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Abstract
The plasma nitrogen fixation for NOx synthesis from N2 and O2 in MnOx/Al2O3 packed-
bed dielectric barrier discharge (DBD) and an enhanced effect of MnOx/Al2O3 catalyst are 
reported. At N2 content of 50% and SEI of ~ 16 kJ/mol (flow rate of 800 SCCM and dis-
charge power of ~ 9.5 W), NOx production rates are 0.28 SCCM for Al2O3 and 0.42 SCCM 
for MnOx/Al2O3, and improved by ~ 60% due to the enhanced effect of MnOx/Al2O3. The 
enhanced effect becomes more significant at lower specific energy input (SEI) or higher 
N2 content (lower O2 content). The MnOx/Al2O3-packed DBD features much more and 
lower-intensity micro-discharges, larger total capacitance, greater peak-to-peak charge, 
and higher vibrational temperature of N2 than the Al2O3-packed DBD. The surface role 
of MnOx/Al2O3 catalyst in the enhanced effect was disclosed by two-step surface reaction 
processes and in-situ temperature programed desorption for the adsorbed species of the 
first step.

Keywords  Dielectric barrier discharge · Plasma catalysis · Nitrogen fixation · NOx 
synthesis

Introduction

The use of plasma for nitrogen fixation has attracted great attention in reduction of N2 
to ammonia with hydrogen or oxidation of N2 to nitrogen oxides (NOx, NO + NO2) with 
oxygen [1–10]. The oxidative nitrogen fixation is superior to reductive nitrogen fixation 
in the cost of feed gas, because air can be directly used for NOx synthesis. The NOx pro-
duction rate is limited by N2 and O2 dissociation due to high bond energy of N2 (9.8 eV) 
and O2 (5.2 eV). Due to the relatively low electron energy in atmospheric-pressure plasma 
[11], most of the molecules are in electronically and vibrationally excited states (O2

*, N2
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rather than dissociation to N and O atoms, despite they are considered as the important 
species from a plausible plasma radical-involving mechanism [12].

The early attempt to promote the reaction of excited molecules was made by the com-
bination of plasma with catalysts using inductively coupled plasma (ICP) at low pressure. 
For example, Rapakoulias et al. [13] found the enhanced effect of WO3 and MoO3 catalysts 
on NO synthesis and suggested that vibrationally excited nitrogen molecule underwent dis-
sociative adsorption on the catalyst surface and then reacted with oxygen. Gicquel et al. 
[14] proposed that N atoms or excited N2 molecules reacted with WO3 and MoO3 catalysts 
to form MoO3–N (adsorbed) or MoO3–N2

*(adsorbed) and then NO was released. However, 
the excited N2 molecules collided with the oxide surface would prefer energy relaxation 
instead of dissociation due to the very low sticking probability on oxides.

Recently, dielectric barrier discharge (DBD) plasma has been used to study the plasma 
catalytic synthesis of NOx. Patil et al. [15] investigated the effect of various metal oxides 
(WO3, PbO, CuO, Co3O4, NiO, MoO3 and V2O5) supported on Al2O3 on NOx synthesis in 
a DBD reactor. The WO3/Al2O3 catalyst increased the NOx concentration by about 10% 
compared to Al2O3 and the authors thought that the vibrationally excited nitrogen mol-
ecules have a reaction with the mobile oxygen species on the catalyst surface. Ma et  al. 
[16] investigated the effect of Al2O3 and BaTiO3 packing on NOx synthesis in a DBD reac-
tor. They proposed that the enhanced production of NOx was attributed to the increased 
electron energy due to the presence of packing materials instead of surface-reaction con-
tribution. In our previous work [17], it was found that higher temperatures (> 623 K) were 
beneficial for the formation of NOx on Cu-ZSM-5 catalyst in a DBD reactor. The reaction 
of nitrogen species with the activated O2 or adsorbed atomic oxygen on Cu active sites at 
higher temperatures may improve the NO formation. Taken together, the studies on plasma 
nitrogen fixation for NOx synthesis have rather little reported, and the contribution of sur-
face reaction is still hitherto unknown.

