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Searching for a new approach in environmental remediation in terms of dye degradation is important in
industrialized society. In this work, ferroelectric Ba, 5Sr>sNbgTa,Ozo (BSNT) submicron powders prepared
by the high-temperature solid-phase method are used for dye degradation under magnetic stirring. The
dye in solution can be quickly degraded by magnetically stirring BSNT submicron particles in the dark in
ambient temperature conditions. More importantly, the degradation efficiency can be greatly improved
through simple modification of the stirring materials from glass to polypropylene, with a degradation
efficiency of rhodamine B as high as 99% in 1.5 h at a gentle stirring speed of 300 rpm. Control
experiments reveal that the degradation of the dye is mainly contributed by the friction between BSNT
submicron particles and PTFE stirring rods. It is proposed that the friction between ferroelectric polar

BSNT particles and PTFE causes charge transfer and induces a non-zero internal electric field to drive
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Accepted 2nd April 2021 e separation of electron—hole pairs in particles, resulting in a novel tribocatalytic degradation o
the dye, which is proven by the detection of “OH and ‘O, intermediate products during stirring. This

DOI: 10.1039/d0ra10807c work demonstrates that the friction energy of ferroelectric materials with strong polarization is an
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1. Introduction

The colorful world created by the application of dyes in the
fields of textiles and printing plays an important role in
enriching people’'s material and cultural lives."” However,
a large amount of dye wastewater is generated, which has the
characteristics of large volume, complex components, deep
chroma, and difficult degradation. Moreover, most dyes are
toxic and carcinogenic, seriously polluting the natural envi-
ronment.*>* The effective treatment of dye wastewater has always
been a difficulty for industry. In recent years, some advanced
oxidation technologies have been developed to degrade dye
wastewater. Ferroelectric materials show great potential in this
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alternative approach for highly efficient dye degradation.

regard.>® For ferroelectric materials at the micron or nanoscale,
as the particle size decreases, the specific surface area is
significantly increased, which can bring rich surface, interface
and catalytic effects.” For example, micro- and nanostructured
ferroelectric materials are used to absorb solar energy, in which
electrons and holes are generated and separated to react with
water under light irradiation to produce strong active
substances, such as hydroxyl radicals ("OH) and superoxide
radicals ("O,7), causing the dye to decompose.® Currently re-
ported ferroelectric photocatalysts such as Ag;,Si,0;3,° KNbO;
(ref. 10) and BaTiO; (ref. 11) can show excellent dye decompo-
sition performance under sunlight. Similar to the photo-
electrochemical effect of photocatalysts, the piezoelectric effect
and pyroelectric effect of ferroelectric materials also have the
ability to convert vibrational energy and temperature variations
into chemical energy. Therefore, mechano-electrochemical and
pyro-electrochemical effects have been demonstrated in
successful dye decomposition,™ water splitting and steriliza-
tion.* In addition to photoelectrochemical, mechano-
electrochemical and pyro-electrochemical effects, ferroelectric
materials also show great potential for novel mechanically
driven tribo-electrochemical effects for water treatment.
Recently, Li et al.*® successfully used the ferroelectric material
Bay 7551025 TiO3 nanopowder to collect the triboelectric energy
produced by friction to drive the catalytic degradation of dye

molecules in dye wastewater. In summary, micro/
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nanoferroelectric materials can absorb versatile environmental
energy, such as solar energy, mechanical energy, and heat, to
degrade dyes in a specific way.

As a common class of ferroelectric materials, the chemical
formula of the tungsten bronze structure can be described as
(A1),(A2),4(C)4(B1),(B2)g030. In a unit cell of the tetragonal
system, the structure is connected by the vertices of the oxygen
octahedral unit, forming two tetra-atomic rings (A1), four five-
membered rings (A2), and four triatomic rings (C). If one of
the A sites is empty, it becomes an unfilled tungsten bronze
structure with the formula A;B;(03,.'® The ions in the center of
the oxygen octahedron and the ions in the gap position (mainly
the A site) are displaced along the c-axis direction, forming
a non-central symmetric structure with an electric dipole
moment along the c-axis, which is also a tungsten bronze crystal
ferroelectric source.””® In recent years, due to the excellent
ferroelectric, piezoelectric, pyroelectric, and nonlinear optical
properties of tungsten bronze materials,”* they have gradually
attracted widespread attention. In addition, the ferroelectric
polarization of the tungsten bronze compound helps guide the
migration of carriers, often playing an important role in the cata-
lytic process.”*** Recently, Zhang et al.*® reported that platinum
nanoparticles supported on defective tungsten bronze KSr,NbsO;5
can work as a new type of photocatalyst for efficient ethylene
oxidation. Takayama et al.” reported a tungsten bronze structure
KCaSrTas0,5 photocatalyst for water splitting and CO, reduction.
These works all indicate that tungsten bronze structural
compounds have great potential in the field of catalysis.

