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Triboelectric Plasma CO, Reduction Reaching a Mechanical

Energy Conversion Efficiency of 2.3%

Sumin Li, Bao Zhang, Guangqin Gu, Dongyang Fang, Xiaochen Xiang, Wenhe Zhang,
Yifei Zhu, Jiao Wang, Junmeng Cuo, Peng Cui, Gang Cheng,* and Zuliang Du*

Mechanical energy-induced CO, reduction is a promising strategy for
reducing greenhouse gas emissions and simultaneously harvesting
mechanical energy. Unfortunately, the low energy conversion efficiency is still
an open challenge. Here, multiple-pulse, flow-type triboelectric plasma with
dual functions of harvesting mechanical energy and driving chemical
reactions is introduced to efficiently reduce CO,. CO selectivity of 92.4% is
achieved under normal temperature and pressure, and the CO and O,
evolution rates reach 12.4 and 6.7 pmol h~', respectively. The maximum

storage of irregular, intermittent, fluctu-
ating mechanical energy is challenging,
which hinders its effective transformation
and utilisation.?] An ideal method to store
mechanical energy is to use it to produce
chemical fuels® as they are considered
green mechanical energy carriers. In this
context, the most appealing method is the
use of mechanical energy to reduce CO,
emissions because it can solve the problem

energy conversion efficiencies of 2.3% from mechanical to chemical energy
and 31.9% from electrical to chemical energy are reached. The low average
electron energy in triboelectric plasma and vibrational excitation dissociation
of CO, with low barrier is revealed by optical emission spectra and plasma
simulations, which enable the high energy conversion efficiency. The
approach of triboelectric plasma reduction reported here provides a promising
strategy for efficient utilization of renewable and dispersed mechanical energy.

1. Introduction

Low-frequency mechanical energy is abundant, clean, and re-
newable and can be harvested from sources such as wind en-
ergy, water energy, and ocean wave energy.'! Unfortunately, the
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of mechanical energy storage and reduce
global carbon emissions, alleviating the en-
vironmental damage caused by greenhouse
gases.[*] However, the mechanical energy-
induced reduction of chemically inert CO,
molecules is difficult at room temperature
and pressure.l’) Moreover, reports on the
direct use of mechanical energy to convert
CO, are insufficient.

The conversion of low-frequency me-
chanical energy into electrical energy us-
ing a triboelectric nanogenerator (TENG)
has gained popularity in recent years.[®] The electrochemical CO,
reduction systems have also been proposed by combining TENGs
and electrochemical reactions, which directly collect mechani-
cal energy and drive electrochemical reactions. However, due to
the mismatch of the low required voltage of electrochemical re-
action (xV) and the high output voltage of TENG (=kV), the
power management and storage units are introduced in these
systems, resulting in a lot of energy losses and low energy conver-
sion efficiency from mechanical to chemical energy (0.5%o in an
electrochemical CO, reduction system powered by ocean wave
energy).’! It has been reported that the high output voltage of
TENGs enables the generation of triboelectric plasma from a gas
discharge at normal temperature and pressure.®] Previously, Li
et al. constructed a static, mono-pulse corona type triboelectric
plasma for CO, reduction, and achieved a conversion efficiency of
5.2% from electrical to chemical energy.!®) However, the energy
conversion efficiency is still low, which is attributed to the high
average energy of electrons in the triboelectric plasma and CO,
decomposition via a high-energy-barrier pathway. Therefore, to
achieve a higher energy conversion efficiency, it is urgent to con-
duct triboelectric plasma CO, reduction through a low-energy-
barrier pathway.’! Moreover, as a type of nonthermal micro-
plasma, triboelectric plasma could simultaneously harvest me-
chanical energy and drive CO, reduction reactions, which could
be utilized to develop mechanical energy-induced CO, reduction
system. This system has the advantages of high efficiency and
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Figure 1. Mechanical energy-induced CO, reduction system driven by dual-function, multiple-pulse, flow-type triboelectric plasma. a) Schematic of the
experimental device. b) Current and voltage curves of the triboelectric plasma versus time. c) High-speed photographs of the triboelectric plasma. d)
13CO,-labeled mass spectrum of CO product. e) C'80,-labeled mass spectrum of O, product. Reaction conditions: discharge distance, 0.8 mm; TENG
rotational speed, 180 rpm; CO, flow rate, 10.0 mL min~'; room temperature; and atmospheric pressure.