The aim of this work is to study, for the first time, NOx synthesis from N2 and O2 in 
MnOx/Al2O3-packed DBD plasma, because MnOx with strong reducibility, multiple oxida-
tion states and oxygen vacancies [18], has a potential to activate the oxygen species. In this 
work, based upon the comparison with the empty and Al2O3-packed DBD, an enhanced 
effect on NOx production in MnOx/Al2O3-packed DBD is found. The enhanced effect 
becomes more significant at lower specific energy input (SEI) or higher N2 content (lower 
O2 content). To gain an insight on the enhanced effect of MnOx/Al2O3 catalyst, its elec-
trical discharge characteristics, optical emission spectra and surface role of MnOx/Al2O3 
catalyst were further investigated.

Experimental Methods

Figure 1 is the schematic diagram of the experimental setup. The DBD reactor is coaxial 
and consists of a quartz tube (10 mm outer diameter and 8 mm inner diameter), a high volt-
age electrode (3-mm-diameter stainless steel rod) and a ground electrode (30 mm-height 
stainless steel mesh). The high voltage electrode was powered by an AC power supply with 
frequency of 13.3 kHz (CTP‐2000 K, Nanjing Suman). The digital oscilloscope (Tektronix 
MDO3014) recorded signals from a high voltage probe (Tektronix P6015A) and a pas-
sive probe connected with a 51 Ω sampling resistor or a 0.22 µF sampling capacitor, then 
voltage-current waveforms or charge–voltage Lissajous figures were obtained. The input 
power (Pin) was directly measured by a wattmeter from the power supply, and the discharge 
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power was calculated from the Lissajous figure. One of three types of circuits, including a 
sampling resistor, sampling capacitor and short circuit, was chosen to connect the switch 
without stopping discharge. The specific energy input (SEI) is defined as,

where Pdis and Fin are the discharge power and the gas inlet flow rate, respectively.
Optical emission spectroscopy (OES) was used for the plasma diagnostic. The fiber-

optic probe is perpendicular to the DBD reactor, and the distance between the reactor wall 
and fiber is 45  mm. The light emitted from the DBD plasma was measured by a high-
resolution spectrometer (Andor Shamrock SR-750, 1200 grooves/mm grating, 50  μm 
width slit) along with an intensified charge-coupled device (ICCD) detector (Andor iStar 
DH334). The spectrum was recorded with exposure time of 0.5 s and 20 accumulations. 
The second positive system of N2 (C3Пu → B3Пg) was used to evaluate the rotational (Tr) 
and vibrational (Tv) temperatures by the method reported previously [19]. Fig. S1 gives 
an example of experimental and fitted spectra for evaluating the rotational and vibrational 
temperatures.

N2 and O2 gases (purity 99.999%), whose flow rates were adjusted by mass flow con-
trollers, were fed separately or mixed into the reactor. The outlet gas from the reactor 
flowed into the gas cell of the Fourier transform infrared (FT-IR) spectrometer (IGS gas 
analyzer, Thermo Fisher, USA). The concentrations of NO, NO2, N2O and O3 were moni-
tored online by the FT-IR spectrometer, equipped with an MCT detector, in a scanning 
range of 600–4000 cm−1 and at a resolution of 0.5 cm−1. N2 was used to purge the gas cell 
and gas pipelines for removing air and water before measurement. The time for data collec-
tion is more than 20 min, which is enough to reach a steady concentration of the products 
even under a minimal flow rate (400 SCCM).

SEI =
Pdis

Fin

FTIR

MS

Vent

H.V. probe

Spectrometer

Passive probe
Oscilloscope

AC

N2

O2

O2

N2

Fig. 1   Schematic diagram of the experimental setup. AC alternating current, H.V. high voltage, FTIR Fou-
rier transform infrared spectroscopy, MS mass spectrometer
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It is needed to note, there exist N2O and NO2 impurities in NO standard gas due to 
NO decomposition at high pressures of gas cylinder. Hence, the calibration curve of NO 
was obtained by using N2-balanced NO2 standard gas, which went through a molybdenum 
converter to obtain accurate concentrations of NO for NO calibration. The concentrations 
of NO and N2O were quantified in the range of 1880–1960  cm−1 and 2140–2280  cm−1, 
respectively. To quantify NO2, 1880–1960 cm−1 (below 1000 ppm) and 2820–2950 cm−1 
(between 1000 and 10,000 ppm) were employed. The concentration calibration curves of 
NO and NO2 are shown in Fig. S2. Figure 2 shows a typical FTIR spectra. Because NO 
is easily oxidized to NO2 in O2-containing gas, the concentration of NOx is defined as the 
sum of NO and NO2 and it was adopted to evaluate the reaction performance.

