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a b s t r a c t

The activities of semiconductor-based catalytic reactions are limited by mismatch between energy band-
gaps of semiconductors and redox potentials of inert small molecules, especially for stable molecules,
such as CO2. Herein, a triboelectric plasma catalytic system using metal oxide catalysts has been devel-
oped, which reduces CO2 to CO at room temperature and atmospheric pressure. Among the various metal
oxide semiconductors, TiO2 catalyst exhibited the best activity, reaching a production rate of
0.14mmol�gcat�1�h�1, and an energy efficiency of 5.3 % for the conversion of electrical to chemical energy.
In triboelectric plasma, CO2 molecules were pre-activated to form the transient CO2

� anions, and the lim-
iting step of electron transfer between TiO2 and CO2 was avoided, overcoming the energy mismatch
between catalyst and CO2. The energy barrier of CO2 dissociation was markedly reduced to 0.18 eV.
This work provides an effective strategy to overcome the energy bandgap restriction inherent in
semiconductor-based catalytic reactions.

� 2023 Elsevier Inc. All rights reserved.
1. Introduction

In a catalytic reaction, substrate activation is the key step, and
this step is closely related to the activity of the catalyst [1,2]. More
specifically, substrate activation is determined by the energy band
structure and surface active sites of the catalyst [1]. One of the
main pathways involved in substrate activation is substrate ioniza-
tion, such as the single electron reduction of CO2 molecules and
activation of CO2 to CO2

� anions during the reduction of CO2 to
CO [3,4]. During such an ionization process, the substrates are gen-
erally in the low-energy state, while the highly reactive ions are in
the high-energy state, thereby driving the chemical reactions char-
acterized by the movement of electrons or holes [5]. In a
semiconductor-based catalytic reaction, substrate ionization is
realized through the charge-transfer process between the semicon-
ductor and substrate [6,7]. In such a system, the energy band struc-
ture and active sites are adjusted by doping or through the
construction of heterojunctions to match the oxidation–reduction
potential of the substrate ionization process [1,8–14]. Using light
as an excitation source, photogenerated electrons and holes can
further facilitate the charge transfer process between the semicon-
ductor and the substrate, thereby accelerating substrate ionization
and the surface redox reaction (see Fig. 1a) [8,10,11,15]. However,
a mismatch between the energy bandgaps of semiconductors and
the energy levels of inert small molecules, such as CO2 and N2, hin-
ders the transfer of charge from the semiconductors to these small
molecules, resulting in low catalytic activities and energy conver-
sion efficiencies [8,9,11,16]. Taking the TiO2-based photocatalytic
reduction of CO2 as a theoretical example, the lowest unoccupied
molecular orbital (LUMO) level of CO2 is 1.4 eV higher than the
conduction band minimum (CBM) of the TiO2 photocatalyst
(Fig. 1b) [8,9]. Moreover, the CO2 LUMO level is significantly higher
than those of the conduction bands of almost all semiconductors;
hence, the electrons present in the conduction bands of the semi-
conductors cannot migrate to the CO2 molecule [8,9]. The develop-
ment of an efficient semiconductor-based catalytic system is
therefore necessary to overcome the inherent limitations of semi-
conductor energy bandgaps in catalytic reactions.

An effective means to overcome these limitations is the use of
external stimuli to assist substrate activation [17–19] and to con-
struct a new semiconductor-based catalytic system. In this context,
triboelectric plasma, which is generated via gas ionization [20–24]
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Fig. 1. Comparison of photocatalytic and triboelectric plasma-catalyzed process on semiconductors. (a) Photocatalytic process on a semiconductor. (b) Schematic
representation of the potential energy surface for the reduction of CO2 via the photocatalytic process. (c) Triboelectric plasma catalytic process on a semiconductor. (d)
Schematic representation of the potential energy surface for the reduction of CO2 via the triboelectric plasma catalytic process.
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and is driven by a triboelectric nanogenerator, could directly trans-
fer the charge to the substrate molecules [25,26]. This step can be
referred to as pre-activation of the substrate [27,28]. For example,
electrons are injected into the LUMO level of CO2 to form CO2

�

anions, realizing the pre-activation of CO2 [20]. During the gas ion-
ization process, the temperature of the gas molecules remains rel-
atively constant, and reactive species, such as CO2

