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Abstract: An atmospheric pressure microwave plasma source operating on water vapor has many
potential applications. To avoid the corrosion of metal electrodes in a traditional water vapor
microwave plasma system, we propose a simple water vapor electrodeless microwave plasma device.
By introducing a ceramic tube, the device can work directly with liquid water without complex
evaporation equipment. This study examined the relationship between microwave power and water
vapor torch plasma duration. When the microwave power is greater than 800 W, the plasma torch
can be excited permanently and stably without the loss of ceramic. The excitation of the oxygen
atom, hydroxyl radical, and hydrogen atom was found using optical spectroscopy, confirming the
water vapor’s decomposition. In addition, it was also found that the crystallinity of the ceramic
was improved after microwave discharge. This work enriches the microwave plasma techniques for
water vapor for various applications, such as electric propulsion, hydrogen production, and surface
treatment.

Keywords: water vapor plasma torch; ceramic tube; microwave discharge; electrodeless

1. Introduction

Non-thermal plasma is a weakly ionized plasma that can work at room temperature
and atmospheric pressure while still producing highly active species and electrons. The
electronic energy works well to excite molecular and atomic species and destroy chemical
bonds, so the non-thermal plasma is widely used in various applications, such as surface
modification [1,2], air-cleaning [3] and assisted combustion [4], etc. When water vapor is
used as the supporting gas of atmospheric pressure non-thermal plasma, it can produce
reducing and oxidizing free radicals such as H, OH, and O so that the plasma can more
effectively treat various hydrogen-rich compounds such as methane, natural gas, ethanol,
and coal and use them as raw materials to produce hydrogen [5–11]. The commonly used
atmospheric pressure non-thermal plasma sources include glow discharge, corona dis-
charge, dielectric barrier discharge (DBD), radio frequency (RF) discharge, and microwave
discharge [12–14]. Among these plasma sources, the microwave discharge is used to gen-
erate water vapor plasma, which has many advantages, because the strong interaction
between 2.45 GHz microwave and water molecules can produce higher electron tempera-
ture and higher plasma density, realize high-level dissociation, and realize high-efficiency
microwave power transmission from the microwave generator to the plasma [15–18]. For ex-
ample, Canadian researchers have studied a method based on a microwave plasma source,
which uses microwaves to generate plasma to decompose water vapor into hydrogen. The
energy efficiency can reach 53% [15].

However, some issues still exist in producing continuous and lasting water vapor
plasma with high microwave power. One of the problems is that the strong chemical
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reaction between the active atoms produced by microwave plasma and the surface of the
metal electrodes will lead to electrode corrosion, which will limit the service life of plasma
devices [18,19]. Therefore, many studies have proposed electrodeless discharge devices to
overcome the problem of electrode poisoning caused by electrode discharge [20], such as
surface-wave-sustained discharges [21–23], microwave plasma jets [24], plasma guns [25],
etc. However, when we apply liquid water to these devices, many additional devices are
often added to generate water vapor plasma, such as heating and evaporation equipment
or vacuum sealing device. Which undoubtedly greatly aggravates the use restriction of the
device itself, and there is also the risk of water vapor condensation [15,20,26].

Based on the above problems, a stable and simple water vapor electrodeless microwave
plasma device is developed and designed in this paper. In this device, the ceramic tube can
quickly absorb water after heating, and the water in the ceramic can soon evaporate and
ionize on the ceramic tube top to form a water vapor plasma torch.