The MnOx/Al2O3 catalysts were prepared by incipient wetness impregnation of γ-Al2O3 
pellets (diameter ~ 1  mm) in manganese nitrate solution for 12  h at room temperature. 
The impregnated samples were dried at 120  °C for 4  h and then calcined at 450  °C in 
static air for 4 h. The nominal content in Mn of the MnOx/Al2O3 catalyst is 9 wt%. The 
X-ray diffraction (XRD) patterns were obtained by using D8 Advance X-ray Diffractom-
eter (Bruker, Germany, Cu Kα, 0.154056 nm). The XRD profile of the as-prepared MnOx/
Al2O3 is shown in Fig. S3, showing that the MnOx with weak crystallinity of β-MnO2. The 
morphology of MnOx/Al2O3 catalysts was observed by a field emission scanning electron 
microscopy (FE-SEM, JSM-7900F, JEOL LTD, Japan). The SEM images with energy dis-
persive spectroscopy (EDS) analysis of MnOx/Al2O3, as shown in Fig. S4, indicate an even 
dispersion of MnOx on the Al2O3 support. Before plasma reaction, the catalysts packed 
into the DBD reactor were in-situ purified with 100 SCCM N2 at 400 °C for 0.5 h using 
a tubular furnace, then cooled down to room temperature for starting the plasma catalytic 
reaction.

To gain an insight into the MnOx/Al2O3 catalyst enhanced NOx synthesis, the plasma 
catalytic reaction was separated into two steps. At the first step, the catalyst was treated by 
one of N2 and O2 plasmas for 20 min with a flow rate of 100 SCCM at Pin = 20 W; at the 
second step, the catalyst was treated by the other one at the same flow rate and Pin as the 
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Fig. 2   The FTIR spectra of the products in the empty, Al2O3-packed and MnOx/Al2O3-packed DBD reac-
tor at discharge time of 20 min. Conditions: Fin = 400 SCCM, 50% N2 + 50% O2, Pin = 20 W (Pdis of empty, 
Al2O3-packed and MnOx/Al2O3-packed DBD are 9.6, 9.4 and 9.9 W, respectively)
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first step. For the MnOx/Al2O3 catalyst, the gaseous and surface products of the second step 
(N2 plasma) after O2 adsorption or O2 plasma for the first step were compared. Moreover, 
the adsorbed species of the first step were analyzed by in-situ temperature programed des-
orption (TPD). After the first step, the in-situ TPD was carried out from room temperature 
to 400 °C at a ramp rate of 10 °C/min, and kept at 400 °C for 30 min in Ar gas of 100 
SCCM. A mass spectrometer (MS, Hiden HPR20, UK) with a heated (at 393 K) quartz 
inert capillary inlet was used to monitor online the products during the two-step surface 
reaction processes and the in-situ TPD.

Results and Discussion

Enhanced Effect of MnOx/Al2O3 Catalyst on NOx Synthesis

Figure 3 shows the NOx concentrations produced in the empty, Al2O3-packed, or MnOx/
Al2O3-packed DBD reactor at flow rate of 600 SCCM and 50% nitrogen content. The NOx 
concentrations of the empty and Al2O3-packed DBD are very close at discharge power of 
about 9.5  W (Case A in Fig.  3) being 506 and 513  ppm, respectively. Nonetheless, the 
NOx concentration increases significantly to 755 ppm in MnOx/Al2O3-packed DBD, which 
is much higher than those of the empty and Al2O3-packed DBD. Likewise, at discharge 
power of about 17 W (Case B in Fig. 3), NOx concentration of the MnOx/Al2O3-packed 
DBD is the highest, reaching 1300 ppm. This demonstrates that MnOx/Al2O3 catalyst has 
an enhanced effect on NOx production.