We have developed a tungsten bronze structure Ba,Nd,Fe,-
NbgO3, (BNFN) for efficient degradation of dyes under friction.>®
On this basis, we further explore the mechanism of tribocatal-
ysis. Taking into account the high photocatalytic activity of
tantalum-based photocatalysis, which is mainly due to their
high conduction bands formed by Ta 5d orbitals.”” We choose
another unfilled tungsten bronze structure, Ba, 5Sr, sNbgTa,03,
(BSNT) usually has a large number of oxygen vacancies and
a larger movable charge density (holes),"®' which results in
relatively better electrical conductivity (compared to Bag,s-
Sro,5TiO; perovskites). In such a ferroelectric material with
a large amount of internal movable charges, the shielding of the
depolarization field should come from its own internal charges
(and not the adsorbed space charged particles, such as
LiNbO;)."* When contacting other materials with different
polarities, the shielding internal charges accumulated at the
submicron particle surface are prone to transfer between the
different materials. After the charge is transferred to contacting
materials, the internal electric field of the ferroelectric particle
is instantly imbalanced (non-zero), which further promotes the
separation and movement of the internal electrons and holes.
Therefore, BSNT with simultaneous polarization and many
charge carriers may outperform other ferroelectric materials
that have very limited movable charges, benefiting from fast
charge transfer during friction and therefore better catalytic
degradation.

In this study, we synthesized tungsten bronze-type Ba, s-
Sr, sNbgTa,03, by a high-temperature solid-phase reaction and
obtained submicron-sized powder by high-energy ball milling.
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BSNT submicron particles can induce the degradation of dye in
a water suspension under magnetic stirring in the dark at room
temperature. By optimizing the experimental conditions,
rhodamine B (RhB) can be degraded with an efficiency of up to
99%. The driving force for decomposing the dye is mainly the
tribocatalytic effect of the friction between the BSNT submicron
particles and PTFE stirring rod and the beaker rather than the
piezocatalytic effect. Charge transfer between ferroelectric BSNT
and PTFE rods or beakers during friction leads to an unbal-
anced internal electric field in BSNT particles to drive fast
electron-hole separation and the creation of 'OH and ‘O,
resulting in even higher efficiency dye degradation than the
piezocatalytic effect. This work reveals that friction mechanical
energy in a system with the involvement of ferroelectric mate-
rials can efficiently drive catalytic degradation, paving the way
for environmental remediation by versatile materials using the
trivial mechanical energy of the environment.

2. Experimental procedures
2.1 Synthesis of Ba, 5Sr, sNbgTa,0;, submicron particles

Powders of Ba, 5Sr, sNbgTa,03, were prepared by a solid-state
reaction. BaCOj; (99.99%, Aladdin), SrCO; (99.99%, Aladdin),
Nb,Os5 (99.99%, Sinopharm), and Ta,Os5 (99.99%, Sinopharm)
were used as starting materials. In accordance with the molar
ratio of BaCOj : SrCOj3 : Nb,Os : Ta,O5 =5 : 5 : 8 : 2, anhydrous
ethanol was used as a ball mill medium after being ground for
12 h, dried and compressed into a pellet, and calcined in air at
1200 °C for 4 h. Thereafter, the prepared pre-sintered pellets
were subjected to secondary ball milling, and then the dried
powders were recompressed into a pellet and sintered at
1400 °C for 6 hours in the air atmosphere of a high-temperature
furnace. Finally, the sintered samples were placed in a high-
energy ball mill machine (Pulverisette 5, Fritsch), ground at
300 rpm for 24 hours using anhydrous ethanol as a ball mill
medium, and dried at 120 °C for 4 h to obtain Ba, 5Sr, sNbg-
Ta,03¢ submicron powders.