2. Experimental Setup

Figure 1 shows a schematic view of the water vapor microwave plasma system. It
consists of the 2.45 GHz microwave generator, waveguide components, water container,
ceramic tube, and wick. The microwave power supply provides a maximum power
of 1000 W and is connected to a magnetron (LG, M246, Seoul, South Korea) to generate
microwaves. The water-cooling system is a circulating water tank to prevent the microwave
generator from overheating. The waveguide cavity is composed of a rectangular waveguide
(WR340) and a dual-port tapered waveguide. The quartz tube is vertically inserted into
the opening of the upper and lower surfaces of the dual-port conical waveguide. It is
directly connected with the water container to guide and generate a plasma torch. The
quartz tube has an inner diameter of 24 mm, an outer diameter of 28 mm, and a length of
600 mm. The ceramic tube is placed inside the quartz tube, its lower end is fixed at the
bottom of the water container, and its upper end is in the center of the dual-port tapered
waveguide. The main component of ceramics is silicon dioxide, which is produced from
pressed powder material. The dielectric permittivity of the ceramic tube is 3.86, and its
melting temperature is about 1200 ◦C. The wick is placed inside the ceramic tube, partially
exposing the nozzle. The characteristics of water vapor microwave plasma are detected by
the infrared thermometer (Guide infrared, PS400, Wuhan, China) with a high-temperature
lens (GD-20), a high-speed camera (Phantom, V1612, Dallas, TX, USA) matching with
a microscopic zoom lens (Navitar 12-X), a high-definition camera (Sony, A7M3, Tokyo,
Japan), and optical emission spectroscopy (Ocean Optics, HR4000CG-UV-NIR spectrometer,
Orlando, FL, USA).

The dual-port tapered waveguide in the experiment can concentrate the microwave
energy at its center, as shown in Figure 2. However, the microwave energy in the experiment
is not enough to directly ionize water vapor to produce plasma. Therefore, we will ignite the
wick in the ceramic tube and then excite the high-temperature flame through the microwave.
Flames already contain a high concentration of plasma species, so they can easily produce
plasma by focusing relatively low-power microwaves into a high-temperature flame. When
the plasma generated by the flame is excited, it will have an extremely high temperature,
which can heat the ceramic tube, evaporate the water at the bottom of the ceramic tube and
fill the whole quartz tube. Subsequently, water vapor becomes the ion source of the latest
plasma, forming a water vapor plasma torch. The inner diameter of the ceramic tube in the
experiment is 0.8 cm and the outer diameter is 1 cm; the inner diameter of the quartz tube
is 2.4 cm and the outer diameter is 3 cm; the main components of the wick are cotton yarn.
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Figure 2. Water vapor plasma is excited by microwave discharge; the left is the actual image of the
torch flame on the ceramic tube.

3. Results and Discussion

Images of the plasma torch are shown in Figure 3a for when the water vapor is heated
and evaporated, reaches the center of the waveguide and is excited. The figure shows the
torch images under 300, 500, 700, and 900 W microwave power, respectively. It can be seen
that the brightness and height of the torch increase with the increase in power. Figure 3b
shows in detail the variation of the height and duration of the plasma torch with power.
It can be seen here that the minimum excitation power of the torch is 300 W, and its torch
height is 25 mm. With the increase in power, its height can reach 90 mm at 1000 W. It can
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also be seen from the figure that the duration of the flare is different under different powers.
When the power is 300 W, the duration is only 2 min. With the increase in power by 800 W,
it can be continuously and stably excited and no longer extinguished. The reason is that
when the microwave power is low, the evaporation of water is too small to provide enough
free radicals to excite the plasma torch continuously and stably.
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power (multimedia view: Video S1). (b) The torch height and duration of water vapor plasma vary
with power.