low cost, since the triboelectric plasma is produced by renewable
and dispersed mechanical energy, and no power management
and energy storage units are needed in the system.['"]

Herein, a mechanical energy-induced CO, reduction system
was proposed based on a dual-function, multiple-pulse, flow-type
triboelectric plasma, which simultaneously harvested mechani-
cal energy and drove CO, reduction reactions. The system was
well-suited to the instabilities of mechanical energy and the fluc-
tuating CO, gas flow. As the discharge distance was 0.8 mm,
CO and O, evolution rates of 12.4 and 6.7 pmol h!, respectively,
were achieved. The CO selectivity was 92.4%. The conversion ef-
ficiency from electrical to chemical energy (1. _ chem) Was 31.9%;
this value is higher than those previously reported for nonther-
mal plasma-triggered CO, reduction systems. The maximum en-
ergy conversion efficiency from mechanical to chemical energy
(Mech — chem) Was 2.3%, the highest value reported to date. We in-
vestigated the pathway of CO, dissociation using plasma simula-

Adv. Sci. 2022, 9, 2201633

tion and optical emission spectroscopy. Finally, field experiments
were conducted at a wind speed of 4.0 m s1, achieving the maxi-
mum CO yield of 16.8 umol h~!. Our work demonstrates a poten-
tial candidate for efficiently converting mechanical energy into
chemical energy.

2. Results and Discussion

2.1. CO, Reduction Using Dual-Function, Multiple Pulse,
Flow-Type Triboelectric Plasma Generated by Mechanical Energy

Our CO, reduction system based on dual-function, multiple-
pulse, flow-type triboelectric plasma is shown in Figure 1a. The
system comprised two parts: a TENG and a triboelectric plasma-
induced CO, reduction reactor. The TENG was used to collect
mechanical energy from nature and convert it into electrical
energy to generate the triboelectric plasma. The plasma CO,

2201633 (2 O‘F9) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Influence of the TENG rotational speed on the CO, decomposition performance. a) Current and voltage curves at different TENG rotational
speeds. b) CO evolution rate and average power versus TENG rotational speed. c) Conversion efficiency of electrical to chemical energy (1eje — chem)

-1.

versus TENG rotational speed. Reaction conditions: discharge distance, 0.8 mm; CO, flow rate, 10.0 mL min~'; room temperature and atmospheric

pressure.

reduction reactor comprised a flow-type needle-plate gas-
discharge device for CO, reduction. When polytetrafluoroethey-
lene (PTFE) and Cu films came in contact, negative and positive
triboelectric charges were generated on the PTFE and Cu sur-
faces, respectively, due to the difference in triboelectric sequence.
There was a periodic potential difference between the two groups
of Cu electrodes of the TENG when the PTFE was rotated and the
open-circuit voltage reached 4.8 kV (Figure S1, Supporting In-
formation). When the output voltage of the TENG exceeded the
threshold voltage of CO, gas, the gas contact between the nee-
dle and the plate was ionized, producing the triboelectric plasma.
Figure 1b illustrates the electrical curve of triboelectric plasma
when the discharge distance (d) was 0.8 mm and the TENG ro-
tational speed was 180 rpm. In half a cycle, four discharge volt-
age peaks (V) of ~2.1 kV each and four discharge current peaks
(I) of ~#79.1 pA each were generated (green dashed frame in
Figure 1b); this corresponds to the generation of triboelectric
plasma. The type of triboelectric plasma is a multiple-pulse, flow-
type discharge, which is different from the static, mono-pulse
corona discharge previously reported in the literature.[® The dis-
charge process is shown in Figure 1c and Figure S2, Support-
ing Information. The triboelectric plasma formation process was
divided into three stages: before, during, and after the break-
down (Figure 1c). A single pulse lasted 1.0 ms, and the length
of the triboelectric plasma was 0.8 mm. According to *C and
180-labeled isotope experiments, the triboelectric plasma gener-
ated by mechanical energy-reduced CO, to produce CO and O,
(Figure 1d,e).
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2.2. Influence of Mechanical Energy Output and CO, Flow Rate
on CO, Reduction