2.2 BSNT ferroelectric performance test

A high-temperature solid-phase method was used to synthesize
a 1 mm thick BSNT ceramic wafer at 1400 °C, and then silver
paste was applied on both sides of the wafer. The silver elec-
trode was fired at 650 °C for 30 minutes, and then the room-
temperature P-E hysteresis loop was measured using
a Radiant Precision 10 kv HVI-SC analyzer at 2700 V and 1 Hz.
The room temperature impedance analysis was measured using
an Agilent 4294A precision impedance analyzer.

2.3 Characterization

The crystal structures of the BSNT powders were characterized
by X-ray diffraction (XRD, PANalytical X'Pert PRO, Netherlands)
at ambient temperature using Cu Ka radiation (A = 0.15406
nm). Elemental analysis and content determination of BSNT
submicron particles were performed by energy dispersive X-ray
spectrometry (EDS, Horiba X-Max). The surface morphologies
and nanoscale microstructures of the prepared BSNT
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submicron powders were examined by field emission scanning
electron microscopy (FESEM, Hitachi S-4800), transmission
electron microscopy (TEM, JEOL JEM-2100F) and high-
resolution transmission electron microscopy (HRTEM)
combined with selected area electron diffraction (SAED)
patterns. Atomic force microscopy (AFM, NT-MDT) was used to
describe the morphology of BSNT submicron particles. The
particle size distribution of BSNT was characterized using
a Zetasizer (Malvern Zetasizer Nano S90, UK). The elemental
composition and valences of the BSNT sample were determined
by X-ray photoelectron spectroscopy (XPS, Thermo Fisher
ESCALAB 250Xi) with Al Ka X-ray as the excitation source.

2.4 Dye degradation test

The catalytic capability of BSNT submicron particles was
demonstrated by the degradation of RhB. In this experiment,
50 mg of BSNT submicron powder was added to a glass beaker
(@ 51 mm x 70 mm), followed by 50 mL of RhB solution
(5 mg L") and a polytetrafluoroethylene (PTFE) magnetic rod
(specification ¥ 9 mm x 25 mm). The glass container was
placed in the middle of a magnetic stirrer, and stirring was
carried out at room temperature in the dark with a rotation
speed of 300 rpm. Three milliliters of supernatant liquor was
removed from the beaker at regular intervals. After the high-
speed centrifugation of the sample suspension liquid, the
absorbance of the liquid sample was measured using an
ultraviolet-visible spectrophotometer (UV-3600; Shimadzu,
Kyoto, Japan). For the recycling test, 50 mg of BSNT submicron
powder was put into 50 mL of RhB (5 mg L™ ') solution,
magnetically stirred by three PTFE stirring rods for 2 h, centri-
fuged, washed with deionized water, dried and recycled.

2.5 Detection of active species

Electron spin resonance (ESR) is widely used to detect active free
radicals. The spin-trap molecules react with free radicals to
produce stable products in solution, which can be directly
detected by ESR.***' The main active substances in the dye
degradation process are ‘OH and 'O, , which can be detected
using ESR technology. The specific detection process was to add
50 mg of BSNT submicron particles to 50 mL of DI water and
50 mL of dimethyl sulfoxide (DMSO). Next, 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) was used as a spin trap in DI water
and DMSO. Both suspensions were magnetically stirred with
three PTFE rods at 300 rpm at room temperature in the dark.
After different stirring times, the ESR signal spectrum of the
spin-trapped free radicals was measured and recorded with an
ESR spectrometer (JES-FA200, JEOL).

To further study the friction catalysis mechanism of BSNT,
free radical trapping and hole trapping experiments were
carried out to determine the main active substances in the
friction catalysis process. Before stirring, 1 mM tert-butanol
(TBA, a scavenger of hydroxyl radicals),** p-benzoquinone (BQ,
a scavenger of superoxide radicals)*® and ethyl-
enediaminetetraacetic acid (EDTA, a scavenger of holes)** were
added to three glass beakers containing 50 mL of RhB
(5 mg L™") and 50 mg of a BSNT submicron powder suspension.
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Subsequently, magnetic stirring was performed at 300 rpm
using three PTFE stirring rods in the dark at room temperature.
After centrifugation of the removed 3 mL of supernatant at
different intervals, the degradation rate of RhB in the solution
was measured with a Shimadzu UV-3600.

