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The utilization of mechanical energy and air for N; fixation is a promising pathway
for production of nitrogen-containing compounds. However, the activity of
mechanical energy-driven N fixation systems developed to date is very low. In this
work, N fixation with an NOx formation rate of 4.82 pmol h~" and electrical energy
cost for NOx production of 1.76 MJ mol™" N~ was achieved by mechanical-
energy-driven triboelectric plasma jet, at conditions of room temperature and
atmosphere-pressure air.
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SUMMARY

N, fixation driven by mechanical energy is a promising strategy for
production of nitrogen-enriched compounds. However, the activity
of mechanical-energy-driven N, fixation is very low. Herein, a me-
chanical-energy-driven triboelectric plasma jet was constructed to
achieve N, fixation in air at room temperature and atmospheric
pressure. Under optimal conditions, the NOyx production rate of
4.82 pmol h™' is 23-fold better than the previous record using a
triboelectric nanogenerator. The electrical to chemical energy
conversion efficiency and energy cost for NOyx production are
4.92% and 1.76 MJ mol™" N7, respectively, and the energy cost
is the best result in the reported plasma N, fixation reaction at
room temperature and atmospheric pressure. Because of the lower
average energy of electrons in the triboelectric plasma jet, the
vibrational excitation dissociation process with low energy barriers
is the major mechanism for N, fixation. This study provides an effec-
tive strategy for N, fixation using mechanical energy.

INTRODUCTION

N, fixation, which converts inert N, molecules into active N-containing com-
pounds, is one of the most important chemical reactions in modern industry and
is used to synthesize a variety of industrial products, such as fertilizers, drugs,
and plastics." Among them, 80% of the N-containing compounds produced in
the artificial N, fixation process is used to generate fertilizer for crops, feeding
nearly 48% of the global population.” A large amount of energy is required to
dissociate the N, molecule owing to its chemical inertness. In the traditional chem-
ical industry, N, fixation mainly generates NH3 through the reaction of N, and H,
which is called the traditional Haber-Bosch (H-B) process.3 N, is generated from
the air separation process and H; is generated from the natural gas reforming pro-
cess (Figure 1A).* The process is performed under harsh conditions of 450°C-
600°C, 200-400 bar, and a high-activity Fe-based catalyst.” The H-B process is
highly dependent on fossil fuel and is a large-scale industrial process with high en-
ergy consumption, CO, emissions, and cost. This reaction consumes 1%-2% of the
global energy and 2%-3% of global natural gas consumption, and emits up to 3
million tons of CO, annually, making it the most energy-consuming industrial pro-
cess in the chemical industry.®’ Large-scale, integrated H-B processes produce
N»-fixed products, which require large amounts of energy to be transported to
remote, decentralized crop fertilization sites.® These factors seriously limit the
H-B process as a decentralized, small-scale, in situ N, fixation process with low
economic input,g Therefore, it is vital to develop an economical, environmentally

THE BIGGER PICTURE

Artificial N5 fixation, one of the
most important chemical
reactions, enables the growth of
food for 48% of the global
population and has made
indelible contributions to the
evolution of human civilization.
However, the industrial Haber-
Bosch process emits large
quantities of CO,, leading to
dramatic changes in the global
climate. The mechanical-energy-
driven triboelectric plasma jet is a
potential fossil-fuel-free N5
fixation process. This study
demonstrates that the N, fixation
process with zero CO, emission
and direct use of air could be
realized using a triboelectric
plasma jet driven by mechanical
energy. Moreover, this method is
a candidate for an efficient,
environmentally friendly
alternative to the traditional
Haber-Bosch process.
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friendly, distributed, and small-scale N, fixation chemical industry to replace the
traditional H-B technology.'®