We investigated the influence of the TENG rotational speed on
the CO, reduction performance. The frequency of triboelectric
plasma increased with the rotational speed (Figure 2a), but the
number of discharge pulses, V, and I remained constant during
half a cycle (Figure S3, Supporting Information). These results
imply that approximately the same state of triboelectric plasma
was formed at different rotational speeds. The average power
(P,) of the triboelectric plasma increased from 2.1 to 4.0 mW
and the CO evolution rate (r.,) increased from 8.2 to 16.2 pmol
h=! as the rotational speed increased from 90 to 210 rpm (Fig-
ure 2b). 7. _ chem Was 30.0-31.9% (Figure 2c). These results sug-
gest the good environmental compatibility and adaptability of the
present mechanical energy-driven CO, reduction system.

We also investigated the effect of the CO, flow rate on the re-
duction performance. The frequency of triboelectric plasma, V, I,
and P, values remained constant upon increasing the CO, flow
rate from 0.2 to 12.5 mL min~", indicating that approximately the
same state of triboelectric plasma was formed at different CO,
flow rates (Figures S4 and S5, Supporting Information). More-
over, when the CO, flow rate increased from 0.2 to 12.5 mL min™,
the 7o and 7, _ g, Were all the same, which is indicative of the
excellent flow rate compatibility of the system. Furthermore, the
conversion rate of CO, decreased from 2.74% to 0.04% as the CO,
flow rate increased from 0.2 to 12.5 mL min™'. At a CO, flow rate
0f 10.0 mL min~!, the conversion rate of 0.05% was achieved.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Influence of the discharge distance on the CO, decomposition performance. a) CO evolution rate and average power versus discharge distance.

b) Conversion efficiency of electrical to chemical energy (7¢je — chem) Versus discharge distance. c)

Nlele — chem Within 300 min of reaction at a discharge

distance of 0.8 mm. d) CO selectivity within 300 min of reaction at a discharge distance of 0.8 mm. Reaction conditions: TENG rotational speed, 180 rpm;

1.

flow rate, 10.0 mL min~'; room temperature and atmospheric pressure. €)

Mele — chem

as a function of the molar ratio of specific energy input (SEI) to

reaction gas in different types of nonthermal plasma measured for CO, conversion. f) CO selectivity versus g _ chem in different types of nonthermal

plasma measured for CO, conversion.

2.3. Influence of d on CO, Reduction

Next, we investigated the effect of the d value. As d increased from
0.2 to 1.0 mm, the number of discharge pulses decreased from 7
to 3, Vincreased from 1.5 to 2.3 kV, and I increased from 60.2 to
81.8 A (Figure S6, Supporting Information). The increase in d
hinders the formation of a conductive pathway between the nee-
dle and the plate electrode. Therefore, a higher threshold volt-
age was required to achieve the gas discharge and the number of
discharges in each cycle decreased. Consequently, the amount of
charge per discharge pulse increased, resulting in a higher dis-
charge current. As illustrated in Figure 3a, as d increased, P,
increased from 2.1 to 3.3 mW and r., increased from 3.5 to
12.9 umol h~'. Since the increase in r-, was more pronounced
than that in P, the 4, _ q.m value increased with increasing d
(Figure 3b), reaching an optimal value of 31.9% for a d of 0.8 mm.

