence on surface resistance of the dielectric. In the presence of water vapours in air, the water molecules 
can adsorb onto dielectric, thus reduce surface dielectric resistance, and increase the effective dielectric 
capacity. Consequently, the authors reported that the discharge spread over a wider area when humid air was 
used. In addition to the effect of water adsorption, the type of material of capillary tubes may also affect the 
discharge propagation. As it is well known, the use of various materials in the reactor can induce substantial 
changes in equivalent electrical circuits, what may further influence the discharge characteristics, formation, 
and propagation and also its chemical activity [46]. Thus, this point must be considered especially in case when 
glass capillary tubes are replaced with other materials, for example ceramic honeycomb monolith. 

An influence of air RH on honeycomb discharge generation assisted by pellet bed DBD was also studied by 
Takashima et al. [35]. They also reported a positive role of air humidity on the discharge generation and 
stability: below air RH of 30%, the discharge did not form, while above 30%, a stable DC voltage region 
increased with an increase of air humidity regardless of DC HV polarity. This observation approximately 
corresponds to our findings. 
 

 
Fig. 5. Emission intensity of the honeycomb discharge as a function of applied (a) positive 
and (b) negative DC HV at various air RHs (AC HV amplitude 4 kV at 1 kHz; 2.4 L min−1). 
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3.4 Chemical activity 
 
A brief evaluation of honeycomb discharge chemical activity in terms of various reactive species production 
(O3, N2O, NO, NO2, HNO3) was carried out by FTIR spectroscopy. Fig. 6 shows the infrared absorption 
spectrum of gaseous products of the honeycomb discharge in air with RH of 40%. In the spectrum, we 
positively identified ozone O3 (1055 and 2125 cm−1), nitrous oxide N2O (2236 cm−1) and nitric acid HNO3 
(1325 and 1711 cm−1) whose concentrations increased with an increase of amplitudes of both AC and DC HVs 
and reached maximum levels of approx. 320 ppm, 10 ppm and 40 ppm, respectively. The O3 is formed by a 
reaction of O radicals with O2 molecules, whereas N2O production depends on a presence of nitrogen and 
oxygen species, such as N2 (A), N(2D), N and O(1D) [46–51]. While O3 and N2O represent basic gaseous 
products of atmospheric pressure air electric discharges in general, HNO3 represents the highest oxidation level 
of nitrogen oxides NOx produced by the discharge. Basically, it is formed in a presence of water molecules in 
air via gradual oxidation of NOx by O, OH and HO2 radicals or eventually by H2O2 [53]. On the other hand, 
nitric oxide NO and nitrogen dioxide NO2 were not detected in the spectra at all implying their fast oxidation 
towards HNO3. 
 

 
Fig. 6. Infrared absorption spectrum of gaseous products of the honeycomb discharge in air 
(AC HV amplitude 5 kV at 1 kHz; ~ 2.9 W; DC +17 kV; RH ~ 40%; 2.4 L min−1). 

 
A production of O3 was further evaluated by means of absorption analyser (at 254 nm) as a function of 

applied AC and positive DC HV amplitudes and air RHs. Fig. 7 compares O3 concentration obtained with 
various discharge regimes: (a) when AC HV was applied (amplitude 3–5 kV at 1 kHz) without application of 
DC HV (0 kV), the O3 production relates to the auxiliary micro-hollow SDBD; (b) when both AC and positive 
DC HV were applied (amplitude 3–5 kV at 1 kHz, 13–17 kV, respectively), the O3 production relates to a 
combination of surface and honeycomb discharge; (c) when only positive DC HV was applied (13–17 kV), 
the O3 production relates to a corona discharge generated in a vicinity of the remote mesh electrode. As it is 
generally known, the O3 production decreases with an increase of air RH. It can be attributed to higher 
consumption of O radicals via reaction with H2O molecules or HO2 and OH radicals [49, 53]. As O radicals 
are essential for O3 production, their loss leads to lower O3 production. Further, a decomposition of O3 is also 
different for dry and humid air: while in dry air the main O3 decomposition pathway is governed by NO, in 
humid air it is primarily by OH radicals [44]. However, our results showed that for AC HV amplitude of 5 kV, 
the O3 production was slightly higher at RH of 60% than at RH of 40% (Fig. 7). It is due to the fact described 
in section 3.3 that at higher air RH, the honeycomb discharge is more enhanced, stable, and intense, leading to 
higher O3 production. Note that the error bars in Fig. 7 represent standard deviations of the data. 