3. Results and discussion

3.1 Structural characterizations

Fig. 1a shows the XRD pattern of Ba, 5Sr, sNbgTa,03, of the as-
sintered and ball milled samples. All samples are pure tetrag-
onal tungsten-bronze phase with the P4bm space group,
according to diffraction peaks indexed using the PDF2 card no.
00-039-0265. After high-energy ball milling, the BSNT powder
was reduced to the submicron level, which is reflected by the
decreased intensity and increased FWHM of the diffraction
peaks. Fig. 1b shows the polarization-electric field (P-E) curve of
the BSNT ceramic at room temperature, confirming the ferro-
electricity of BSNT. The residual polarization (P,) of the BSNT
ceramic is 1.01 pC em >, Fig. S11 shows the EDS result of BSNT.
The element mapping of the constituent elements Ba, Sr, Nb,
Ta, and O are uniformly distributed, which are consistent with
the BSNT particles. The particle morphology and size distribu-
tion of ball-milled BSNT shows sizes ranging from 10 nm to
400 nm, and Zetasizer shows that the average particle size of the
particles is 170 nm (Fig. 1c and d). Atomic Force Microscopy
(AFM) was used to characterize the thickness of BSNT submi-
cron particles. BSNT submicron particles are clearly observed in
the AFM image (Fig. S2af). Fig. S2bt is the outline of the line
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Fig. 1 (a) XRD pattern, (b) room temperature P—£ at 2700 V and 1 Hz
of BSNT, (c) SEM photograph, and (d) size distribution of BSNT
submicron particles. (e) High-resolution pattern and (f) selected
electron diffraction of BSNT submicron particles. The inset of (b)
shows impedance of BSNT at room temperature.
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along the purple line in the AFM image, indicating that the
thickness of the BSNT submicron particles is about 175 nm. The
HRTEM results are shown in Fig. 1e. BSNT submicron particles
have a single crystal structure with a lattice spacing of 0.394 nm,
corresponding to the (310) plane in the BSNT tetragonal tung-
sten bronze structure. Fig. 1f is the selected area electron
diffraction (SAED) pattern along the [130] TTB band axis at
room temperature. The essential reflections in the pattern can
be indexed on the tetragonal cell P4bm, with cell parameters of
Grrg = brrg = 12.5 A and ¢ = 4 A.

3.2 Surface element analysis

X-ray photoelectron spectroscopy (XPS) was used to identify the
powder chemical components and the valence states of the
constituent elements. Fig. 2a is the full spectrum of BSNT
submicron particles in the range of 1000-0 eV binding energy.
The binding energies of Ba, O, Nb, Sr, and Ta were calibrated
with the binding energies of C 1s. Detailed XPS modes from
high energy to low energy of each element are shown in Fig. 2b-
f. Gaussian fitting was used to split overlapping peaks into
different parts. Fig. 2b of the Ba 3d spectrum shows two
symmetrical peaks at 794.8 eV and 779.5 eV, corresponding to
Ba 3d3, and Ba 3ds,, respectively, indicating that Ba*>* ions
were present in the sample.*® Fig. 2c shows that the asymmetric
O 1s peak is fitted by two peaks, numbered 1 and 2. Peak 1 is
attributed to the lattice oxygen in the tungsten bronze structure,
while the additional peak 2 may be caused by the chemical
adsorption of the oxygen group at the oxygen vacancy or the
presence of an OH group on the surface.***® Fig. 2d shows the
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Fig. 2 (a) XPS survey scan of the BSNT submicron particles. (b) XPS

core level spectra of Ba 3d. (c) XPS core level spectra of O 1s. (d) XPS
core level spectra of Nb 3d. (e) XPS core level spectra of Sr 3d. (f) XPS
core level spectra of Ta 4f.
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double peaks of Nb 3d;, and 3ds, with binding energies at
209.4 eV and 206.7 eV, respectively. The spin-orbit peak sepa-
ration energy is 2.7 eV, confirming the presence of Nb>" ions.?’
Both Sr 3d;/, and Sr 3ds/, can be well fitted by two peaks with
binding energies at 134.9 eV and 133.2 eV (Fig. 2e), giving the
sign of Sr”* ions.?® In Fig. 2f, Ta 4f fits into two subpeaks of Ta
4fs;, (27.4 eV) and Ta 4f,;, (25.5 eV), which are characteristic
peaks of Ta’" in compounds.*