Adv. Sci. 2022, 9, 2201633

Further increasing d to 1.0 mm decreased the 7. _ gy Value to
31.2%. The discharge changed from multiple pulse discharges to
mono pulse, corona discharges as d increased to 1.2 mm (Figure
S6, Supporting Information).l® The results show that the path-
way of CO, reduction driven by mechanical energy-generated tri-
boelectric plasma varies significantly with d. To test the stability
of the triboelectric plasma reduction system, we conducted the
CO, reduction reaction for 5 h continuously at a rotational speed
of 180 rpm, a d of 0.8 mm, and a gas flow rate of 10.0 mL min~?,
affording an r, of 12.1-12.3 umol h™!, an O, generation rate of
6.6-6.7 umol h™!, an 774, _ e Of 30.5-31.9%, and a CO selectiv-
ity of 90.8-92.4% (Figure S7, Supporting Information and Fig-
ure 3¢,d). These results demonstrate the good long-term stability
of the system.

Triboelectric plasma is a type of nonthermal plasma that is
driven by mechanical energy.'!! To demonstrate the benefits of

2201633 (4 0‘F9) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Mechanism of triboelectric plasma-driven CO, reduction. a) Diagrams of four plausible dissociation pathways of CO, decomposition in the
plasma. b) Optical emission spectra of the triboelectric plasma with discharge distances of 0.2 and 0.8 mm. c) Average electron energy (E.) and electron
density (n,) of mid perpendicular at an evolution time of 6.0 ns and a discharge distance of 0.8 mm. d) Schematic illustration of the vibrational excitation
dissociation pathway. Note that CO, () and CO,+ stand for different vibrationally excited levels, being CO, ) at a higher level than CO,,,.

using triboelectric plasma for CO, reduction over other types
of nonthermal plasma, such as dielectric barrier discharge and
nanosecond pulse corona, we compared the energy conversion
efficiencies and selectivities of the present CO, reduction system
with those previously reported.’ 4121 As shown in Figure 3ef,
our system afforded an 7, _ e Of 31.9% for a molar ratio of
specific energy input (SEI) to reaction gas of 0.1 eV molec™?, out-
performing other nonthermal plasmas (Table S1, Supporting In-
formation). The selectivity for CO was 92.4%, which is higher
than most of these results reported in the literature (Table S2,
Supporting Information).

Next, we measured the power of mechanical energy provided
for the TENG (P,.,) via dynamic torque measurement and
the CO yield. 7, — chem Was ~2.1-2.3% (Figure S8, Support-
ing Information). The maximum #,., _ cem Value was 46 times
higher than that reported for a mechanical energy-driven CO,
reduction system tested in a natural environment.”! Specifi-
cally, the 7. _ chem Of an electrochemical reduction CO, sys-
tem driven by ocean wave energy was only 0.5%o, as shown
in Table S3, Supporting Information. The low energy conver-
sion efficiency of the ocean wave energy-driven electrochemi-
cal reduction CO, system is due to a mismatch between the
low required voltage (~V) of the electrochemical reaction de-
vice and the high output voltage (~kV) of TENG. In our system,
the triboelectric plasma could effectively decrease the impedance
of TENG, enhancing the TENG output and improving the ef-
ficiency of the entire mechanical energy-driven CO, reduction
system.[13]

Adv. Sci. 2022, 9, 2201633
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2.4. Mechanism of CO, Reduction Driven by Mechanical
Energy-Generated Triboelectric Plasma

We carefully analyzed the CO, decomposition pathway to under-
stand the reason for the high energy conversion efficiency and
selectivity of CO, reduction via triboelectric plasma. According to
the literature, the conversion of CO, into CO can proceed via four
mechanisms, that is, electronic excitation dissociation (CO, ),
electron impact ionization (CO, ), electron attachment dissoci-
ation (CO,), and vibrational excitation dissociation (CO,y,),!"*!
whose intermediates and energy barriers differ significantly (Fig-
ure 4a and Table S4, Supporting Information). Thus, the CO,
and CO,;, pathways exhibit high energy barriers of 10.5 and
13.8 eV, respectively, whereas the CO,, and CO,y, pathways ex-
hibit low energy barriers of 4.7 and 5.5 eV, respectively.