� anions, are in
the high-energy state, thereby allowing chemical conversion of
the substrates under mild conditions [21,22]. Moreover, triboelec-
tric plasma can be powered by dispersed, abundant, and renewable
mechanical energy from the surrounding environment [29–36],
which is conducive to small-scale CO2 fixation (Fig. 1c). Similar
to the photocatalytic reaction system, the triboelectric plasma cat-
alytic system can be constructed by introducing a semiconductor
catalyst into the triboelectric plasma. In this system, the gas ioniza-
tion process that leads to the generation of highly reactive ions in
the triboelectric plasma replaces the charge-transfer process from
the semiconductor to the inert molecules, and it can effectively
overcome the limitations of the energy mismatch between these
two species; importantly, semiconductor catalysts contain a large
number of surface-active sites, which can stabilize the highly reac-
tive gas ions (Fig. 1d). The triboelectric plasma catalytic system is
therefore expected to address the limitations of the energy band
structure and provide additional surface-active sites to improve
the overall energy efficiency and catalytic activity.

Thus, we report the construction of a catalytic system using a
combination of triboelectric plasma and a metal oxide semicon-
ductor. This catalytic system is used for the reduction of CO2 at
room temperature (25 �C) and atmospheric pressure, and the cat-
alytic activity and energy conversion efficiency are determined.
In addition, electron paramagnetic resonance (EPR) spectroscopy
and Fourier transform infrared (FT-IR) spectroscopy are used to
determine the species that are present during the reaction, while
X-ray photoelectron spectroscopy (XPS), EPR spectroscopy, and
2

Raman spectroscopy are used to probe the formation of oxygen
vacancies. Finally, a mechanism for this catalytic process is
proposed.

2. Experimental details

2.1. Construction of triboelectric nanogenerator (TENG)

A triboelectric nanogenerator (TENG) was operated by an elec-
tric motor and was used to drive the triboelectric plasma catalytic
CO2 reduction system. More specifically, a freestanding-rotating
TENG with a radius of 10 cm was selected as the model system
for this study. The TENG was composed of two parts, namely a sta-
tic metal layer and a freestanding rotational triboelectric layer,
which occupied 1/2 and 1/4 of the area of the circular nanogener-
ator, respectively. A polytetrafluoroethylene (PTFE) film (5 lm)
was used as the rotating triboelectric layer, and a printed circuit
board with a Cu film (60 lm) was used as both the other triboelec-
tric layer and the electrode. Both films were attached to circular
polymethyl methacrylate (PMMA) substrates. The four sections of
the metal layers were alternately linked, and the two separated
sectors were connected by inner or outer metallic Cu to form
two TENG electrodes.

2.2. Triboelectric plasma catalytic CO2 reduction powered by
mechanical energy

The mechanically-driven triboelectric plasma catalytic CO2

reduction process was performed in a custom-made 500 mL glass
device at room temperature (25 �C) and atmospheric pressure.
The glass reactor was purged thrice with high-purity CO2

(99.999 %, Kaifeng Shengyuan Gas Co., Ltd., China) prior to use. A
needle–plate configuration gas discharge system was used in the
glass reactor, where a W needle (curvature radius of 5 lm) was
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used as the counter electrode. The metal oxides on the Pt plate
functioned as the working electrode. The two discharge electrodes
were perpendicular to one another and were linked to the TENG
electrodes with Cu wires. The distance (d) between the working
electrode and the W needle was regulated using a three-
dimensional (3D) micromanipulation stage. The triboelectric
plasma was operated at a negative polarity, where the W needle
was connected to the negative polarity of the rectifier bridge, and
the working electrode was connected to the positive polarity of
the rectifier bridge.

The working electrode was prepared as follows: The TiO2 cata-
lyst (P25) was obtained from Degussa. Au, Pt, SiO2, CuO, ZnO, CeO2,
anatase phase TiO2, and rutile phase TiO2 were purchased from
Sigma-Aldrich, China. A Pt plate was used to connect the positive
polarity of the rectifier bridge through Cu wires, and it was also
used as a substrate for loading the semiconductor catalysts (i.e.
SiO2, CuO, ZnO, CeO2, anatase phase TiO2, and rutile phase TiO2).
The Pt plane was sonicated in ethanol (99.97 %, Tianjin Fuyu Chem-
ical, China) and deionized water three times. Then, it was dried at
60 �C in an oven. The semiconductor catalysts were loaded onto the
Pt plate using the spin coating technique. Taking TiO2 as an exam-
ple, after suspending the TiO2 sample powder in deionized water
with continuous stirring, the resulting slurry was evenly spread
onto the Pt plate and dried at room temperature (25 �C) under
atmospheric conditions. The area of the working electrode was
1 cm2.
2.3. Energy efficiency during conversion of electrical to chemical
energy (gele�chem)

