Borophene: A Piezocatalyst

Aditi Sharma!, Upasana Bhardwaj!, Maya Marinova?, Antonio Da Costa®, Anthony Ferri?,
Sebastien Royer®", Jérémy Dhainaut®” & Himmat Singh Kushwaha®"

!Materials Research Centre, Malaviya National Institute of Technology Jaipur (MNITJ), India

2Université de Lille, CNRS, INRA, Centrale Lille, Université Artois, FR 2638 — IMEC — Institut
Michel-Eugene Chevreul, 59000 Lille, France

3Univ. Lille, CNRS, Centrale Lille, Univ. Artois, UMR 8181 - UCCS - Unité de Catalyse et Chimie
du Solide, F-59000 Lille, France

*Corresponding Authors

E-mail: himmatsingh.mrc@mnit.ac.in,

sebastien.royer@univ-lille.fr,

jeremy.dhainaut@univ-lille.fr

Graphical Abstract

I Ultrasonije
vibrations
o

Py
.OQ
; d “%\“
& @ on
$6
%\‘?
§ W bt
Organic «OH
Dye

0,

~ Ultrasonic
O - Vibrationg


mailto:himmatsingh.mrc@mnit.ac.in
mailto:sebastien.royer@univ-lille.fr
mailto:jeremy.dhainaut@univ-lille.fr

Abstract

Borophene was successfully synthesized by modifying the Hummer's approach. Under the
influence of ultrasonic vibrations, two-dimensional borophene sheets exhibit exceptional
piezocatalytic activity, as exemplified by the decomposition of highly stable organic pollutants in
water. After only 1 minute of exposure, the piezocatalytic activity of borophene sheets converted
up to 99 percent of the initial molecules of rose bengal dye (50 mg/L) at room temperature, neutral
pH. The principal active oxidant species have been identified as superoxide (¢O2") and hydroxyl
radicals (*OH) formed from H.O and dissolved O.. The induction of polarized electric charges has
also been measured during the process. Further elucidation of the piezocatalytic mechanism
suggests that the piezocatalytic efficiency can be related to the piezoelectric effect generating
electric charges to increase charge transfer during chemical redox reactions. Our research provides
new insights into the preparation of borophene and its use as piezo catalysts for environmental
catalysis.

1. Introduction

Water contamination is one of humanity's most significant environmental problems. The discharge
of high-soluble and chemically stable contaminants into effluents is the main cause of water
contamination. Recently, piezoelectric polarization has attracted a growing amount of attention in
the field of water purification® as it can be applied to increase the separation of
photogenerated charge carriers for the enhancement of photocatalytic efficiency?®. Furthermore,
it can operate as a sole driving force to initiate the catalytic reaction®, a process known as

piezocatalysis.



Piezocatalysis is an emerging technique based on the piezoelectric effect of materials lacking a
center of symmetry. Such materials deform themselves under the effect of mechanical vibrations,
causing spontaneous polarization. Then, the free charge carriers inside the materials will be
separated through the induced piezo potential and could migrate to the surface to further engage
in redox reactions®. Similar to electrocatalysts and photocatalysts, piezocatalysts may not only
directly employ mechanical energy to drive reactions such as advanced oxidation processes, but
they could also be used as a mean to store mechanical energy in green power carriers like hydrogen.
The piezoelectricity produced by mechanical distortion in piezoelectric materials has found
widespread application in sensing, actuators, and high-voltage generators®. Most known
piezoelectric devices are comprised of bulk materials like ceramics and single crystals. The
application of nanosized piezoelectric materials in energy conversion is newer’. Consequently,
piezocatalysis is seen as a new powerful technique for addressing environmental and energy
issues®. Among numerous reported piezocatalysts ZnO®*°, BaTiOs!!, KNbO3'?, NaNbO3!3 and
CdS™ have been extensively utilized for environmental decontamination. Unfortunately, such

metal oxide and sulfide piezoelectric materials rapidly deteriorate (< 1 h in reaction).