Using renewable energy to drive N, immobilization is an ideal strategy to synthesize
N-containing compounds. Mechanical energy, including water, wind, tidal, and
wave energy, is one of the most common renewable energy sources." It has abun-
dant reserves and numerous sources.'? However, the intermittency and irregularity
of mechanical energy hinders its compatibility with the harsh conditions for
traditional and large-scale H-B processes, limiting its applications in N fixation."?
Triboelectric nanogenerator (TENG) is a recent novel mechanical energy acquisition
device that can efficiently convert mechanical into electrical energy, providing a
method for the conversion of mechanical into chemical energy.’® A common strat-
egy is to couple a TENG with electrochemical N, reduction reaction devices to
form a mechanical-energy-driven electrochemical reduction N, system.'” Due to
the mismatch between the high output voltage of TENG and the low voltage of
the electrochemical system, low solubility of N in the aqueous solution, and the
competitive reaction of hydrogen evolution, the activity of the electrochemical N,
reduction system driven by the TENG is extremely low (approximately 0.01-
0.21 umol h~" of N, fixed products formation rate).'®'” The high voltage derived
from TENG can be used to excite gases, such as N, and O, to generate triboelectric
plasma.'® High-energy electrons can interact with gas molecules to generate elec-
tronic excited states, vibrational excited states, and other active intermediates,
which can improve the reaction kinetics and thermodynamically unfavorable chem-
ical reactions under mild conditions.’” Concurrently, triboelectric plasma can
directly connect the TENG and the chemical reaction, reducing the energy loss
caused by electrical energy management and storage.”” The high substrate concen-
tration and fast reaction speed in gas plasma effectively solve the problems of the
low substrate concentration and hydrogen evolution in aqueous solutions.”" Tribo-
electric plasma has the advantages of switching at any time, mild reaction condi-
tions, and fast response speed, and exhibits potential compatibility with intermittent
and irregular mechanical energy.?? Therefore, mechanical-energy-driven triboelec-
tric plasma is expected to become a small-scale N-fixation method with high
efficiency and zero CO, emissions as no fossil fuels are required. Recently, some
static and flow types of triboelectric plasma have been used for CO; reduction'”*
or N, oxidation reaction,”” but the activity and efficiency conversion of electrical to
chemical energy are low. Because the average energy of electrons in the static or
flow-type triboelectric plasma is large, it often causes the reaction to occur via a
high-energy reaction pathway or serious heating effect.”” Therefore, it is urgent to
develop a novel type of triboelectric plasma for efficient N fixation reaction.

This study reports an N, oxidation reaction using mechanical-energy-driven tribo-
electric plasma jet, which is at room temperature and atmospheric pressure, and us-
ing air directly as the raw material (Figure 1B). At the optimal distance of 2.0 mm, the
NOx formation rate was 4.82 pmol h™", which is 23-fold higher than the optimal ac-
tivity of the current reported TENG-driven N, fixation reaction. The electrical to
chemical energy conversion efficiency (ngje - no,) Was 4.92%. The electrical energy
cost (EEC) for NOx production was 1.76 MJ mol™" N77, and the energy cost was
the best record in the reported plasma N fixation reactions at room temperature
and atmospheric pressure. The reaction mechanism was investigated using optical
emission spectroscopy (OES) and plasma simulation. Finally, a wind-driven N fixa-
tion field investigation was conducted and a maximum NOy yield of 8.09 pmol h™’
was obtained. This study provides an effective strategy for the efficient use of
mechanical energy to drive the N fixation reaction.
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Figure 1. Mechanical-energy-induced N, oxidation system driven by a triboelectric plasma jet

(A) Industrial Haber-Bosch process.

(B) Triboelectric plasma-jet-driven N, fixation.

(C) Schematic diagram of the experimental device.

(D) Diagram of N, oxidation using a triboelectric plasma jet.

(E) Current and voltage curves of the triboelectric plasma jet versus time.

(F) High-speed photographs of the triboelectric plasma jet evolution. Reaction conditions: TENG rotational speed, 300 rpm; discharge distance,

)
)
2.0 mm; Vi, /Vo, ratio, 80:20; gas flow rate, 2.0 L min~"; negative polarity; room temperature (25°C); and atmospheric pressure.

RESULTS AND DISCUSSION

N, oxidation reaction using the mechanical-energy-driven triboelectric plasma

jet

Figure 1C shows the N, oxidation system using the mechanical-energy-driven tribo-

electric plasma jet. The reaction system consists of three parts, namely the TENG,

rectifier bridge, and triboelectric plasma jet N, oxidation reactor. The TENG can

collect natural mechanical energy (wind, water wave, raindrop, and other forms of

energy) and convert it into electrical energy to provide a driving force for the tribo-

electric plasma jet.?*?” The triboelectric plasma jet N, oxidation reactor consists of a

nozzle and a needle-plate gas discharge device. When rabbit hair contacts with the

polytetrafluoroethylene (PTFE) film on the copper electrode, positive and negative

triboelectric charges are generated on the surface of the rabbit hair and PTFE film,
respectively, and induced charges are generated on the surface of the copper
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electrode. Charge transfer occurs between the copper electrodes when the rabbit
hair position changes, and electrical signals are generated. When the TENG output
voltage exceeds the threshold voltage of the N»/O, gas mixture (Vn,: Vo, = 80:20),
the mixed gas ejected from the nozzle between the needle-plate electrodes is
ionized, producing triboelectric plasma (see Figures ST and 1D). According to the
literature, in half a cycle, the output voltage of TENG increases linearly with the in-
crease of the TENG rotational speed.”” When the output voltage of TENG reaches
the threshold voltage of N»/O, mixture gas, gas discharge occurs, and the external
circuit is connected. Then, a pulsed current is generated and the voltage difference
is decreased to zero. When the output voltage of TENG is not enough to produce
N,/O, mixed gas discharge, the discharge pulsed current is not produced, and
the output voltage is linearly increased with the output voltage of the TENG. Tribo-
electric plasma contains numerous electrons that can interact with N, and O, mole-
cules to promote the oxidation of Ny, achieving NOx products. Figure 1E shows the
electrical curve of the triboelectric plasma jet at room temperature and normal pres-
sure when the TENG rotational speed was 300 rpm, discharge distance (d) was
2.0 mm, flow rate of N»/O, mixed gas (Vn,: Vo, = 80:20) was 2.0 L min~', and at
negative polarity. In half a cycle, two discharge voltage peaks (V) of approximately
2.8-3.6 kV were generated, accompanied by a discharge current pulse peak (/) of
approximately 59-87 uA (gray box in Figure 1E). These electrical signals correspond
to the generation of the triboelectric plasma jet. Figure 1F shows a high-speed cam-
era photographic image of the evolution process of the triboelectric plasma jet. The
triboelectric plasma jet formation process can be divided into three stages, namely
the before, during, and after breakdown stages. The duration of a single pulse was
approximately 2.0 ms, and the length of the triboelectric plasma jet was 2.0 mm
(Figure S2).