The optical emission spectra (OES) of the intermediates or
products in the four dissociation processes can help elucidate the
mechanism of CO, dissociation.[®! The emission spectra mea-
sured using a QEpro-High Performance Spectrometer at d values
of 0.2 and 0.8 mm are shown in Figure 4b. Ata d of 0.2 mm, a
medium-intensity spectral line attributable to the transition of C
atoms from the P state to the 'S state was produced at 247 nm,
indicating the occurrence of a high-energy consumption process
of CO, decomposition into C. This line almost vanished at a d
of 0.8 mm, suggesting that CO, decomposition into C ceased.
A set of broad emission bands was observed at 206-258 nm
at a d of 0.2 mm, which can be attributed to the excited-state
transition of CO from the a’Il state to the X' state (Table S5,

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Supporting Information). These bands are in agreement with the
CO,p) pathway since this is the only mechanism that proceeds
via excited-state CO, whereas the other three pathways involve
ground-state CO. These bands almost vanished at a d of 0.8 mm,
indicating the disappearance of the energy-intensive CO,p,, path-
way. The formation of triboelectric plasma requires the genera-
tion of CO,* ions, whose dissociation involves no potential bar-
rier. Therefore, the CO,;, pathway cannot be avoided. At d of
0.2 and 0.8 mm, three bands were observed at 351.1, 367.4, and
434.2 nm, which correspond to the transition from the A’II state
to the X1 state of the intermediate CO,* ions in the CO,,, pro-
cess. Two strong O atoms transitioned from the 3p state to the
3s state, producing bands at 777.5 and 844.7 nm, respectively.
This spectrum represents the excited O atoms produced by the
CO,;y and CO,y, processes. The intermediate CO,™ ions in the
CO, pathway have a very short lifetime and decompose be-
fore producing luminescence, which renders them undetectable
by conventional OES.!'] Using 5,5-dimethyl-1-pyrroline- N-oxide
(DMPO) as a capture reagent, the intermediate CO,~ species was
detected by electron paramagnetic resonance (EPR) spectroscopy
(Figure S9, Supporting Information).['”] Notably, the dissociation
of CO,™ ions needs to overcome a potential barrier of 3.9 eV.
Therefore, the presence of CO,™ ions indicates the possibility
of the CO,; pathway. The CO,y pathway is determined by two
factors: the generation of CO,~ ions and the energy provided by
the triboelectric plasma. The above results suggest that compared
with the d of 0.2 mm, the two high-energy dissociation pathways
(CO,p, and the direct decomposition of CO, into C) almost dis-
appear at the d of 0.8 mm. Hence, CO, dissociation could proceed
via the CO,;), CO,;, and CO,y, pathways.

Considering that the energy and spatial distribution of elec-
trons in the plasma are critical factors in determining the CO,
decomposition pathway,!'®] we calculated the electron density (n,)
and average electron energy (E,) at various spatial positions dur-
ing the evolution of a simulated triboelectric plasma with time
at different d values. The results are shown in Figure S10, Sup-
porting Information. A cylindrical plasma channel formed in the
needle-plate gap as d increased from 0.2 to 1.0 mm. The plasma
channel had the greatest volume at the d of 0.8 mm (the height of
the cylindrical area was 0.8 mm and the diameter was 0.3 mm).
With increasing d, the n, in the plasma channel decreased, the
channel volume increased, and the total number of electrons
remained virtually unaltered (Figure S11, Supporting Informa-
tion). As d increased, E, gradually decreased (Figure S10c, Sup-
porting Information). When dincreased from 0.2 to 0.8 mm, E, of
all electrons in the plasma channel decreased from 12.0to 2.5 eV,
which disfavors the high energy-consuming reaction pathways.
This result is consistent with the OES results.