By varying discharge power or flow rate, the effect of SEI on NOx concentration 
and production rate in the Al2O3-packed and MnOx/Al2O3-packed DBD at 50% nitro-
gen content is presented in Fig.  4. At a fixed flow rate, the residence time is kept at 
constant and thus the effect of SEI by changing discharge power is a single-factor 
examination. The SEI means the average energy absorbed by each molecule for acti-
vation and reaction in plasma. The increase of SEI leads to a rise in electron density, 
so higher SEI is benefit to the formation of more active species of nitrogen and oxy-
gen to promote the production of NOx. As a result, NOx concentration and production 
rate increase rapidly with SEI by changing discharge power (Fig. 4a), which accords 
with the literature reported in plasma catalytic ammonia synthesis [20]. The SEI can 

Fig. 3   The NOx concentration 
produced in the DBD reactor. 
Conditions: Fin = 600 SCCM, 
50% N2 + 50% O2. Case A: Pdis 
of empty, Al2O3-packed and 
MnOx/Al2O3-packed DBD at 
Pin = 20 W are 9.6, 9.5 and 9.7 
W, respectively; Case B: Pdis of 
empty, Al2O3-packed and MnOx/
Al2O3-packed DBD at Pin = 30 
W are 16.8, 16.9 and 17.3 W, 
respectively
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also be varied by adjusting flow rate when the power is fixed, however, the residence 
time is changed accordingly. Interestingly, as shown in Fig. 4b (by changing flow rate), 
the NOx production rate rises very slow with SEI for Al2O3-packed, and even turns to 
decrease slightly after a small increase for MnOx/Al2O3-packed. Figure 4b is a result of 
combined effect of SEI and residence time. The long residence time brings about fur-
ther oxidation of NOx–N2O5 [21], or NO decomposition into N2 and O2 [22, 23], which 
weakens or overwhelms the positive effect of SEI on NOx production.

Moreover, Fig. 4 shows that NOx concentration and production rate of MnOx/Al2O3 
are higher than that of Al2O3 at the same SEI, supporting again the enhanced effect of 
MnOx/Al2O3 catalyst. Especially at lower SEI, MnOx/Al2O3 catalyst provides greater 
enhanced effect on NOx production rate. For example, at SEI of ~ 16 kJ/mol (Fig. 4b), 
NOx production rates are 0.26 SCCM for Al2O3 and 0.42 SCCM for MnOx/Al2O3. The 
MnOx/Al2O3 catalyst improves the NOx production rate by ~ 60% compared to Al2O3, 
which is much higher than the reported enhancement (at most 10%) of active metal 
oxides (e.g., WO3) supported on Al2O3 [15].

Figure 5 shows the effect of N2 content on NOx production in the packed-bed DBD 
reactor. The discharge powers are very close at the same input power, as shown in Fig. 
S5. With the increase of N2 content from 40 to 90%, NOx concentrations present vol-
cano-shaped variation, and the peak concentrations of NOx fall in the N2 content range 
from 50 to 70%. Within the investigated range of N2 content, MnOx/Al2O3 catalyst 
exhibits much higher NOx concentration than Al2O3.

According to NOx concentration and total flow rate in Fig.  5a, the ratio of NOx 
production rate of MnOx/Al2O3 to Al2O3 versus N2 content is shown in Fig. 5b. As N2 
content increases from 40 to 90%, NOx production rate ratio of MnOx/Al2O3 to Al2O3 
climbs linearly from 1.3 to 1.6. It can be concluded that MnOx/Al2O3 catalyst displays 
greater enhancement on NOx production at higher N2 content (lower O2 content).

To gain an insight on the enhanced effect of MnOx/Al2O3 catalyst, its electrical dis-
charge characteristics, OES and surface role of the catalyst were further investigated.
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Fig. 4   NOx concentration and production rate versus SEI by changing, a discharge power and b flow rate. 
Conditions: 50% N2 + 50% O2. a Fin = 400 SCCM, Pdis of MnOx/Al2O3 (Al2O3) are 5.2 (5.2), 9.6 (9.4) and 
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Electrical Discharge Characteristics and OES Diagnostic