3.3 Tribocatalytic activity

To study the catalytic properties of the as-prepared BSNT
submicron powders, RhB dye was selected for the degradation
experiment. As shown in Fig. 3a, the color of the solution
gradually became lighter during magnetic stirring at 300 rpm of
the BSNT submicron powder RhB dye suspension (as shown in
the illustration) using one PTFE stirring rod and glass beaker at
room temperature in the dark. Simultaneously, the maximum
absorption peak intensity of the UV-visible absorption spectrum
at ~554 nm gradually weakens with increasing stirring time.
Generally, the intensity of maximum absorbance is closely
related to the concentration of dye, according to the Lambert-
Beer law formula:

A=exbxc (1)
(a) One PTFE stirring rod (b)l 0 —a— Without BSNT
s
x4
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Fig. 3 (a) and (c) UV-vis adsorption spectra of RnB solution mediated
by BSNT submicron particles under magnetic stirring with one PTFE
rod and three PTFE rods in the dark at room temperature, respectively.
(b) and (d) The tribocatalytic RhB dye degradation efficiency after
different magnetic stirring with or without BSNT, using one PTFE
stirring rod and three PTFE stirring rods, respectively. (e) and (f) UV-vis
adsorption spectra of MB and MO solutions mediated by BSNT
submicron particles under magnetic stirring with three PTFE rods in
the dark at room temperature, respectively. The insets of (a), (e), and (f)
show the color changes of the RhB, MB and MO solutions,
respectively.
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where A is the absorbance, ¢ is the molar absorption coefficient,
b is the path length through the sample, and c is the concen-
tration of the test dye solution. Moreover, the degradation effi-
ciency (D) of the dye can be calculated based on the following
equation:

D= (1 — Aldg) x 100% )

where A, and A represent the initial absorption of the dye
solution and actual absorption peak intensity after degradation,
respectively. The degradation efficiency of RhB dye increases
rapidly with increasing stirring time, reaching 99% after 8 h of
magnetic stirring, as shown in Fig. 3b. To further confirm the
role of BSNT submicron powders in the catalytic process,
control experiments were conducted. As shown in Fig. 3b, in the
RhB degradation experiment without the addition of BSNT
submicron powders, the dye can be slightly degraded by friction
agitation between the PTFE rod and glass beaker alone. In
contrast, adding BSNT submicron powders can greatly improve
the degradation rates of dyes.

In a typical experiment, we used three PTFE stir bars for
stirring the RhB-BSNT suspension at 300 rpm in a glass beaker
at room temperature in the dark to further improve the catalytic
degradation rate of RhB dye by BSNT submicron powders. It is
clearly shown from Fig. 3c and d that the degradation rate is
much faster than that of one stirring rod with a degradation
efficiency up to 96% after stirring for 2 h when three PTFE
stirring rods were used. It is worth noting that when BSNT
submicron powders are not added, the RhB decomposition rate
of three rods stirring is also much higher than that of one rod
stirring but much less than the case with BSNT powders.
Therefore, the significant increase in the decomposition rate is
related to the increased contact area between the three
magnetic stirring rods and the glass and between the stirring
rods and BSNT particles.

To further verify the degradation effect of the designed
system, other pollutants, such as methylene blue (MB) and
methyl orange (MO), were also used. The results are shown in
Fig. 3e and f. At room temperature, in the dark, using three
PTFE stirring rods in a glass beaker at a speed of 300 rpm
stirring MB-BSNT, the MO-BSNT suspension also showed
similar results. The degradation efficiency of MB is 98.5% after
4 h of stirring, which is 91% after 8 h of stirring for MO solution.
The variation in degradation efficiency for the three types of
dyes is associated with the different molecular structures and
corresponding different degradation mechanisms.*”*® The
results show that the strong frictional catalytic activity of the
BSNT submicron particles significantly accelerates the de-
ethylation process of RhB and eventually forms a completely
de-ethylated product.** Compared with MB and RhB, the activity
of the N=N double bond is much lower in MO, which makes it
more difficult to degrade.*