Two-dimensional materials, have garnered a great deal of interest due to their high surface-to-
volume ratio and exceptional electronic properties, which grant them with a greater potential for
various applications such as energy storage, sensing, electronics, aerospace structures than their
bulk form?. In 2014, it was discovered for the very first time that single- as well as few-layered
MoS:; exhibit substantial piezoelectric propertiest’. After the development of 2D materials such as
graphene'®, silicene'®, hexagonal boron nitride?, stanine, aluminum nitride sheet, phosphorene??,
arsenene, molybdenum disulfide, and antimonene, 2D boron sheets known as borophene was

unveiled??. Borophene has rich architectural diversity, exhibiting unique physical and chemical



properties including- in-plane anisotropy, ultrahigh thermal conductance, superconductivity, high
carrier mobility, presence of dirac fermions, and optical transparency?*-2°. Boron-related 2D
compounds are distinguished from other 2D materials by their polymorphism?’-2, i.e., the capacity
of boron to create multicenter bonding arrangements enabling the formation of a large variety of
stable 2D phases. Initially, borophene was synthesized by CVD on a metal substrate (silver, copper
etc) under high vacuum. As 2D materials offer unique features of interest of surface induced
reactions®, borophene has lately been reported to display strong electrocatalytic activity for NHs
production from N in neutral environments®L. Current theoretical and experimental research has
demonstrated that a.-phase molybdenum diboride (-MoB3) containing borophene subunits devoid
of noble metals possesses superefficient electrocatalytic characteristics for the hydrogen evolution
reaction®2. These results have directed our interest to further investigate borophene as a

piezocatalyst for advanced oxidation processes.

Herein, we present the synthesis of borophene sheets through the modified Hummer’s method
starting from borophene oxide . The resulting two-dimensional material is easily deformable, and
its flat surface gives a large area for capturing mechanical energy. Under ultrasonication, these
nanosheets readily degrade organic pollutants such as organic dyes in water. By monitoring the
reactive radicals produced during the piezocatalytic process, a degradation mechanism of organic
dyes involving superoxide (*O2") and hydroxyl (¢*OH) oxidant radicals is proposed.

2. Experimental Section:

2.1 Synthesis of borophene
Borophene Oxide was synthesized by using a modified Hummer’s method®3*, [caution: violent
reaction, with possible projection, can occurs — reaction should be performed under fumehood with

personal protections]. Initially, pure boron powder and potassium permanganate (KMnQO4) were



mixed in a proportion of 1:6 and ground for 10 minutes. Simultaneously, an acidic mixture was
prepared by mixing ortho-phosphoric acid (HsPOa) and sulfuric acid (H2SO4) in a ratio of 1:9. To
control the reaction exothermicity, a precooling procedure was followed by cooling these two
mixtures below 5 °C for six hours. When the Boron + KMnO4 mixture was poured into the acidic
mixture, it immediately ignited and caught flame, eventually turning into dense brown smoke due
to an exothermic reaction as shown in Fig. S1 and the residual mixture were combined and
ultrasonicated for 24 hours at 65°C to produce borophene oxide sheets. After, 200 mL of distilled
water were added to quench the reaction, and the mixture was sonicated for another 2 hours. After
the completion of the reaction, the product was washed with distilled water (3 times), ethanol (2
times), and 1M HCI (17.5%, 2 times) and dried at 65 °C for 12 hours®>%,

2.2 Piezocatalytic experiments

The Piezocatalytic activity of borophene was evaluated by monitoring the degradation of selected
dyes: rose Bengal (50 mg/L, anionic dye), methylene blue (10 mg/L, cationic dye), and mixture of
dye (rose Bengal (50 mg/L), methylene blue (10 mg/L), rhodamine B (10 mg/L), and methyl
orange (10 mg/L)). borophene was added to the 40 mL of dye solution to reach the 0.5 mg/mL.
Before conducting piezocatalysis, the adsorption-desorption equilibrium between the catalyst and
dye solution was achieved by keeping it in a dark environment for 1 hour. The piezocatalysis
experiments were carried out after this step. Upon exposure to ultrasonic vibrations, 2 mL aliquots
were collected every minute for the evaluation of the dye concentration by UV-visible
spectrophotometry®’.

2.3 Reusability test for borophene

During the piezocatalytic degradation of the organic dye methylene blue, the utilized borophene

nanosheets were effectively recovered by centrifugation, rinsed three to four times with distilled



water, and then dehydrated for two hours in a vacuum oven at 60 degrees Celsius. This was done
to ensure that the nanosheets were free of any moisture. For the purpose of investigating the
repeatability of borophene nanosheets, this procedure was carried out five times®®,