The discharge current and voltage were measured using a two-
channel electrometer (Keithley 6514, Tektronix, USA), wherein one
channel recorded the discharge current, and the other measured
the discharge voltage. The discharge voltage was obtained by mea-
suring the current when an appropriate sampling resistor (�GX)
was introduced into the circuit. The electrical signal was measured
using an acquisition card. The average electrical energy (Eele) con-
sumed by the triboelectric plasma per second was calculated as
follows (Equation (1)):
Eele ¼
Z t

0
V � I � dt ð1Þ
where V is the discharge voltage (V), I is the discharge current (A),
and t is discharge time (s).

The qualitative and quantitative analyses of the CO product
were performed using gas chromatography or a gas sensitivity
detector. The concentration of the CO product was calculated by
using a calibration gas standard (the concentration of CO
was � 50 ppm). The gas chromatograph was equipped with a Shin-
carbon column (column temperature, 90 �C), a thermal conductiv-
ity detector (TCD), and a mechanized flame ionization detector. He
was used as the carrier gas.

The energy efficiency (g) during the conversion of electrical to
chemical energy was calculated as follows (Equation (2)):
gele�chem ¼ rCO � t � DrH
HðCOÞ

Eele � 3600 ð2Þ
where rCO is the evolution rate of CO (lmol�h�1), DrH
HðCOÞ is the

enthalpy change for the dissociation of CO2 (kJ/mol), and Eele is
the average electrical energy consumed by the triboelectric plasma
(J/s).
3

2.4. Controlled experiments and recycling experiments

For comparison, the photocatalytic reduction of CO2 on the TiO2

catalyst was performed under the same conditions as those used
for the triboelectric plasma catalytic CO2 reduction reaction, i.e.,
under ultra violet (UV light) with a Thorlabs instrument at room
temperature (25 �C) and atmospheric pressure. In addition, the
thermal catalytic oxidation of CO on the TiO2 catalyst was per-
formed under the same conditions as those employed for the tribo-
electric plasma catalytic CO2 reduction reaction.

For the isotope tracer experiments, 13CO2 and C18O2 were used
as the substrates under the same conditions as those used for the
triboelectric plasma CO2 reduction reaction. 13CO2 and C18O2 were
purchased from Wuhan New Radar Special Gas Co., Ltd. (China).
The isotopic enrichments of 13CO2 and C18O2 were 99 and 96 %,
respectively. The isotopic analyses of the CO and O2 products were
performed at Wuhan New Radar Special Gas Co., Ltd. (China).

For the recycling experiments, the triboelectric plasma catalytic
CO2 reduction reaction was performed as described earlier; after
one run, the gas in the reactor was replaced with fresh CO2 prior
to commencing the subsequent cycle.

2.5. Demonstration in natural environment

Wind was used as a direct driving force for the triboelectric
plasma catalytic reduction of CO2, to demonstrate that the tribo-
electric plasma catalytic system can effectively utilize the random
mechanical energy provided in a natural environment. The inner
diameter of the glass reaction bottle was 7 cm, the height was
13.5 cm, the reaction temperature was 20 �C, and the pressure
was 1 atm. At a wind speed of approximately 3.0 m s�1, the CO sen-
sor indicator displayed a continuous increase in the CO concentra-
tion over time. After 1.5 h, the CO sensor in the reactor showed a
reading of 12 ppm, which correlated to a production rate of
25.5 lmol�gcat�1�h�1.

2.6. Electron paramagnetic resonance (EPR) experiments

The EPR experiments were performed at 16–18 �C using a Bru-
ker EPR A200 X-band spectrometer (Bruker, Germany). 5,5-
Dimethyl-1-pyrroline-N-oxide (DMPO, Sigma-Aldrich) was used
as a spin-trapping reagent to capture the reactive species that were
generated during the triboelectric plasma catalytic CO2 reduction
reaction. The 0.45 M aqueous DMPO solution was stored at 0 �C
in the dark until it was required; the solution was degassed over
three freeze–thaw cycles, and the reaction bottle was purged with
CO2 gas. The triboelectric plasma CO2 reduction process was per-
formed in the aqueous DMPO solution; the TiO2/Pt electrode was
immersed in the DMPO solution, and the W needle was placed
above the DMPO solution. Following triboelectric plasma treat-
ment, an aliquot (�100 lL) of the DMPO solution was removed
by means of a capillary tube and was transferred to a quartz
nuclear magnetic resonance (NMR) tube. The NMR tube was placed
in the EPR instrument for the analysis of the sample.