Effects of the TENG rotational speed, mixed gas flow rate, and N,/O, volume
ratio on the N, oxidation reaction

Next, the influence of the TENG rotational speed on the N, oxidation reaction was
investigated. The frequency of the generated triboelectric plasma increased with an
increasing TENG rotational speed; however, the number of discharges and Vand Iin
each cycle remained unchanged (Figure 2A). The results show that the state of the
triboelectric plasma formed at different rotational speeds was approximately the
same. When the rotational speed was increased from 240 to 360 rpm, the average
power (P,e) of the triboelectric plasma increased from 1.50 to 2.90 mW, the NOx
generation rate (rno,) increased from 3.96 to 5.95 pmol h=', the Nele— NOy Was
4.60-5.93%, and the EEC for NOx production was 1.46-1.88 MJ mol™" N~
(Figures 2B=2C). These results show that the mechanical-energy-driven triboelectric
plasma jet N, oxidation system exhibited good compatibility and adaptability to
natural mechanical energy fluctuations in the environment. The influence of the
N,/O, mixed gas flow rate on the N, oxidation performance was then studied.
When the N,/O, flow was increased from 0.5 to 3.0 Lmin~", V, I, and P, remained
unchanged, and ryo, and 7 — no, firstincreased and then decreased. When the N/
O, mixed gas flow rate was 2.0 L min™", the maximum ryo, and 7gj Noy Values were
4.82 umol h ™" and 4.92%, respectively. The minimum EEC value for NOx production
was 1.76 MJ mol~" N~ (Figures S3 and S4). Hence, the Nele— NO, and EEC values for
NOx production remained at a high and low level, respectively, with the change in
the N2/O, mixed gas flow rate. These results show that our system has good compat-
ibility with the N,/O, mixed gas flow rate.

The influence of the N/O; volume ratio in the mixed gas on the N, oxidation perfor-
mance was then studied (Figures S5 and Sé). The discharge voltage and discharge
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Figure 2. Influence of parameters on the N, oxidation reaction

(A) Voltage and current curves versus the TENG rotational speed.

(B) Average power and NOx production rate versus the TENG rotational speed.

(C) Electrical energy cost (EEC) for NOx production and 7. - no, Versus the TENG rotational speed. Reaction conditions: discharge distance, 2.0 mm;
W, /Vo, ratio, 80:20; gas flow rate, 2.0 L min~"; negative polarity; room temperature (25°C); and atmospheric pressure.

(D) Average power and NOx production rate versus the discharge distance.

(E) EEC for NOx production and 7. - no, Versus the discharge distance.

(F) Average power and NOx production rate at a discharge distance of 2.0 mm and reaction time of 20 h.

(G) EEC for NOx production and 7. no, at a discharge distance of 2.0 mm and reaction time of 20 h. Reaction conditions: TENG rotational speed,
300 rpm; Vi, /Vo, ratio, 80:20; gas flow rate, 2.0 L min~"; negative polarity; room temperature (25°C); and atmospheric pressure.

current curves changed significantly with an increase in the N,/O, volume ratio,
mainly because the discharge voltage of the mixed gas with different No/O; volume
ratios differed. The calculated P, did not differ considerably. When the Vi, :V, ra-
tio was 80:20, rvo, and 7. — no, Were at their highest value, and the EEC value for
NOx production was at its lowest. This result shows that our system can directly
use air for N; fixation without separating N from the air, effectively reducing the en-
ergy consumption and carbon emissions of the entire system.