In another experiment, we studied the degradation experi-
ments of the friction between PTFE and glass, where two
different types of magnetic stirring glass and PTFE rods and
beakers made of glass, PTFE and polypropylene (PP) were used.
Fig. 4a and b shows the degradation rate of RhB dye (a) without
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BSNT and (b) with BSNT after different stirring times when
using three stirring rods at the same speed of 300 rpm in the
dark. The results show that the friction between the different
materials leads to a large difference in the RhB decomposition
rate. As shown in Fig. 4a, when BSNT submicron powder is not
added, in the cases with glass rods—PP beaker, PTFE rods-PTFE
beaker, PTFE rods-glass beaker, glass rods-PTFE beaker, PTFE
rods-PP beaker, glass rods-glass beaker, after stirring for 2 h,
the degradation rates of RhB are 64%, 46%, 33%, 26%, 22% and
2%, respectively. As shown in Fig. 4b, after adding BSNT
submicron powders, except for the glass rods-glass beaker
system, the degradation efficiencies of RhB increase signifi-
cantly. Rather surprisingly, when BSNT submicron powders
were added to the glass rods-PP beaker system and stirred for
only 1.5 h, a degradation efficiency of 99% was achieved. In
contrast, despite stirring at the same speed, the catalytic
degradation rate of the glass rods-glass beaker system with
BNST powders was only 6% in 2 h. The above results indicate
that the degradation of RhB dye in the presence of BSNT
powders is not the simple physical adsorption of dye by BSNT
submicron particles.

Subsequently, in the glass beaker-PTFE rods system, we
selected the non-ferroelectric raw material Ta,Os submicron
particles used to synthesize BSNT for comparative experiments.
The results are shown in Fig. 4c. RhB degraded slowly after
stirring for two hours on three PTFE rods. In sharp contrast with
BSNT submicron particles.

To evaluate the stability and recyclability of BSNT particles in
the catalysis process, a recycling test was conducted on the
tribocatalytic ability of BSNT submicron particles. Then, 50 mg
of BSNT submicron powder was put into 50 mL of RhB
(5 mg L") solution and magnetically stirred by three PTFE
stirring rods for 2 h, centrifuged, washed with deionized water,

@) 4,

Without BSNT| (b) 1.0 With BSNT

0.0 05 10 15 2.0 0.0 0.5 1.0 15 2.0
Stirring time (h) Stirring time (h)

0.0 05 1.0 15 2.0 0
Stirring time (h)

2 4
Stirring time (h)

Fig. 4 The dye degradation efficiency for RhB dye (a) without BSNT
and (b) with BSNT submicron particles under magnetic stirring in the
dark at room temperature with different stirring rods and beakers. (c)
The degradation efficiency of BSNT and Ta,Os submicron particles on
RhB dye under room temperature dark magnetic stirring conditions.
(d) Recycling stability of BSNT submicron particles for RhB
degradation.
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dried and recycled. As shown in Fig. 4d, after three cycles of use,
the BSNT catalytic efficiency can still reach more than 92%. The
XRD test was performed on the BSNT sub-micron particles after
the degradation test. As shown in Fig. S3, the XRD spectra of
the BSNT sub-micron particles before and after the tribocatal-
ysis were very similar, and no secondary phase was found,
indicating that the BSNT catalyst has good stability and recy-
clability, which is conducive to its long-term use in the degra-
dation of organic pollutants.

3.4 Mechanism of tribocatalytic activity

The above results reveal the critical role played by BSNT parti-
cles in the friction degradation of dyes. As a catalyst, the cata-
lytic behavior of BSNT is determined by its electronic structure.
The electronic structure of BSNT can be obtained through
ultraviolet-visible spectroscopy and XPS spectroscopy. Fig. 5a
shows the UV-vis absorption spectra of BSNT, and Fig. 5b shows
the band gap, E, derived from the formula (ahv)"? = A(hv —
E,)* with a value of 3.86 eV. Fig. 5c shows that the value of the
valence band can be evaluated based on the XPS binding energy
with a value of 1.96 eV. The valence band (VB), conduction band
(CB) of BSNT and the potential of OH /°OH and O,/'O,  are
shown in Fig. 5d. The hole on the VB of BSNT can react with
OH™ to form hydroxyl radicals ("OH) because OH /'OH is less
than positive than the VB, while O,/°0," is less negative than
the CB of BSNT, indicating that the electrons in the CB can
cause absorbed O, to form superoxide radical anions (*O,~).*"*>
This result indicates that the band structure of BSNT meets the
requirement for the generation of active radicals for dye
degradation.