2.7. Characterization of TiO2 catalyst

The crystal structures of the samples were determined by pow-
der X-ray diffraction measurement (XRD, Bruker D8 Advance) with
Cu-Ka (0.154 nm) radiation over a scan range of 10–80�. The FT-IR
difference spectra of the samples were recorded on an FT-IR/FIR
spectrometer (Perkin-Elmer). The morphologies of the samples
were examined using transmission electron microscopy (Tecnai
G2 Spirit, FEI), and the Raman spectra were recorded using a Ren-
ishaw (InVia RamanMicroscope) spectrometer under ambient con-
ditions (25 �C and 1 atm) with a 532 nm laser as the excitation



B. Zhang, Q. Ru, L. Liu et al. Journal of Catalysis 419 (2023) 1–8
source. The photoluminescence (PL) spectra of the samples were
measured on an Edinburgh FLS1000 spectrometer under excitation
by ultraviolet light with an excitation wavelength of 300 nm.

2.8. Density functional theory calculations and triboelectric plasma
simulation

First-principles calculations based on the density functional
theory (DFT) approach were used to study the reduction of CO2

on an anatase (101) TiO2 surface. The calculations were performed
using the Vienna ab initio simulation package with the projector-
augmented wave method [37–39]. For the exchange–correlation
energy, we used the Perdew–Burke–Ernzerhof (PBE) generalized-
gradient approximation functional [40]. The vacuum layer on the
anatase (001) surface was 20 Å, which was sufficiently large to
avoid interactions between neighboring cells. A plane wave basis
was utilized with a kinetic energy cutoff of 500 eV, and k-space
integration was performed with 5 � 5 � 1 meshes in the Brillouin
zones of the surface slab. All atoms were allowed to relax along
with the calculated forces until all the residual force components
were < 0.01 eV/Å. In our calculations, the van der Waals interac-
tions were considered using the PBE-D3 scheme [41] to study the
adsorption of CO2 molecules. The adsorption energy of the CO2

molecules was defined as follows (Equation (3)):

Ead ¼ EsurfþCO2 � Esurf � ECO2 ð3Þ
where EsurfþCO2 is the total energy of the surface and adsorbed CO2,
Esurf is the energy of the surface slab, and ECO2 is the energy of a free
CO2 molecule.

The climbing image nudged elastic band (CI-NEB) method [42]
was used to search for the minimal energy diffusion paths and
the saddle points of the dissociation of the CO2 molecule on an ana-
tase (101) TiO2 surface. Between the initial and final configura-
tions, five images were used for the purpose of the CI-NEB
calculations. Vibrational frequency calculations were performed
to analyze the transition-state configurations.

The average electron energy versus time evolution was calcu-
lated using the calculation method previously reported in the liter-
ature after changing some parameter values [19,20].
3. Results and discussion

3.1. Triboelectric plasma catalytic CO2 reduction driven by mechanical
energy

A schematic diagram of the mechanically-driven triboelectric
plasma catalytic CO2 reduction set-up is illustrated in Fig. 2a,
wherein the TENG, rectifier bridge, and triboelectric plasma reactor
can be seen. Although a TENG can convert mechanical motion into
high-voltage electrical energy to power the triboelectric plasma,
we used a triboelectric generator with a low energy output to
observe the interactions between the triboelectric plasma and
the semiconductors [20–22]. The triboelectric plasma device con-
tained two electrodes, namely, a W needle and a working elec-
trode. The working electrode was stacked with a catalyst and a
conductive substrate (such as a Pt plate), and when a polytetraflu-
oroethylene (PTFE) film was contacted with a Cu film, negative/
positive triboelectric charges were generated on the surface of
the PTFE/Cu film owing to the different chemical potentials. When
the PTFE was rotated about its centerline axis, a potential differ-
ence of 2.5 kV was generated between the two TENG electrodes
(Fig. S1). As the output voltage of the TENG exceeded the threshold
voltage (�1000 V) of CO2 gas, triboelectric plasma was generated.
As shown in Fig. 2b, at the edge of the triboelectric plasma, the low
energy electrons were unable to ionize the electronegative CO2
4

molecules, and they were trapped with CO2 molecules, thereby
forming CO2

� anions owing to the low energy barrier associated
with this process (i.e., 0.8 eV, Equation (4)) [3,43]. When the nee-
dle–plate distance was set at 0.15 mm and the rotational speed
of the TENG was 300 rpm, the ionization process of the triboelec-
tric plasma, which is shown as a curve in Fig. 2c, was generated
under a negative polarity. Over half a cycle, three unidirectional
pulse voltage peaks of � 1.2 kV were generated, and these were
accompanied by three current peaks of � 60 lA, thereby confirm-
ing the generation of triboelectric plasma.