When d was 0.8 mm, the triboelectric plasma was generated
within 6.0 ns (Figure S12, Supporting Information). In the fol-
lowing 1 ms, the electrons in the triboelectric plasma migrated
to the plate electrode to complete the discharge process. Strong
electric fields and high-energy electrons were present in the space
during the formation of the triboelectric plasma in the first 6.0 ns.
The maximum reduced electric field strength (E/N) was 800 Td
and the maximum E, was 10.5 eV. In this process, a large amount
of CO,* ions and electrons were produced by avalanche ioniza-
tion. At an evolution time of 6.0 ns, when the plasma was formed,
the E/N in the plasma channel decreased below 100 Td and E,

Adv. Sci. 2022, 9, 2201633
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was also significantly reduced. As shown in Figure 4c, the curve
of E, and n, on the central axis of the channel varies with the dis-
tance. The electron density changed slightly from 1.5 x 10%! to
3.5 X 10?° m~3. From the tip to the plate electrode, E, decreased
from 5.5 to 2.2 eV. Only 0.3% of the electrons had energy ex-
ceeding 13.8 eV at a distance of 12.0 pm from the tip, accord-
ing to the electron energy distribution function (EEDF) (Figure
S13, Supporting Information). Therefore, after the plasma chan-
nel was formed, almost no new CO,* ions were produced. This
indicates that CO,* ions, the intermediates of the CO,;, pathway,
are mainly produced during the plasma formation process (Fig-
ure S14, Supporting Information). When the distance from the
tip was 50.0 um, E, decreased to 3.9 eV (the energy barrier of the
CO, pathway), as shown in Figure 4c. At a distance of 0.1 mm
from the tip, #5.5% of the electrons had energy exceeding 3.9 eV
(Figure S15, Supporting Information). These findings indicate
that after the plasma formation, the CO,; pathway occurs pri-
marily within 0.1 mm of the needle tip. The CO,,, pathway grad-
ually excites the ground-state CO, molecules until it overcomes
the energy barrier of CO, decomposition (Figure 4d and Table
S6, Supporting Information). Although the total potential barrier
reaches 5.5 eV, which is higher than that of the CO,;; process,
the energy required for each excitation step is less than 0.3 eV.
Consequently, in the CO,,, pathway, CO, molecules could use
all the low energy electrons in the plasma channel to dissociate
into CO and O in the most energy-efficient manner. According
to the above analysis, the CO,, process occurs only during the
plasma channel formation, whereas the CO, 5, and CO,, pro-
cesses can still occur within the following 1 ms. In terms of spa-
tial distribution, the CO,y process mainly occurs in the area near
the tip, whereas the CO,,, process can occur in the entire plasma
channel.

The triboelectric plasma driven by mechanical energy has a
lower E, (less than 3.0 eV) than traditional nonthermal plasma
(for example, the E, of DBD is between 3.0 and 15.0 eV),[1%I which
is suitable for the CO,,, pathway with low energy and disfavors
the high energy-consuming CO,p,, pathway. Consequently, the
Nele — chem 10T CO, reduction is extremely high. Simultaneously,
the low E, hinders the high energy-consuming direct dissociation
of CO, into C and improves the selectivity of the reaction.

2.5. Field Experiment and Performance Comparison of CO,
Reduction Driven by Triboelectric Plasma

The present CO, reduction system can convert CO, to CO with
high efficiency and selectivity and efficiently collect mechanical
energy from nature and convert it into chemical energy.?! We
measured the amount of CO product through our system in the
environment at a wind speed of 4.0 + 0.2 m s7!, finding that af-
ter four consecutive cycles, r., was 12.8-16.8 pmol h~! (Figures
S16,S17, Supporting Information).

Our CO, reduction system is superior to common thermal
catalytic and photocatalytic CO, reduction methods because it
achieves high energy conversion efficiency in a sustainable man-
ner. Although thermal catalytic processes achieve high energy
conversion efficiency (up to 47.0%), they highly depend on fos-
sil fuels.!?’] Meanwhile, the photocatalytic CO, reduction utilizes
renewable, green solar energy, albeit with an energy conversion
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efficiency below 1.0%.[2!1 Conversely, the present system uses
abundant mechanical energy from nature, is easy to operate, does
not require catalysts or additional reagents, and can be turned on
and off on demand, rendering it suitable for decentralized carbon
fixation.