According to the literature,'”?*?* including triboelectric plasma reported in our
article, the models of triboelectric plasma are mainly divided into three types:
static,”?* flow,"” and nozzle. The static type of triboelectric plasma has been
used for CO, reduction®® and N;, fixation reaction,?* where the gas was not flowing
but static. Recently, the flow type of triboelectric plasma has been used for CO,
reduction,'” where the gas was not static but flowing at the flow rate of 0.2-
12.5 mL min~". Different from the static and flow types of triboelectric plasma in

Chem Catalysis 3, 100647, July 20, 2023 5
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the literature, we first increased the gas flow rate to 2 L min~", which is much higher
than that in the flow type of triboelectric plasma (0.2-12.5 mL min™") and then intro-
duced a nozzle to change the plasma dynamics. The influence of the reactor types
(static, flow, and nozzle type) of the triboelectric plasma on the N; reaction activity
was then investigated. The discharge current and discharge voltage of the three
types of reactors exhibited little change, and the P, of the three types of reactors
were similar; however, ryo, and 7. no, increased and EEC for NOx production
gradually decreased. The above results show that the gas flow and nozzle play an
important role in improving the activity and efficiency of the N, oxidation reaction.
The gas flow and nozzle can effectively reduce the mixed gas residence time in the
plasma area, vibrational-translational relaxation losses, and the reverse reaction of

2,28

the Zeldovich mechanism, thus improving the reaction activity and energy

efficiency and reducing the energy consumption (Figures S7 and S8).

Effect of needle-plate distance

The influence of needle-plate distance (d) was then investigated. When d was
increased from 0.5 to 2.5 mm, the number of discharge pulses in a half cycle
decreased from 2 to 1, V increased from 3.1 to 5.0 kV, and [ increased from 63.9
to 96.5 pA (Figure S9). An increasing d hinders the formation of the discharge be-
tween the needle and plate electrode, which requires a higher voltage to realize
the gas discharge, resulting in a reduction in the number of discharges in each cycle.
Therefore, the amount of charge per discharge pulse increases, resulting in a higher
discharge current. As shown in Figures 2D and 2E, as dincreased from 0.5 to 2.0 mm,
P.ve increased from 1.90 to 2.20 mW, ryo, increased from 1.13 to 4.82 pmol h=T,
Nele— NOy, INcreased from 1.33% to 4.92%, and EEC for NOx production decreased
from 6.51 to 1.76 MJ mol™" N~". When d was further increased to 2.5 mm,
Nele— NOy decreased significantly to 3.06% and EEC for NOx production increased
t02.82MJ mol ™' N~ ". 5 _ yo, and EEC for NOx production achieved their optimal
values of 4.92% and 1.76 MJ mol~" N7, respectively, at d = 2.0 mm.

To validate the measured NOx products that derived from N, oxidation reaction,
we operated the control experiment in the absence of triboelectric plasma
(Figure S10A). Compared with the presence of triboelectric plasma, without tribo-
electric plasma, no NOx was observed, indicating the necessity of triboelectric
plasma in yielding NOx. To further confirm that the generated NOx products in
the N, oxidation reaction originates from N, and O, gas, we conducted an addi-
tional control experiment under different atmospheric conditions with triboelectric
plasma. Under the triboelectric plasma, null NOx products was generated under
Ar, Oy, or N3 conditions, excluding the false-positive contribution of the synthetic
precursors and other possible triboelectric plasma reactions.

To further investigate whether the NOx originated from N, fixation reaction, the
isotope labeling experiments were designed using "N, as the feeding gas
(Figures S10B and S10C). Due to the low concentration of NOx in the N, oxidation,
the isotope labeling experiments were carried out for 2 days, using "°N; as the
N source, in a sealed glass reactor. The generated NOx products were analyzed
by Nu isotope mass spectrometry. For the comparison, using the "N, and 'O,
as the mixed gas, there is a striking peak at m/z = 30 in the mass spectrum, which
was attributed to the "*N'®0. Using the >N, and "0, as the mixed gas, there is a
peak at m/z = 31 in mass spectrum, which was assigned to the ">N'¢O, indicating
that the N atom of the NOx products stems from N, feedstock. Collectively, the
above results imply that the NOx product in the triboelectric plasma N, oxidation
reaction is indeed from the N, feedstocks.
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Figure 3. Comparison of different types of plasma and different mechanical energy sources
(A) Energy cost of different types of plasma used for N, oxidation at room temperature and
atmospheric pressure.

(B) N> fixation rate using different types of mechanical energy sources for N, oxidation.

To test the stability of the system under the reaction conditions of TENG rota-
tional speed of 300 rpm, d of 2.0 mm, and N/O, mixed gas flow rate of
2.0 L min™", the N, oxidation reaction was continuously performed under nega-
tive polarity and normal temperature and pressure for 20 h (Figures 2F and 2G).
The resulting Pave, ™NOx, Mele—nNoy: @nd EEC values for NOx production were
1.90-2.50 mW, 4.77-4.93 pmol h~', 4.38%-5.69%, and 1.52-1.98 MJ mol™’
N~", respectively. These results show that the system exhibited good long-
term stability.