CO2 þ e� ! CO�
2 ;DH ¼ �0:8eV ð4Þ

The reduction of CO2 over different catalysts was performed
along with controlled experiments at room temperature (25 �C)
and atmospheric pressure for 1 h (Fig. 2d and Fig. S2–3). Under tri-
boelectric plasma conditions (Fig. 2c), all the metal oxides sup-
ported on the Pt electrode exhibited a good CO2 reduction
performance; the TiO2 catalyst exhibited the best catalytic activity.
These results indicate that metal oxides generally exhibit CO2

reduction properties under triboelectric plasma conditions. Fur-
thermore, the three different crystalline phases of the TiO2 cata-
lysts displayed good catalytic activities, with P25 exhibiting the
highest conversion of 0.14 mmol�gcat�1�h�1, in addition to a 5.3 %
energy efficiency for the conversion of electrical to chemical
energy. The 13C-isotope labeling experiments demonstrated that
the CO originated from the CO2 reduction reaction rather than from
any contamination of the air or catalyst (Fig. S4). Hence, we
selected P25 as a model catalyst to investigate the relationship
between the triboelectric plasma and the semiconductors.

To further confirm the role of the triboelectric plasma, its sup-
ply was cut off from the reaction system, and the reduction of
CO2 was performed on the TiO2 catalyst under different controlled
conditions. More specifically, at room temperature (25 �C) or under
ultraviolet light irradiation with a light intensity of 45 mW cm�2

(i.e., �450 times the indoor light intensity), no CO was produced,
thereby implying that the triboelectric plasma is the direct driving
force for the reduction of CO2 over metal oxides. According to the
literature, plasma can only reduce CO2 to CO via a direct plasma
reduction process [12,19,20]. Thus, to determine the degree to
which direct plasma reduction occurred in our system, Pt and Au
were used to replace the metal oxide catalyst; however, their activ-
ities were close to zero. These experiments implied that metal oxi-
des play an important role in promoting the triboelectric plasma
CO2 reduction reaction, which differs from literature reports indi-
cating that different materials show minor influences on the CO2

reduction activity [19,20]. These contradictory results may be
attributed to the discharge characteristics of triboelectric plasma,
which are closely related to the quantity of electrical energy input
into the system; these input energy values differ from those pre-
sented in the literature for the direct triboelectric plasma CO2

reduction process [7,20].
To verify the practicality of the mechanically-driven triboelec-

tric plasma TiO2 catalytic system, a test was performed on the roof
of a building. More specifically, Video S1 shows that the triboelec-
tric plasma TiO2 catalytic system driven by the TENG was able to
directly use the irregular wind energy collected from the environ-
ment to reduce CO2 molecules to CO. Importantly, for this applica-
tion example, an activity of 25.5 lmol�gcat�1�h�1 was achieved.

3.2. Detection of reactive species involved in CO2 reduction process

Using DMPO as the trapping agent, EPR spin-trapping technol-
ogy was used to determine the CO2-derived reactive species gener-
ated in the triboelectric plasma (Fig. 3a and Fig. S5). More
specifically, in the absence of plasma, no EPR signal is generated
(I), whereas under the triboelectric plasma conditions, a significant



Fig. 2. Reduction of CO2 by the triboelectric plasma system driven by mechanical energy. (a) The triboelectric plasma–metal oxide catalytic system driven by a triboelectric
nanogenerator (TENG). (b) Formation of the triboelectric plasma. (c) Discharge voltage and current achieved in the triboelectric plasma. (d) CO2 reduction under various
conditions. Reaction conditions: Needle–plate distance = 0.15 mm, TENG rotational speed = 300 rpm, polarity = negative, temperature = 25 �C, pressure = atmospheric
pressure, reaction time = 1 h.

Fig. 3. CO2-derived reactive species generated under the triboelectric plasma conditions. (a) Electron paramagnetic resonance (EPR) spectra of the reactive species during the
triboelectric plasma process. (Ⅰ) EPR spectrum before treatment with triboelectric plasma, (Ⅱ) EPR spectrum under the triboelectric plasma conditions, (III) the simulated sum
EPR spectrum, and (Ⅳ) the simulated EPR spectrum of the DMPO-CO2