Figure 6 shows the waveforms of current–voltage for the empty, Al2O3-packed, or MnOx/
Al2O3-packed DBD reactors. The corresponding charge–voltage Lissajous figures for the 
three cases are displayed in Fig. 7, obtaining their discharge powers of about 17 W. The 
current pulses variation with time in Fig. 6 and the discharge appearance in Fig. S6 indi-
cate that the discharge is in the typical filamentary mode with a large amount of micro-
discharges [24]. In the case of the MnOx/Al2O3-packed DBD, the filamentary discharge 
becomes weak micro-discharge along with surface discharge. The current waveforms 
between empty DBD and Al2O3-packed DBD are very similar, there existing tens of cur-
rent pulses in a quarter cycle of applied voltage, and the Lissajous figures are similar to 
parallelogram (Fig.  7). In contrast, the MnOx/Al2O3-packed DBD exhibits more current 
pulses with lower intensity (Fig. S7) and the Lissajous figure becomes a distorted paral-
lelogram. The Lissajous figures show the relationship between the transferred charge in 
the circuit and the voltage applied to the DBD plasma. From the slope of the upper and 
lower edges of the parallelogram, the total capacitance of the DBD can be estimated. The 
MnOx/Al2O3-packed DBD has larger total capacitance than the empty and Al2O3-packed 
DBD, which is caused by that MnOx is a kind of semiconductor material. The peak-to-
peak voltages are almost equal in the three cases in Fig. 7, but the peak-to-peak charge in 
the case of MnOx/Al2O3 is greater than the other two cases. A similar phenomenon was 
observed in the BaTiO3-packed DBD [16]. Compared with the empty and Al2O3-packed 
DBD, the MnOx/Al2O3-packed DBD shows special discharge characteristics and features 
much more and lower-intensity micro-discharges, leading to an increase in collision prob-
ability of electrons and reactant molecules. This is advantageous to the generation of more 
active species and promotes the subsequent reaction for NOx formation.

At the same conditions as Fig. 5, the variations in rotational temperature (Tr) and vibra-
tional (Tv) temperatures of N2 molecule from fitting the OES results with N2 content are 
shown in Fig. 8. In the packed-bed DBD, the vibrational temperatures of MnOx/Al2O3 are 
higher than those of Al2O3, with an average increase of about 230 K. The MnOx/Al2O3-
packed DBD features much more and lower-intensity micro-discharges, larger total capaci-
tance and greater peak-to-peak charge than the Al2O3-packed DBD, leading to a somewhat 
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increase in electron density. This is favorable to forming more vibrationally-excited nitro-
gen molecules with high vibration quantum number, thus bring about a rise in the vibra-
tional temperature of MnOx/Al2O3. The differences in rotational temperature between 
MnOx/Al2O3 and Al2O3 are not significant, and they are equivalent if considering fitting 
deviation.

For the packed-bed DBD, the rotational temperature is independent of N2 content. 
By contrast, the vibrational temperature decreases with N2 content probably due to the 
decrease of average energy per N2 molecule from vibrational excitation. The lower Tv at 
higher N2 content suggests that the populations of the high-lying vibrational levels of N2 
decline with the number of N2 molecules.

Insight into Surface Role of MnOx/Al2O3 Catalyst in the NOx Production

To gain an insight into surface role of MnOx/Al2O3 catalyst in the NOx production, the two-
step surface reaction processes and in-situ TPD for the adsorbed species of the first step 
were implemented. For MnOx/Al2O3, after the first step of O2 adsorption or O2 plasma, 
the MS signal during the second step of N2 plasma is shown in Fig. 9a, b, respectively. 
MnOx/Al2O3 catalyst in N2 plasma after O2 adsorption is unable to produce NO (Fig. 9a). 
However, after O2 plasma, NO can be produced significantly in N2 plasma and plenty of 
O2 is released from the oxygen species adsorbed on MnOx/Al2O3 surface (Fig. 9b). This 
indicates that the oxygen species involved in production of NO and O2 in Fig. 9b derive 
from O2 plasma, rather than from O2 adsorption. As expected, on the Al2O3 surface, there 
is no production of NO and O2 even after O2 plasma (Fig. 9c). It can be concluded that 
O2 plasma results in the production of oxygen species on MnOx surface, providing the 
required oxygen source for the formation of NO in N2 plasma. The conclusion is confirmed 
again by in-situ TPD for the adsorbed species of the first step. The MnOx/Al2O3 catalyst 
after O2 plasma presents obviously a desorption peak of O2 at 652 K, compared with that 
after O2 adsorption (Fig. 10a). In contrast, there is no desorption peak of N2 on the MnOx/
Al2O3 catalyst, whether after N2 plasma or after N2 adsorption (Fig. 10b).