The triboelectric plasma jet is a mechanical-energy-driven non-thermal plasma.
Different types of plasma, such as dielectric barrier discharge®” and microwave
plasma,? were compared to illustrate the advantages of the triboelectric plasma
jet for N, fixation (Figure 3A; Table $1).7?77*® To the best of our knowledge, our
system, compared with the reported plasma N; fixation reactions at room temper-
ature and atmospheric pressure, exhibited the lowest energy consumption for NOx
production of 1.76 MJ mol~" N~ (calculated based on the total output energy
provided for triboelectric plasma; see Note S1 and Figure S11). Although some
literature has reported that the energy cost of atmospheric spark plasma?® or
soft-jet-pulsed plasma®? is particularly low, reaching 0.4 MJ mol™" (atmospheric
spark plasma) or 0.42 MJ mol™" (pulsed plasma) respectively, the calculation
method of energy cost in the literature is different from that calculated in this
study. The lower energy cost calculated in the previous literature was based on
the estimated power absorbed in the plasma, not considering the energy that
was used for maintaining the plasma.?>*? According to the literature, the power
adsorbed in the plasma only accounts for 2%-5% of the electrical energy provided
by the power supply.”>*? If the energy used for maintaining the plasma was
considered based on this paper, the energy cost of the atmospheric spark plasma
and pulsed plasma reaches 8 and 8.4 MJ mol~", respectively, which are far higher
than that reported in this paper.”>*’
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Figure 4. Proposed mechanism for triboelectric plasma N, oxidation

(A) Potential energy surfaces of the N, activation processes in the triboelectric plasma.
(B) OES at 0.5 and 2.0 mm.

(C) Electron density versus the distance from the tip at the central axis at 70 ns.

(D) Average electron energy versus the distance from the tip at the central axis at 70 ns.

Furthermore, the activity of the N fixation reaction driven by a TENG directly using

15-17 as

mechanical energy was compared with those reported in the literature,
shown in Figure 3B and Table S2. The reported activity of TENG-driven N fixation
is extremely low, with a general order of magnitude of 0.1 pmol h~" of N, fixed prod-
uct formation rate (obtained at TENG speeds of 2,000-5,000 rpm).15’17 The fixed
NOx yield obtained from our system was 4.82 umol h™' (obtained at the TENG
speed of 300 rpm), which is approximately one order of magnitude higher than

the previously reported activities.'>™"’

N, oxidation reaction mechanism

The reaction mechanism of the triboelectric plasma jet oxidation of N, was inves-
tigated to explore the reason for the high reactivity and energy efficiency of
the triboelectric plasma jet. The reported N, oxidation reaction mainly occurs
through two pathways, namely through the electron collision dissociation (ECD)
and vibrational excitation dissociation (VED) pathways (Figure 4A).%° The
energy barrier of the ECD pathway is 9.75 eV.?® The reaction process is defined
as follows:

N,+e"—>N+N+e” AH; =9.75eV (Equation 1)

0, —-0+0OAH; =5.2eV (Equation 2)

N+O—-NOAH; = — 6.3eV (Equation 3)

The energy barrier of the whole VED process is 3.0 eV.” This mechanism is also called
the non-thermal Zeldovich mechanism (Figure 4A).? In the reaction process, N
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molecules are excited step by step from the lowest vibrational level to a higher vibra-
tional level Na(v) until the energy barrier of the VED process is overcome. The energy
barrier of each step in the VED process is 0.3 eV, which is the most efficient N, disso-

ciation process for non-thermal plasma.®*'~*?

O+Ny(v)+e"=>NO+N+e AH; =3eV (Equation 4)

N+O,—>NO+OAHs = — 1eV (Equation 5)

OES is an effective method to study the active species in the triboelectric plasma N,
oxidation reaction. High-performance OES (QEpro) was used to measure the emis-
sion spectra in the reaction process at the points where d was 0.5 and 2.0 mm, as
shown in Figure 4B. In the two spectrograms, two groups of relatively wide spectral
bands appeared at 311-380 and 390-470 nm, corresponding to the second positive
band system of the N, molecule, which was attributed to the transition of the N,
molecule from the C3II 4 to B®II4 state,” and the first negative band system of
N2, which was attributed to the transition of the N, molecule from the B?S} to
X23t state, respectively.”* These two bands correspond to the transition of the N,
vibrational energy level, forming active N, molecules, which directly demonstrates
the existence of the VED process. Two strong emission peaks were observed at
777.5 and 844.7 nm, which correspond to the >S° to °P and 3S° to 3P transitions of
O atoms,* respectively, indicating that a large number of O atoms were generated
during N, oxidation.** Three emission spectra peaks of the N atom were generated
at 742, 822, and 868 nm, which represent the excited N atoms generated during N,
oxidation.** The intensity of the emission spectrum peaks of the N, molecule and O
and N atoms at 2.0 mm, compared with 0.5 mm, significantly increased, indicating
that d = 2.0 mm is more conducive to the occurrence of the N, VED process.