� anion. Reaction conditions: Needle–plate distance = 0.15 mm, TENG rotational speed = 300 rpm,
polarity = negative, temperature = 25 �C, pressure = atmospheric pressure, reaction time = 5 min. (b) Fourier transform infrared (FT-IR) difference spectra for interaction of
CO2 with the TiO2 catalyst.
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and complex EPR signal appears after 5 min (II). The obtained EPR
spectrum was divided into peaks and fitted by means of computer
calculations (III) to give a triplet with an intensity ratio of 1:1:1, a
sextuplet with an intensity ratio of 1:1:1:1:1:1, and a quadruplet
with an intensity ratio of 1:2:2:1 (Fig. S6). For the quadruplet, val-
ues of aN = 15 G and ab-H = 15 G were determined, which corre-
spond to DMPO-OH (aN and ab-H are the hyperfine coupling
constants of the spins of the N and H atoms in DMPO-OH, respec-
tively) [44,45]. In addition, for the sextuplet, values of aN = 15.8 G
and ab-H = 19.1 G were determined, which correspond to the
DMPO-CO2

� anion, a C-centered carboxylic acid adduct (IV)
[20,46–48]. Moreover, for the triplet, an aN value of 16.6 G indi-
cates the presence of DMPO-oxide. Thus, the signal corresponding
to the DMPO-CO2

� anion provides the most direct evidence that the
CO2 molecules present in the triboelectric plasma participate in a
single-electron transfer process to form highly reactive CO2

�

5

species. The presence of DMPO-OH and DMPO-oxide were attribu-
ted to the generation of �OH from water, and the oxidation of
DMPO itself, respectively.

The reactive CO2
� species adsorbed on the surface of the TiO2

catalyst were then determined by in situ FT-IR difference spec-
troscopy, using the infrared spectrum of the TiO2 catalyst before
the reaction for comparison (Fig. 3b). In the presence of the tribo-
electric plasma, two infrared vibration absorption peaks are gener-
ated at 1677 and 1257 cm�1, corresponding to the bending
configuration of the CO2 adsorbed on the TiO2 surface [49,50]. This
is consistent with the theoretical calculation results reported in the
literature, wherein absorption peaks at 1689 and 1236 cm�1 were
predicted for the CO2 adsorbed on the oxygen vacancies of the ana-
tase (101) plane. When the triboelectric plasma was turned off,
these two peaks disappeared, thereby indicating that the triboelec-
tric plasma can activate CO2 to generate CO2

� anions, which are
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adsorbed on the surface of the TiO2 catalyst. The stretching vibra-
tion of bidentate carbonate (b-CO3

2�) appeared at the region of
about 1343 and 1545cm�1, which is mainly due to the coordina-
tion between CO2 molecule and Ti4+-O2� bond on the surface,
through acid-base interaction [50].

3.3. Surface lattice oxygen activation by triboelectric plasma

In the CO2 reduction process, the triboelectric plasma generates
highly reactive CO2

� species, and interacts with the surface of the
TiO2 catalyst. Hence, the surface changes of the TiO2 catalyst were
studied through a range of characterization and controlled experi-
ments. More specifically, Fig. 4a illustrates the XPS results for the Ti
2p signals, wherein two absorption peaks can be seen at 458.7 and
464.4 eV, which correspond to the binding energies of Ti2p3/2 and
Ti2p1/2, respectively (i.e., the Ti4+ state). Following the reaction, the
proportion of Ti4+ ions in the sample remain constant, and two XPS
splitting peaks at binding energies of 529.8 and 531.6 eV appear in
the O 1s XPS spectrum (Fig. 4b and Table S1); these peaks were
attributed to the surface lattice oxygen (Olatt) and oxygen vacancy
(VO) species, respectively. The proportion of Olatt/(Olatt + VO) on the
surface of the fresh TiO2 catalyst was 0.88, whereas the proportion
of VO/(Olatt + VO) was 0.12. Under Ar gas, the proportion of Olatt/
(Olatt + VO) on the surface of the TiO2 catalyst decreased to 0.84,
and the proportion of VO/(Olatt + VO) increased to 0.16. These obser-
vations indicate that under an Ar gas environment, the high-energy
electrons and Ar+ ions present in the triboelectric plasma can
attack the Olatt species on the surface of the TiO2 catalyst to break
the Ti–O bonds and produce O atoms and VO, as outlined below
(Equation (5)):

Olatt ! Oþ VO ð5Þ
Under a CO2 gas environment, the proportion of Olatt/(Olatt + VO)

on the surface of the TiO2 catalyst was 0.87, and the proportion of
VO/(Olatt + VO) was 0.13, which are comparable to the values
obtained for the fresh catalyst, thereby suggesting that the quanti-
ties of VO and Olatt species are in dynamic equilibrium during the
catalytic reaction. In a CO2 atmosphere, under the bombardment
of high-energy electrons, CO2