With meeting the band requirement, how BSNT submicron
particles accelerate the degradation of dyes and what the
driving force of the catalytic behavior is remain open questions.
Based on the above measurements and control experiments, the
dye degradations observed can undoubtedly be categorized as
tribocatalytic reactions. Taking the PTFE rod-glass beaker
system as an example, as shown in Fig. 6a, it can be inferred
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that the dye degradation by friction between the stirring rods
and beakers of different materials can be attributed to tribo-
electric charging.* Due to the significant difference in the
electron affinity of the PTFE stirring rods and glass beaker,
electrons are transferred from the glass to the surface of the
PTFE during frication, and the induced charges on the polymer
surface will react with the water and oxygen in the dye solution
to form hydroxyl radicals ("OH) and superoxide radical anions
(‘O,7) and participate in dye degradation.** When the magnetic
stirring stops, the generated triboelectric charges will also be
consumed, and the surface will be neutralized. As shown in
Fig. 4a, the degradation efficiency of the glass rods-glass beaker
system is very low. It is generally believed that, for weakly polar
materials such as glass, the same material during friction has
the same ability to bond extranuclear electrons, and it is
unlikely to transfer electrons. Therefore, triboelectricity in such
a system should be ignored. However, it is worth noting that, in
the PTFE rods-PTFE beaker system, the degradation efficiency
of RhB is much higher than that of the glass—glass system. This
seems to break the common rule of triboelectricity, but it
reflects the influence of hidden coupling factors. The asym-
metric contact theory can explain this phenomenon.”* For
example, when two identical polymers (such as PTFE) are rub-
bed or squeezed, they may cause nanoscale damage/fracture
and possibly material transfer, that is, deep material
exchange. In addition, even two identical polymer materials can
have different exposed surface layer compositions and varied
atom compositions at different depths, which can cause charge
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Fig. 5 (a) UV-vis absorption spectra, (b) plots of (ahr)*? vs. photon

energy, (c) total density states of the XPS valence band of BSNT, and (d)
comparison diagram of the VB, CB and potentials of ‘OH and ‘O, .
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transfer at the point of contact.*® This can explain why even two
identical polymer materials can be triboelectrically charged
with friction.

With the addition of BSNT particles, the degradation effi-
ciency increases significantly, which is inseparable from the fact
that BSNT submicron particles can catalyze the chemical reac-
tion driven by the mechanical friction energy. As shown in
Fig. 6b, in the process, the structure of the BSNT unit cell makes
the positive and negative charge centers do not coincide and an
electric dipole moment appears, resulting in an electric polar-
ization intensity that is not equal to zero, so that the crystal has
spontaneous polarization. At this time, the internal electrons or
holes will be driven to the particle surface to shield the polari-
zation field, leading to a zero net electric field entirety the
material at the equilibrium state. At the beginning of friction,
due to the difference in electronegativity between PTFE and
BSNT, the strong electrostatic attraction generated by friction
causes electron transfer from the BSNT surface to the surface of
PTFE, causing a non-zero internal electric field in BNST parti-
cles. It is noteworthy that the accumulated charges on the
ferroelectric BSNT surface will facilitate the charge transfer
process. Driven by the internal electric field, electrons in the
valence band (VB) are excited to transition to the conduction
band (CB) and then move to the particle surface, and the
remaining holes will move to the opposite end of the particle
surface, which in turn induces a series of redox reactions in dye
degradation on the surface of the BSNT particles as follows:

BSNT triboelectric energy BSNT + h¢B + CEB (3)
OH™ + hyg — "‘OH (4)

O, +ecg = 'Oy (5)

Dye + 'OH (‘O,") — degradation (6)