The space and energy distribution of electrons in triboelectric plasma are crucial
when exploring the N, oxidation reaction mechanism; therefore, the electron den-
sity (n.) and average electron energy (E,) distribution were calculated, and the tribo-
electric plasma evolution process was simulated in different spatial positions, as
shown in Figure S12. When d increased from 0.5 to 2.5 mm, a cylindrical plasma
channel was formed in the needle-plate gap, where n. and E. were higher at the cen-
tral axis of the channel and lower at the edge of the channel. At d = 2.0 mm, the n.
and E, distribution in the triboelectric plasma were the most uniform at 7.86 x 10"
m~3 and 0.36 eV, respectively (the height of the cylindrical area was 2.0 mm and the
diameter were 1.0 mm). E. gradually decreased and the total number of electrons in
the plasma channel increased with an increasing d. For example, when d was
increased from 0.5 to 2.0 mm, the n. in the plasma channel increased from
6.69 x 10" m~3to 7.86 x 10" m~3, and the E, of the plasma in the channel
decreased from 0.95 to 0.36 eV. Figure S13 shows the evolution of the triboelectric
plasma ng and E, with time at d = 2.0 mm. The shape of the triboelectric plasma
changed from ellipsoid to cylindrical with increasing time, and n, increased from
5.02 x 10" m2107.86 x 10" m~3, whereas E, decreased from 0.41 to 0.36 eV.

Figures 4C and 4D shows the changes in n, and E, at the central axis of the plasma
channel and the distance from the needle tip when t = 70 ns and d = 2 mm. The n,
and E. at the tip of the tungsten needle were 2.1 x 10?2 m~3 and 3.5 eV, respec-
tively, and changed to 2.8 x 10%° m~3 and 1.6 eV, respectively, at the plate elec-
trode. The electron energy distribution function (EEDF) at five representative points
(0.4,0.8, 1.2, 1.6, and 2.0 mm from the tip) were calculated and are shown in Fig-
ure S14. The average energy of almost all electrons from point i to point v was
<9.8 eV; therefore, the ECD process has difficulty occurring due to the high energy
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Figure 5. Field test of the wind-energy-driven triboelectric plasma jet for N, oxidation
(A-E) NOx detector indicator at (A) 30, (B) 60, (C) 90, (D) 123, and (E) 156 mins.
(F) NOyx production rate versus time.

barrier. Approximately 88.0% of the electrons from pointito point v had an average
energy <3.0 eV. These low-energy electrons can be excited step by step through the
“ladder” method to finally overcome the energy barrier for the VED process to
occur. Therefore, the ECD process cannot occur in the plasma channel, and the
VED process occurs in the entire channel. Compared with the average energy of
electrons in traditional plasma (for example, the average energy of electrons in
microwave plasma is 1.2 eV?), the average energy of the electrons in the mechani-
cal-energy-driven triboelectric plasma jet was lower, which is conducive to the
VED process with low energy barriers and inhibits the ECD process with high energy
barriers. Therefore, the triboelectric plasma jet exhibits high activity and low energy
consumption.

Field test

The previous sections indicated that fluidic triboelectric plasma jet can induce an
efficient N, fixation reaction and that the reaction system can also collect natural me-
chanical energy. To confirm whether the triboelectric plasma jet N, oxidation system
can effectively use natural mechanical energy, a wind-energy-driven field experi-
ment was performed. Figures 5A-5E show that, at wind speeds of 1.8-2.2 m s,
the concentration of NOx was 1.51, 1.51, 1.49, 1.39, and 1.26 ppm at 30, 60, 90,
123, and 156 min, respectively. The corresponding NOyx generation rates were
8.09, 8.09,7.98, 7.45, and 6.75 pmol h™' (Figure 5F), respectively. The above results
show that the system could directly use natural wind energy to efficiently fix Ny.

To further illustrate the advantages of our system, the thermal catalytic and photo-
catalytic N, fixation processes were compared. The traditional thermal catalytic N,
fixation reaction requires a large amount of fossil fuel as well as hydrogen and metal
catalysts, and the reaction conditions are harsh.*> Additionally, a large amount of
CO; is emitted, which causes the greenhouse effect.” Compared with traditional
thermal catalysis, our system does not require fossil energy or hydrogen and metal
catalysts. The CO; emission is almost O and the reaction conditions are mild. Addi-
tionally, air can be directly used as a raw material without N, separation, further
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reducing energy consumption. The energy cost of our system is 1.76 MJ mol™" N7,
which is also much higher than that of the industrial world-scale H-B process. After
more than 100 years of improvement, the current energy cost of the H-B process
has been close to the theoretical value of energy cost (about 0.5 MJ mol~" N~").
However, there is still much room for improvement in the energy cost of triboelectric
plasma N fixation reaction, because the current energy cost is far from the theoret-
ical value of the Zeldovich mechanism (about 0.2 MJ mol~™" N=").2 In the future, we
can consider introducing catalysts or changing the structure of the reactor to further
reduce the energy cost of the reaction. At present, the triboelectric plasma system
driven by TENG is difficult to carry out in large-scale practical applications because
of its low NOx content. In the future, series or parallel connection of the system can
be considered to increase the activity of the whole system. The N; fixation reaction
using light energy as an energy source was developed recently and is a promising
way to fix N, under mild reaction conditions.”® However, the narrow absorption
range of the photocatalysts, low carrier separation efficiency, side reactions, and
hydrogen evolution competitive reaction seriously inhibit the activity and energy
efficiency of the N, reduction reaction.”’ The absolute activity of the photocatalytic
N fixation reaction at present is only 0.01-0.1 pmol h™" of the N, fixed-products
rate.’®*? The system proposed in this study does not require catalysts, and only
uses air as a raw material. The proposed system is simple, avoiding energy loss
caused by complex processes, and has high activity and energy efficiency.