Further, O3 production increased with amplitude of DC HV and it was always higher when both AC and DC 
HVs were applied than when AC HV was used alone. Indeed, the honeycomb discharge was formed inside the 
capillary tubes only upon application of both AC and DC HVs. The honeycomb discharge is characterised by 
a higher chemical activity than auxiliary micro-hollow SDBD alone due to a larger volume of generated plasma 
and, thus, higher O3 production. A comparison of O3 production by honeycomb discharge for both DC HV 
polarities was also examined and showed a higher O3 production for positive polarity. Pekárek and also Abdel-
Salam et al. studied the effect of polarity of DC streamer corona discharge on O3 production and reported 
higher O3 concentration for positive polarity [54, 55]. The same effect was also experimentally investigated 
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by Brandvold et al. and by numerical modelling by Chen and Davidson, however, they reported the opposite 
results with higher O3 production for negative polarity [56, 57]. Therefore, the dependence of O3 production 
on polarity of applied DC HV is not straightforward as it generally depends on several factors, including 
discharge current, size of plasma region, distribution and density of electrons, gas temperature and gas flow 
rate [54–56, 58]. Moreover, the discharge mode (regime) seems to be one of the critical parameters determining 
O3 production by positive and negative DC corona discharges: in a glow mode, a negative corona discharge 
produces more O3 than a positive corona discharge. The situation is reversed in a streamer discharge mode, 
when higher O3 production was reported with a positive corona discharge [60]. This fact can explain the 
observed higher O3 production by using positive DC HV, as the honeycomb discharge in our study was 
maintained in a stable streamer mode. 
 

 
Fig. 7. Concentration of O3 produced by auxiliary micro-hollow SDBD (when DC HV = 0 
kV) and honeycomb discharge as a function of various combinations of applied AC and 
positive DC HV amplitudes and various air RHs (2.4 L min−1). 

 
 
4. Conclusion 
 
The combination of nonthermal plasma with honeycomb catalysts is a very promising method for the 
environmental applications particularly for gas cleaning applications. However, a coupling of the plasma with 
honeycomb catalysts still represents one of the major challenges in plasma catalysis. The presented research 
was built on our previous works and the works of other authors and its objective was to further investigate 
electrical, optical, and chemical properties of honeycomb discharge and to find its optimal operating conditions. 
Our results demonstrated that generation and sustaining a stable discharge inside the honeycomb catalyst 
emulated by a bundle of glass capillary tubes is possible with an assistance of surface barrier discharge coupled 
in series with DC electric field applied across the tubes. The auxiliary micro-hollow surface dielectric barrier 
discharge (SDBD) was generated by a perforated ceramic substrate. A bundle of capillary tubes was placed 
perpendicularly on the ceramic substrate and DC high voltage (HV) was applied to a remote mesh electrode 
placed at the other nozzle ends of the tubes. Then, DC electric field extended plasma streamers formed by the 
auxiliary micro-hollow SDBD into the capillary tubes what resulted in honeycomb discharge generation. 

The results showed that the honeycomb discharge did not form in dry air. Its stability as well as light 
emission intensity was positively supported by an increase of both air flow rate and air relative humidity. We 
consider that air flow supported a transport of charged particles from the surface barrier discharge into the 
capillary tubes and, thus, pre-ionisation processes, while humidity supported an enhancement of surface 
electrical conductivity of the glass capillary tubes and, thus, honeycomb discharge generation. Furthermore, 
light emission intensity of the discharge was higher for positive DC HV when comparing to negative DC HV. 
A brief evaluation of chemical activity of the honeycomb discharge in terms of particularly ozone O3 
production was also carried out. It showed that O3 concentration increased with an increase of amplitude of 
both AC and DC HVs and was higher for positive than for negative polarity of DC HV. 
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Finally, we may conclude that our work may serve as a good starting point for future experimental 
investigations in real ceramic monoliths. Here the generated plasma pattern and its chemical activity can be 
slightly different than the plasma in the glass capillary tubes. Under a proper design the plasma activity can be 
further enhanced and if successfully scaled-up it may become of a huge interest with a respect to the practical 
applications. 
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