� anions, and other particles, the sur-
face Ti–O bonds are broken to produce O atoms and VO. The O
atoms can recombine with other O atoms present on the catalyst
surface or in the gas phase to form O2, as follows (Equation (6)):

Oþ O ! O2 gasð Þ; ð6Þ
From the O 1s XPS results, it can be seen that the VO concentra-

tion on the TiO2 surface remains relatively constant, thereby sug-
gesting that VO consumption occurs in the reaction system in
addition to the aforementioned VO generation process. Based on
our results and previous literature reports [8,9], it was considered
that under a CO2 gas environment, the reactive CO2

� species
adsorbed on the TiO2 surface subsequently reacted with VO to pro-
duce CO and Olatt as follows (Equation (7)):

CO�
2 þ VO ! COþ Olatt þ e� ð7Þ
This dynamic equilibrium of VO on the catalyst surface was con-

firmed by EPR and PL investigations. More specifically, in the EPR
spectrum of the TiO2 catalyst (Fig. 4c), the signal at g = 2.002 cor-
responds to the electrons captured by VO on the surface of the TiO2

catalyst. Overall, the VO concentration increased in the following
order: TiO2 samples under Ar < TiO2 samples under CO2 < fresh
TiO2 catalyst. Importantly, this trend was comparable to that
observed for the concentration of the surface oxygen vacancies
obtained by XPS. In addition, Fig. 4d illustrates the PL emission
spectra of the TiO2 samples recorded at different atmospheric con-
ditions under an excitation wavelength of 300 nm. The emission
peak at 525 nm was attributed to the electron recombination from
6

the shallow donor below the conduction band (derived from the
oxygen vacancies) to the holes in the acceptor valence band. Under
both Ar and CO2 conditions, the trend observed for the oxygen
vacancies on the TiO2 surface was consistent with those observed
for the O 1s using XPS and EPR. Importantly, the dynamic balance
of the oxygen vacancies on the surface of the TiO2 catalyst ensures
the sustainability of the triboelectric plasma catalytic reaction. As
shown in Figs. S7–8, the activity and rate remained almost
unchanged over six consecutive cycles, and the crystal structure
and morphology of the catalyst remained stable.

3.4. Proposed mechanism for triboelectric plasma CO2 reduction
reaction

The mechanism and energy changes taking place during the
CO2 reduction reaction were investigated by theoretical calcula-
tions using anatase (101) as the model. Compared with the
CO2 molecules, the CO2

� anion was stably adsorbed on the TiO2

surface (Fig. 5a), forming a four-membered ring structure with
an adsorption energy of � 0.31 eV (Fig. S9). The structure of
the CO2

� anion appeared to exhibit a degree of bending with a
bond angle of 129.1�. The density of states (DOS) band diagram
in Fig. 5b shows that a portion of the empty CO2 energy level
was filled relative to the non-adsorbed CO2 molecules, and this
energy level was reduced to the top of the valence band below
the Fermi level. Although CO2

� anion can be adsorbed on a clean
TiO2 surface, their dissociation barrier can reach up to 4.55 eV
(Fig. S10), resulting in difficulties in direct decomposition. As a
result, the CO2

� anion migrates to the oxygen vacancies to form
a more stable four-membered structure with an energy barrier
of 0.40 eV (Fig. S11). Thus, the adsorption energy of the CO2

�

anion on the VO sites of the TiO2 surface was determined to
be � 1.41 eV (Fig. S12); a new energy level was found to have
formed in the DOS diagram (Fig. 5b), which resulted in a stronger
binding energy between CO2 and the TiO2 surface. The aforemen-
tioned results indicate that compared with the clean TiO2 surface,
CO2

� anion adsorbs more readily on the VO sites of the TiO2 cat-
alyst. Following their adsorption, the CO2

� anion can dissociate
to produce CO, and the remaining O atoms can fill the VO due
to a low potential barrier of 0.18 eV. The desorption of the CO
molecules from the TiO2 surface can occur with an energy barrier
of 0.29 eV. Finally, the surface of the TiO2 catalyst is bombarded
by the high-energy electrons, CO2

� anions, and the other particles
present in the triboelectric plasma, to produce VO and O atoms. It
has been reported in the literature that the formation energy of a
VO produced on the surface of TiO2 is 1.2 eV [15]. Thus, in the tri-
boelectric plasma-catalyzed CO2 reduction reaction, the triboelec-
tric plasma provides an energy resource for the generation of
such species. The average electron energy of the triboelectric
plasma over time was mapped at 50 ls (Fig. S13), and two reac-
tion regions were identified, namely a cone with a radius of
0.15 mm and a wide cylinder with a diameter of 1.0 mm; the
average energies of the electrons in these regions were deter-
mined to be 2.1–2.5 and 0.25–2.1 eV, respectively. In addition,
in the energy-distribution curve of the central axis of the nee-
dle–plate (Fig. S14), the electrons present in the triboelectric
plasma can be seen to possess sufficient energy to overcome
the CO2 activation process to form CO2