Conclusions

A mechanical-energy-driven triboelectric plasma jet was constructed in this study to
achieve N fixation at normal temperature and atmospheric pressure. The system
exhibited good compatibility with natural mechanical energy and gas flow rate
fluctuations. At a discharge distance of 2.0 mm, the NOx production rate was
4.82 umol h™", which is an activity value 23-fold higher than those of the previously
reported Np-fixation systems driven by TENGs directly using mechanical energy at
normal temperature and pressure. The electrical to chemical energy conversion ef-
ficiency was 4.92% and EEC for NOy production was 1.76 MJ mol™" N~". The EEC
achieved in this study was lower than those of the previously reported plasma N fix-
ation reactions at room temperature and atmospheric pressure. The emission
spectra and plasma simulation results show that the reason for the high activity
and efficiency of the mechanical-energy-driven triboelectric plasma jet is that the
average energy of the electrons in the plasma is low, which is conducive to the
VED process with low energy barriers. Finally, the proposed system could efficiently
use natural wind energy, and the maximum NOx generation rate was 8.09 umol h™".
In the future, the mechanical energy collection device can be further optimized and
improved to increase the energy conversion efficiency of the entire system.

EXPERIMENTAL PROCEDURES

Resource availability
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Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Gang Cheng (chenggang@henu.edu.cn).

Materials availability
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Data and code availability
Data from this study are available from the lead contact upon reasonable request.
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Fabrication of the free-standing TENG

The free-standing TENG was selected in this study to generate triboelectric plasma
jet. The free-standing TENG consisted of three parts, namely the electrode, inde-
pendent layer, and triboelectric layer. A 60.0-um-thick copper film was coupled to
a 0.3-cm-thick printed circuit board (® = 25.0 cm) as the electrode layer, which
was adhered to a 25-cm-diameter, 0.4-cm-thick polymethylmethacrylate (PMMA)
substrate to form the stator. The copper electrode was divided into four sectors of
the same size. Each sector accounted for one-quarter of the PMMA area. The interval
between the copper electrodes in adjacent sectors was 1.0 cm. The copper elec-
trodes in two sectors were connected by copper wires. PTFE with a thickness of
0.06 mm was used as an independent layer, which was respectively pasted on the
four copper electrode surfaces. Rabbit hair was used as the triboelectric layer, and
was divided into two fan-shaped areas of equal size, which were the same size as
the fan-shaped copper electrode. The rabbit hair in the two fan-shaped areas was
alternately pasted on the round 25-cm-diameter and 0.6-cm-thick PMMA substrate
to form the rotor. The rotor was connected to the motor shaft through a flange
mounting shaft; the stator was vertically fixed above the rotor. The free-standing
TENG was connected to the rectifier bridge to provide unidirectional pulse current
and voltage.

Mechanical-energy-driven triboelectric plasma jet N, oxidation reaction

The triboelectric plasma jet N, oxidation reaction device consisted of three parts,
namely a nozzle-shaped glass reactor (outer and inner diameters of 2.6 and
1.8 cm, respectively), and two gas discharge electrodes (tungsten needle with a
5-pm curvature radius, and a 1.0 X 1.0-cm platinum sheet). The tungsten needle
was in the nozzle of the glass reactor and connected with the negative polarity of
the rectifier bridge, and the platinum plate was fixed at the bottom of the glass
reactor and connected with the positive polarity of the rectifier bridge; the two
were placed vertically. N»/O, mixed gas was connected to the glass reactor through
a gas inlet using a hose with an inner diameter of 0.3 cm. The product NOx and un-
reacted N, and O, were connected to a NOyx gas detector through the gas outlet
(Shenzhen Xinyangwei Technology Development). In this study, the NOx product
concentration displayed on the NOx gas detector was uniformly represented by
the value of NO, concentration (ppm). The gas flow rate was controlled using a
mass flowmeter (Beijing Seven Star Company). A conical nozzle (outer and inner
diameter of 3.0 and 1.5 mm, respectively) was attached at the gas inlet of the glass
reactor to spray gas in the form of a jet. The N, oxidation reaction of mechanical-en-
ergy-driven triboelectric plasma jet was performed under the following TENG con-
ditions: rotational speed of 300 rpm, negative polarity, discharge distance of
2.0 mm, and an N»/O, mixture (Vn,:Vo, = 80:20) flow rate of 2.0 L min~". The effects
of the TENG rotational speed, discharge distance (d), mixed gas flow rate, N,/O,
volume ratio, reactor type on the activity, EEC for NOx production, and energy effi-
ciency were investigated. Photographic images of the triboelectric plasma jet were
captured using a high-speed camera (TMX7510, Phantom, York Technologies) at a
rate of 1,000 images per second. The emission spectrum of the triboelectric plasma
jet was detected using a monochromator adjustable light source (Beijing Newbit
Technology).