The process of exciting water vapor plasma in the experiment is as follows: first, add
a little alcohol to the wick to burn it well, use the igniter to ignite the wick, and turn on the
microwave power supply. At this time, the ignited wick burns rapidly under the action of
the microwave and carbonizes, as shown in Figure 4a. In the figure, 0 s indicates that the
microwave has just been turned on, and 20 s indicates that the wick is carbonizing. Then
the carbonized wick begins to discharge, which makes the ceramic tube rapidly heated and
absorbs the water in the container. Finally, the water at the top of the ceramic tube begins
to evaporate and ionize, and the discharge position begins to transfer to the ceramic tube.
After the water vapor plasma torch is formed on the top of the ceramic tube, the top of the
ceramic is quickly heated to a molten state. The water vapor at the lower part continuously
comes to the top of the ceramic tube. It is excited by microwaves, resulting in periodic
expansion and contraction of the ceramic, as shown in Figure 4b. The above description can
be confirmed by the temperature measurement of the infrared camera. Figure 4c shows the
infrared image of the torch and the change of its maximum temperature with time. In the
absence of microwaves, the maximum temperature of the flame is concentrated in the flame
center, and the maximum temperature of the flame is 360 ◦C. As the microwave begins
to act on the flame, the flame is enhanced, and its high-temperature increases to 420 ◦C.
Then the wick began to discharge in a small range, the core temperature of the device was
concentrated at the discharge of the wick, and the temperature changed significantly. At
about 60 s, the discharge position is finally transferred to the ceramic tube. At this time, the
maximum temperature in the device reaches the maximum temperature of 2000 °C that can
be tested by the infrared camera, and a continuous plasma torch begins to appear. After
each hour of operation, the weight of the ceramic tube is measured after drying. It is found
that the weight of the whole ceramic remains about 18.5 g, with little change, as shown in
Figure 4d, which shows that the water can be ionized on the top of the ceramic to form a
plasma torch without losing the quality of the ceramic.
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Figure 4. The excitation process of water vapor microwave plasma torch. (a) The wick with flame
discharges under the action of the microwave, causing evaporation and discharge of water at the top
of the ceramic tube (multimedia view: Video S2, the upper part is the schematic diagram). (b) Process
of water vapor plasma excited by microwave (multimedia view: Video S3, the upper part is the
schematic diagram). (c) Temperature changes at the beginning of the excitation of water vapor
microwave plasma. (d) Change of mass of ceramic tube after discharge with time.

After the top of the ceramic tube is discharged, the image of the ceramic tube before
and after discharge is compared and analyzed. It can be found that the molten part on the
top becomes very transparent. An XRD analysis of the ceramics can be seen in Figure 5a.
The results show that the ceramics have a similar structure before and after discharge. To
further explore the composition of the ceramic, we analyzed the ceramic material by energy
dispersive spectroscopy (EDS) and found that the main elements are Si and O. Therefore, it
can be found that the peak intensity of SiO2 after discharge is significantly stronger than
that before discharge, which indicates that the high temperature generated by discharge
can promote the crystallinity of the crystal. Finally, we also carried out experiments with
alumina ceramic tubes and obtained similar results, which shows that this device can also
be used for the crystal growth of non-metallic materials.

For different values of plasma input power, the emission spectrum of water vapor
plasma of the device is obtained in the wavelength range of 250 to 1000 nm. The two-second
integration time is applied, and the software PLASUA SpecLine (ver. 2.1, Plasus SpecLine,
Kissing, Germany) is used to analyze and allocate the emission line. Shown in Figure 6
are the emission spectra of water vapor microwave plasma obtained by excitation at three
different microwave powers of 900, 700, and 500 W, respectively. It illustrates that with
the increase in power, the peak value of the spectrum is enhanced, and the emission line
increases gradually. In this spectrum, the OH band is clearly identified with intense peaks
in the range 302.1–308.9 nm [8]. Hα at 656.3 nm is also clearly identified [27]. In particular,
the atomic oxygen line at 777 nm and 844 nm was remarkably enhanced. The strongest
spectral line with a peak at 589.59 nm in the spectrum is most likely Na [28], which mainly
comes from Na ions in water. In short, the emission spectrum confirms the dissociation of
water molecules.
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4. Conclusions

In conclusion, we experimentally demonstrate a simple and stable electrodeless mi-
crowave plasma device as an atmospheric pressure water vapor microwave plasma source.
The water vapor microwave plasma torch combustion process is investigated systematically.
The results show that the microwave plasma torch can excite lasting and stably when the
microwave power is greater than 800 W, and the height of the plasma torch increases with
the increase in power. At the same time, it is also found that the plasma torch will make the
top of the ceramic in a molten state instead of corroding the electrode during the excitation
process. The XRD test confirmed that the crystallinity of the ceramic was improved after
discharge. In addition, the dissociation of water vapor by microwave was confirmed by an
emission spectrum. With the introduced ceramic, it is possible to design an even simpler
and smaller water vapor microwave plasma torch for special applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app12136813/s1. Video S1. Water vapor plasma torch at 700 W.
Video S2. Wick discharge under microwave excitation. Video S3. Discharge process of water vapor
on ceramic tube.
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