� anions, to promote the
dissociation of CO2

� anions, and to generate VO species.
Finally, to further illustrate the advantages of this catalytic

system, the triboelectric plasma–semiconductor catalytic system
was compared with common semiconductor catalytic systems,
such as the photocatalytic system. More specifically, in the pho-
tocatalytic reaction system, the conduction band levels of almost
all the semiconductors are much lower than those of the LUMO
of CO2. As a result, the transfer of the photogenerated electrons



Fig. 4. Characterization of the TiO2 catalyst. (a) Ti 3d and (b) O 1s X-ray photoelectron spectroscopy (XPS) results for the TiO2 samples. (c) Electron paramagnetic resonance
(EPR) spectra of the TiO2 samples. (d) Photoluminescence (PL) spectra of the TiO2 samples.

Fig. 5. Schematic of the energy and density of states (DOS). (a) Proposed reaction pathway for the triboelectric plasma catalytic CO2 reduction process. The number in front of
the oblique indicates the energy barrier, while the number behind the oblique represents the adsorption energy. (b) DOS under different conditions. The text in turquoise
boxes indicates substrates adsorbed on the TiO2 catalysts with/without oxygen vacancies. (c) Proposed reaction pathway for the photocatalytic CO2 reduction reaction.
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from the semiconductor photocatalyst to the CO2 molecules and
the formation of CO2

� anions are challenging processes. This phe-
nomenon was also confirmed by DFT calculations. In the photo-
catalytic reduction of CO2, although the CO2 molecules can be
adsorbed on the VO of the TiO2 surface with an adsorption
energy of � 1.27 eV, the decomposition barrier is high, i.e.,
1.43 eV (Fig. 5c) [8,9,11]. Therefore, the activity of a standard
TiO2-based photocatalytic reaction system is extremely low at
room temperature (25 �C) and pressure, and the energy effi-
ciency is generally < 1 % [51,52]. Moreover, after the reaction,
the VO sites on the TiO2 surface are blocked by strongly-bound
oxygen atoms, thereby resulting in a reduced catalytic activity
over time [53,54]. In contrast, in the triboelectric plasma–semi-
7

conductor catalytic system, a large number of low energy
electrons originating from the triboelectric plasma are captured
by CO2, to form reactive CO2

� anions, which effectively solves
the mismatch issue between the semiconductor and CO2 energy
bands. Importantly, the decomposition barrier for the highly
reactive CO2

� anions present on the VO is only 0.18 eV, which
is 1.25 eV lower than that of the photocatalytic CO2 reaction sys-
tem. As a result, the former reaction can be performed at room
temperature (25 �C) and pressure with an energy conversion
efficiency of 5.3 % being achieved. Simultaneously, the reactive
ions present in the triboelectric plasma can promote the regen-
eration of VO and further improve the energy efficiency of the
overall catalytic system.
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4. Conclusion

We report a triboelectric plasma–metal oxide catalytic system
for the reduction of CO2 to CO at room temperature (25 �C) and
atmospheric pressure. In this reaction system, TiO2 exhibited an
optimal activity of 0.14 mmol�gcat�1�h�1, and the energy efficiency
for the conversion of electrical to chemical energy was 5.3 %. The
analyses using EPR and Fourier transform infrared spectroscopy
indicated that a large number of slightly bent CO2

� anions were pro-
duced in the triboelectric plasma, and that these anions adsorbed
onto the surface of the TiO2 catalyst. In addition, XPS, EPR, and pho-
toluminescence experiments showed that the triboelectric plasma
can activate the lattice oxygen species present on the surface of the
TiO2 catalyst to produce oxygen vacancies. Compared with CO2

molecules, the CO2
� anions adsorb more easily onto the TiO2 sur-

face, thereby facilitating the limiting CO2 single-electron reduction
step. Furthermore, the highly reactive species present in the tribo-
electric plasma can effectively promote the regeneration of oxygen
vacancy sites. This study therefore provides a method for overcom-
ing the energy bandgap limitations associated with the use of
semiconductors in catalytic reactions. Currently, we are investigat-
ing the expansion of the triboelectric plasma–metal oxide catalytic
system for the reduction of N2, and our results will be presented in
due course.
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