For the isotope labeling experiment, the substrate was 5N, (99% atom of >N, Wu-
han Newradar Special Gas)/'O, mixed gas, and the N, oxidation reaction was oper-
ated in a sealed glass reactor for 2 days. The NOx products were analyzed by Nu
isotope mass spectrometry.
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EEC and e o,

The triboelectric plasma electrical signals were simultaneously obtained using two
electrometers (Keithley 6514) at different ranges. One electrometer was used to
test the discharge current () and the other was used to test the discharge voltage
(V). The inherent capacitance (C) of a free-standing TENG is constant,”® and
the voltage of TENG is proportional to the amount of transferred charge (Q),
defined as:

C = v (Equation 6)

where Q is the amount of transferred charge. In half a cycle, the maximum output
energy (Emax) of the TENG can be determined as:

Emax = %Omax' Voe = %C Voc2 (Equation 7)

where, Q. is the maximum transferred charge of the TENG, and Vo is the open
circuit voltage of the TENG. For each triboelectric plasma discharge peak, the
output electric energy (E) can be determined as:

1 1
E = §O1-V1 = EC-V12 (Equation 8)
where Qj is the amount of charge transferred during discharging process, and V; is
the peak voltage of the plasma discharge process. Therefore, E can also be ex-
pressed as:

Vi? _
E=E, . Vo (Equation 9)

The average power (P,,e) of the triboelectric plasma can be calculated as:

S E,
Pae = 1T (Equation 10)

where E,, is the electric energy of the n** triboelectric plasma peaks during the total
discharge process, and tis the time of the total discharge process. The NOx produc-
tion rate (rvoy) can be calculated as:

'Noy = CNOX . QNz/Oz -60 (Equation 11)

where Cno, is the concentration of NOy (umol L " and Qu, /0, is the flow rate of the
N,/O, mixture (L min~"). The EEC for NOx production can be calculated using
Equation 7:

Pe- 3600

'noy

EEC = (Equation 12)

The 7gje _ noy can be calculated using Equation 8:

rvoy *AG, .
Nele—NOx = % (Equation 13)

where AG; is the Gibbs free energy change of the N, oxidation reaction to NO
(86.55 kJ mol™).

Wind-driven field test

In the field experiment, the electric motor was replaced with a fan, which can directly
use natural wind energy. The other reaction units were essentially the same as those
used in the TENG-driven N, oxidation system. The wind speed in the field test was
1.8-2.2ms ™" for 3 h.
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Triboelectric plasma jet simulation

The triboelectric plasma jet was modeled following the fluid approach in the frame-
work of the PASSKEy code.”' The Poisson equations for electric field coupling with a
set of continuity equations of electrons, electron energy, ions, and other chemical
active species were solved:

V(eoe,VP) = — p (Equation 14)
E= —Vd,p= Z:\IZ qini (Equation 15)
an,- . .
o +V-Ii=S,i=1,2,3....., Neotal (Equation 16)
r = (|q—"|)u,.n,5 — DVni,i = 1,2,3......Ne, (Equation 17)
gi

where gy and ¢, are the permittivity and relative permittivity, respectively; @ is elec-
tric potential; E is the electric field; p. is the dielectric surface charge; g; and n; are
density and charge of specie i, respectively; N, is several the charged species;
Si represents the reaction and photoionization source terms; I'; is the flux solved
based on the drift-diffusion approximation; u; is mobility; and D; is the diffusion
coefficient.

The equations were discretized over a 30 X 30-mm axisymmetric computational
domain (see Figure S15). The red area represents the pin anode, the bottom line repre-
sents the cathode plane, and the blue area shows the region where continuity equations
would be solved (in other regions, only Poisson’s equation was solved). The mesh
was refined to the size of 5 um within the plasma domain and was further refined
to 2 um near the plane electrode. In the rest of the computational domain, the
mesh size grew exponentially until the boundaries of the computational domain was
reached.

The aim of the simulation was to obtain the spatial-temporal distribution of the
electron, mean electron energy, and electric field, and thus a simplified reaction
scheme was used, taking into account 17 species (N2, Oz e, N, N2*, N3*,
N,(A%2,), N,(B®IL,), No(C?IL,), O, O('D), O, O,~, O,", O4" etc.) and 41 chemical
reactions, as has been described in the literature.® The scheme was satisfactory in
describing the evolution of the charged species and the phenomenon of gas heating
in the studied period.
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