3. Conclusion

This work demonstrated a mechanical energy-induced CO, re-
duction system using dual-function, multiple-pulse, flow-type tri-
boelectric plasma that operates under mild conditions to realize
the collection and conversion of mechanical energy to chemi-
cal energy. This system was well-suited to the fluctuation of me-
chanical energy and the flow of CO, gas. The CO and O, evo-
lution rates were 12.4 and 6.7 umol h™', respectively, at an opti-
mal discharge distance of 0.8 mm. The CO selectivity was 92.4%.
Nele — chem Was 31.9%,; this value is higher than those reported
for CO, reduction methods using nonconvertible energy and
other nonthermal plasma systems. The maximum #,., _ chem
was 2.3%, the highest value reported to date. Plasma simulations
and OES tests revealed that the average energy of electrons in
the triboelectric plasma was low and CO, reduction was primar-
ily accomplished via vibrational excitation dissociation with a low
energy barrier. Finally, our system was tested in the environment
using wind as a mechanical energy source, obtaining a maximum
fco of 16.8 pmol h™1,

4. Experimental Section

Fabrication of the TENG:  The free-rotating TENG comprised two parts:
an electrode stator and a rotator (Figure 1a). A copper foil (60.0 um thick)
was electroplated to a printed circuit board (0.3 cm thick, ® = 25.0 cm) to
construct the stator. The copper foil was evenly divided into four sectors,
which were connected by the inner ring or outer ring of the two electrodes
in the stator at intervals. The distance between two adjacent sectors of the
copper film was adjusted to 1.0 cm. The diameter of the rotator (0.4 cm
thick) was 25.0 cm. As previously stated, the two sectors were stacked
on the side of a rotator and were composed of PTFE film (0.8 mm thick)
and polymethyl methacrylate film. The rotator was connected to the motor
shaft via a flange-mount shaft collar.

Mechanical Energy-Induced CO, Reduction Driven by Multiple Pulse,
Flow-Type Triboelectric Plasma: The multiple-pulse, flowing triboelectric
plasma reactor is shown in Figure 1a. A copper foil (0.5 cm x 0.5 cm) was
attached to the inside of a glass reactor (external diameter, 1.0 cm; internal
diameter, 0.8 cm) as an electrode. A tungsten needle, with a curvature ra-
dius of 5 um, served as the other electrode, which was placed on opposite
sides of the glass reactor. Flexible tubing (internal diameter, 0.3 cm) was
used to feed CO, gas into one end of the glass reactor and the other end
was used for the gas inlet extending to a gas chromatograph. High-speed
photographs of the triboelectric plasma were obtained using high-speed
cameras (TMX7510, Phantom, York Technologies Ltd.).

The gaseous products (CO and O,) were detected by an online gas
chromatograph (Agilent 7890B) equipped with a Shincarbon column (col-
umn temperature, 90 °C), a thermal conductivity detector, and a flame ion-
ization detector with a mechanized oven. Exceptionally pure He served as
the transport gas. The concentration of gaseous products was calibrated
using standard curves from standard gases. The conversion rate of CO,
was estimated as follows.

. _ Nco
Conversionrate (%) = M
nco,
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where nc is the mole of CO product per time, and nc, is the initial mole
of CO, substrate per time.

Estimation of 0,4, _ chem: The discharge voltage and current were mea-
sured using two programmable electrometers (Keithley 6514) at different
ranges. Before connecting it to the circuit, the electrometer measuring the
discharge voltage was connected in series with the appropriate sampling
resistor (*G€). The measured signals were fed into a high-speed data ac-
quisition system controlled by LabView software.

P,.e Was calculated using the following equation.

JEvr-dt
avezof (2)

where V is the discharge voltage (V), I is the discharge current (A), and t
is the discharge time (s).

Nele — chem Was estimated as follows.
rco - AHR
P,ve - 3600

ave

@)

Mele—chem =

where AHy is the reaction enthalpy of CO, splitting to CO (279.8 kJ
mol~T).