When MnOx/Al2O3 catalyst is exposed to O2 plasma, the oxygen vacancies on MnOx 
surface may serve as the active sites of the excited-state oxygen molecules (O2

*) produced 

Fig. 8   Dependence of rotational 
and vibrational temperatures of 
the packed-bed DBD upon N2 
content. Conditions: Fin = 600 
SCCM, Pin = 20 W, Pdis is given 
in Fig. S5
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from plasma, which may be electronically (e.g., metastable-state O2(1Δg)) and vibrationally 
excited. The O2

* species on MnOx/Al2O3 catalyst becomes adsorbed oxygen atoms (Oad) by 
dissociation adsorption.

If the MnOx/Al2O3 catalyst is only exposed to N2 gas after O2 plasma, there is no 
NO production, as shown in Fig. S8a, confirming that the adsorbed oxygen atoms (Oad) 
on MnOx/Al2O3 catalyst has no efficient energy to react with ground-state N2 molecule. 
This implies that the Oad species on MnOx/Al2O3 catalyst can only react with the excited-
state nitrogen molecules (N2

*) produced from plasma, including electronically (e.g., 
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metastable-state N2(A3 Σ+

u
 ), N2(B3 Πg ), N2(C3 Πu )) and vibrationally (N2 (v)) excited nitro-

gen molecules.
Furthermore, if the MnOx/Al2O3 catalyst, after exposure to N2 plasma of the first step, is 

incapable of producing NO in O2 plasma of the second step, as shown in Fig. S8b. It is evi-
denced that the N2

* species are unable to adsorb on MnOx/Al2O3 catalyst (Fig. 10b), due to 
the very low dissociative sticking probability [25]. It can be concluded that the O2

* species 
in plasma may turn into the atomic oxygen species (Oad) adsorbed on MnOx/Al2O3 catalyst 
by means of dissociation adsorption, and then the Oad species react with the N2

* species 
coming from plasma to form NO, as illustrated in Fig. 11. The contribution of MnOx/Al2O3 
catalyst to NOx formation becomes greater under lower O2 content (higher N2 content), 
which is consistent with the dependence of enhancement of MnOx/Al2O3 on N2 content in 
Fig. 5b.

Conclusions

Based upon the comparison with the empty and Al2O3-packed DBD, an enhanced effect on 
NOx production in MnOx/Al2O3-packed DBD is reported. At N2 content of 50% and SEI 
of ~ 16 kJ/mol (flow rate of 800 SCCM and discharge power of ~ 9.5 W), NOx production 
rates are 0.28 SCCM for Al2O3-packed and 0.42 SCCM for MnOx/Al2O3-packed.

When the flow rate is fixed, the NOx concentration and production rate increase rapidly 
with SEI. In contrast, when the flow rate is changed, the NOx production rate rises very 
slow with SEI for Al2O3-packed, and even turns to decrease slightly after a small increase 
for MnOx/Al2O3-packed. NOx concentration presents volcano-shaped variation with N2 
content and the peak concentrations of NOx fall in N2 contents of 50–70%. As N2 con-
tent increases from 40 to 90%, NOx production rate ratio of MnOx/Al2O3 to Al2O3 grows 

Fig. 11   Illustrating the surface contribution to MnOx/Al2O3-enhanced NOx production
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linearly from 1.3 to 1.6. In brief, the enhanced effect becomes more significant at lower SEI 
or higher N2 content (lower O2 content).

The MnOx/Al2O3-packed DBD features much more and lower-intensity micro-dis-
charges, larger total capacitance and greater peak-to-peak charge than the Al2O3-packed 
DBD, forming more vibrationally-excited nitrogen molecules with high vibration quantum 
number, thus bring about a rise in the vibrational temperature of MnOx/Al2O3. The surface 
role of MnOx/Al2O3 catalyst in the enhanced effect was disclosed by two-step surface reac-
tion processes and in-situ TPD for the adsorbed species of the first step. The O2

* species 
in plasma may turn into the Oad species on MnOx/Al2O3 catalyst by means of dissociation 
adsorption, and then the Oad species react with the N2

* species coming from plasma to 
form NO.
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