where ecp represents electrons excited to the conduction band
(CB), and hyg. hyg represents holes formed in the valence band
(VB). It is important to point out that when BSNT submicron
powders are added to the glass rods-glass beaker system for
stirring, almost no degradation of RhB dye is observed. This can
be explained from the perspective of charge transfer between
different friction materials. Since glass and BSNT particles are
both weakly polar materials and do not contain atoms with high
electron affinity, electron transfer does not easily occur during
friction, and there is no apparent breaking of the established
internal electric field balance needed for driving the separation
of electron-hole pairs. For other systems, the BSNT particles
must be rubbed with other materials to produce enough tribo-
electric charge to induce a large enough internal electric field to
drive the separation of electron-hole pairs. It is worth noting
here that the internal polarization of the BSNT has remained
unchanged in the friction process, so the internal stable
polarization becomes the driving force for the surface charge to
restore the charge balance after the two materials are separated
from the friction. This advantage is not observed for non-
ferroelectric materials.
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To explore the active species produced in the tribocatalytic
process, ESR was used to observe ‘OH and ‘'O, radicals. Fig. 7a
shows the DMPO-"OH spectra of the solution with different
stirring times. The figure shows that four characteristic peaks
(1:2:2:1) appeared after stirring for 1 h and 2 h, but no ESR
signal was observed without stirring.*** Similarly, as shown in
Fig. 7b, the DMPO-'0," signal spectrum was observed in the
BSNT-DMSO suspension with magnetic stirring.*>*° Both ‘'OH
and ‘'O, free radicals were detected, which provides evidence
for electron-hole pair creation and separation by friction
between BSNT submicron particles and PTFE.

In order to monitor the intermediate products of the tribo-
catalytic process, TA was used as a probe molecule to observe
‘OH radicals.* Fig. S47 shows the dependence of the fluores-
cence intensity of 2-hydroxyterephthalic acid ("OH capture) on
the friction stirring time at the PL excitation wavelength of
315 nm. With the increase of the stirring time, the intensity of
the fluorescence emission peak gradually increased at 425 nm,
indicating that "OH radicals were stably generated. It also
supports the generation of triboelectrically induced charges
during tribocatalysis.

To further reveal the effect of free radicals generated during
friction on the degradation of dyes, as shown in Fig. 7c, the
addition of TBA significantly inhibited the degradation, indi-
cating that "OH plays an important role in the observed dye
degradation. On the other hand, after the addition of BQ, the
degradation of RhB is slightly reduced, and the addition of
EDTA has little effect on the degradation of RhB, indicating that
the hole is not the main active substance during the degrada-
tion process.

In this experiment, according to the first and second laws of
thermodynamics, the heat generated by friction is consumed by
the vaporization of the dye solution.” The temperature of the
reaction solution is near room temperature, and it is impossible
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Fig. 7 The DMPO spin-trapping ESR spectra of BSNT submicron
powders in (@) a H,O dispersion for DMPO-"OH and (b) a DMSO
dispersion for DMPO-"0,". (c) Effects of adding different radical
scavengers on the tribocatalytic RhB dye degradation mediated by
BSNT. (d) The degradation efficiencies of RhB with different catalytic
methods at 2 h.
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to cause the degradation of the observed dye, so the friction
heat effect is negligible. In addition, the possibility that the
magnetic field applied by the magnetic stirrer is the driving
force for degrading the dye can be ruled out because the friction
between the stirring rods and beakers of different materials can
result in a significant difference in the efficiency of degrading
the dye under the same magnetic field conditions. It is also
worth noting that the BSNT catalyst is a ferroelectric material
that can exhibit a piezoelectric effect for the piezocatalytic
effect. However, piezoelectric catalysis usually occurs under
high-frequency ultrasonic vibration,**>* and the macroscopic
vibration caused by low frequency friction does not easily bend
the submicron particles for piezocatalysis. Then, another
experiment was carried out to check the ultrasonic (40 kHz)
vibration degradation of the RhB dye by BSNT submicron
particles. As shown in Fig. 7d, the results show that there was no
obvious degradation of RhB in a solution containing BSNT
particles under ultrasonic vibration, which further confirmed
that the contribution of piezoelectric catalysis in this experi-
ment was negligible.

4. Conclusions

In summary, the mutual friction of the polymers can induce the
degradation of the dye at room temperature in the dark. After
adding BSNT submicron powder, the dye degradation efficiency
greatly improved. When three glass stirring rods were used in
the PP beaker and the BSNT-RhB suspension was stirred at
300 rpm, the RhB degradation efficiency was further improved
to 99% within 1.5 h. The observed "OH and ‘O, intermediates
with strong oxidizing ability indicate that the strong sponta-
neous polarization of ferroelectric BSNT submicron particles
can benefit the separation of internal electron and hole pairs
under mechanical friction with other materials. Our work
clearly shows that ferroelectric materials, such as BSNT
submicron particles, can be driven by trivial mechanical energy
from the environment for dye degradation, which could be
found to be important for applications in environmental
remediation. These results fully show that there is great
potential in collecting friction energy for environmental
governance.
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