Estimation of Nyech — chem: TO accurately measure the P, .., provided
for the TENG, a dynamic torque measurement system was constructed.
The fabrication of the TENG used to measure #,ech — chem Was different
from that of the TENG used to determine the activity of CO, dissocia-
tion at different rotational speeds and needle-plate distances. The former
TENG was constructed using triboelectric layers of rabbit hair and PTFE
because the two triboelectric layers were easy to connect to the dynamic
torque measurement system. In fact, no significant differences were ob-
served in the energy conversion efficiencies of the CO, reduction systems
using the two TENGs. The P, provided for the TENG was accurately
measured using the torque sensor (Figure S8, Supporting Information).
Simultaneously, the CO yield was determined using the online gas chro-
matograph.

The Ppech provided for the TENG was calculated as follows.

T-n
Pmech = m (4)

where T is the torque (N m) and n is the rotational speed of the TENG (r
min~1).

The following equations were used to calculate #ech — chem-

rco - AHg

—_— 5
Prnech * 3600 ©)

Nmech—chem =

where the AHj, value is the same as that described in Equation (3).

Field Test:  To confirm whether the triboelectric plasma-triggered CO,
reduction system can effectively utilize the mechanical energy from na-
ture, field tests at a wind speed of 3.8-4.2 m s~ were performed using a
TENG powered by a cup-shaped wind sensor. The CO, reduction driven by
natural wind was conducted in a sealed glass reactor (internal diameter,
8.0 cm; height, 13 cm) and the CO sensor was used for online detection.
The maximum range of the CO sensor was 1000 ppm; therefore, the exper-
iment was terminated when the CO concentration in the reactor reached
1000 ppm. The experiment was repeated four times.

Isotope Labeling and EPR Experiments: 13C- and '®O-isotope labeling
experiments were performed using *CO, or C'30, as substrates under
the same conditions used in previous triboelectric plasma-triggered CO,
reduction reactions. The isotopic products produced by the triboelectric
plasma were introduced into a sealed bag for analysis. The composition
and concentration of the gaseous products were analyzed at Wuhan New
Radar Gas Co., Ltd, Hubei province, China.

EPR experiments were implemented at room temperature (16-18 °C)
using a Bruker EPR A200 X-band spectrometer (Bruker, Germany). DMPO
purchased from Sigma, Shanghai, China, was used to capture the reac-
tive species generated in the CO, reduction system. The DMPO solution
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was degassed at least twice by performing freeze—pump-thaw cycles using
CO, gas. Once the triboelectric plasma process ended, a certain amount of
solution was collected through the capillary tube and placed into a quartz
nuclear magnetic resonance tube together with the DMPO solution. Then,
the tube was put into the EPR equipment for detection and analysis.

Triboelectric Plasma Simulation:  The spatial-temporal distributions of
electron density and electron energy density of the triboelectric plasma
were calculated using the 2D PASSKEy (PArallel Streamer Solver with
KinEtics) code under the cylindrical axis. The code solved a set of
drift-diffusion-reaction equations coupled with Poisson’s equation, and
detailed mathematical formulas and proofs could be found in the
literature.[82.22] The code used in this work has been well validated by high
resolution experimental measurements of electric field, optical emission,
discharge morphology, as well as voltage-current profiles. Details could be
found in the literature for point-to-plane discharges, in the literature for
surface discharges, and in the literature for point-to-point discharges.[?’]
The non-Maxwellian EEDF, electron swarm parameters, and electron im-
pact reaction rates were obtained with the help of the BOLSIG+ package
under the two terms approximation of the Boltzmann equation of elec-
trons.

Statistical Analysis: ~ All the experiments in this paper were operated at
least twice, independently. There were few differences between the two
experimental data. The V, I, P, rco, O, generation rate, CO selectiv-
ity, Mele — chem» Mmech — chem» @nd CO, conversion rate were obtained by
averaging the data. All the data were performed using Origin Software
(OriginLab Corporation, USA), obtaining the average value and error bar
(the standard deviation). EPR spectrum was simulated and analyzed using
the biomolecular EPR spectrum software. Triboelectric plasma simulation
and analysis were performed using the method previously reported in the
literature.[22:23]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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