3. Material Characterization

A Bruker D8 Advanced AXS diffractometer was used to acquire powder X-ray diffraction (PXRD)
patterns. A monochromatic irradiation source ( A= 1.5418 A ) and 40 kV and 30 mA were used to
run the diffractometer. The X-ray diffractograms were recorded using a 1 s step time and a 0.02
step size. High angle annular dark field (HAADF) photography and scanning transmission electron
microscopy (STEM) were performed with a Titan Themis FEI FEG TEM/STEM system operating
at 300 kV. The samples was directly observed as a powder or as thin foil (50 nm) fabricated using
an ultramicrotome (Leica Ultracut S) after dispersing the material in an epoxy resin and curing at
50 °C For the chemical composition analysis. High-resolution X-ray Photoelectron Spectra (XPS)
were acquired using a Kratos Analytical AXIS UltraDLD spectrometer outfitted with a
monochromatic Al Ko X-ray laser (1486.6 eV) and a continuous passage energy of 20 eV. Casa
XPS was used for spectral decomposition and quantification. A dual beam UV-Vis NIR
spectrometer was used to test the material's optical characteristics (LAMBDA 750-Perkin Elmer).
Using an IRIX STR 500 Raman spectrometer, Raman spectroscopy was used to assess the
crystallographic orientation of the produced borophene. The results were collected using a 532 nm
Ar ion laser at room temperature (about 1 mW, 50 objective). Fourier Transformation infrared
spectroscopy (FT-IR) was used to identify the chemical components and bonds. To identify the
lateral size and number of sheets of the borophene sheets, atomic force microscopy (AFM, Bruker)
was used. The piezoelectricity was locally probed by using the piezoresponse (PFM) mode of the

AFM technique by means of an MFP-3D (Asylum Research/Oxford Instruments, USA)



microscope under environment conditions. The dual AC resonance tracking (DART) method®® of
the PFM was used for both imaging and spectroscopy modes, and remnant PFM signal (at zero
bias) was preferentially recorded when measuring piezoresponse loops in order to promote
electromechanical response at the expense of the electrostatic contribution®®. The generation of
hydroxyl radicals in the excitation range of 200-800 nm was measured using a fluorescence
spectrometer (LS 55 (Perkin Elmer)). A digital scanning oscilloscope was used to measure the

piezoelectric voltage production (DSO).
4. Result and Discussion

The XRD pattern of the synthesized borophene sheets is depicted in Fig. 1a, and it matches well
with the p-rhombohedral crystalline structure** of boron (ICDD card no 11-0618). Hence, to
confirm the formation of borophene sheets, their raman spectrum is depicted in Fig. 1b. The
improved Hummer’s process produced borophene sheets with distinct Raman peaks at 676.8 cm”
1 880 cm?, 1126.94 cm™, 1152.26 cm™, 1264.4 cm™ and 1290.88 cm™. Borophene, unlike
graphene, is anisotropic; as a result, its symmetry axes are not identical, resulting in multiple
distinctive peaks®. Fig. 1c depicts the FT-IR spectrum of as-prepared borophene sheets. It is
observed that there are only two visible peaks in the spectrum which correspond to B-O and B-B
bands occurring at 1050 cm™, 890 cm™, respectively*?. High resolution XPS, as shown in Fig. 1d
was further applied to evaluate the surface composition of borophene. As-synthesized borophene
display three peaks in B 1s spectrum centered at 192.5, 189.1, and 187.7 eV, showing that B
created three types of bonding structures. The principal component related to a B-B bond at 187.7
eV is comparable with the previously reported values for bulk B (187.3-187.9 eV)*, while the

peak attributed to the B—O bond in a boron-rich oxide, is located at 189.1 eV. The 192.5 eV signal



appears to be related to the production of B2Os, indicating that borophene may be partially oxidized
due to its large contact area**.

High resolution HAADF pictures of the prepared borophene are displayed on Fig. 2. Fig. 2a-b
clearly shows that the prepared borophene has the expected honeycomb-like structure. Moreover,
Fig. 2b attests the crystalline nature of the borophene nanosheets*>*, Fig. 2c allows determining
an interplanar distance of about 0.32 nm. Fig. 2d-e shows atomic force microscopy (AFM) images
depicting that the thickness of borophene stacked nanosheets ranges from 1 to 2 nm. The stacking
of borophene nanosheets may be appreciated from Fig. 2e, while its lateral dimensions several 100
nm are clearly observed in Fig. 2d.

A PFM approach was used to probe the piezoelectric properties of borophene nanosheets at the
nanoscale. When a AC driving voltage is applied to the sample via the AFM tip, the ensuing
mechanical deformation of the material is induced due to the converse piezoelectric effect*’. The
as-grown out-of-plane (OP) and in-plane (IP) amplitude piezoresponse pattern measured over the
surface of the borophene sample is presented on Fig. 3b and c respectively, simultaneously
recorded with the topography in Fig. 3a. Strong piezoelectric response is detected along both OP
and IP direction, as revealed by the bright contrasts. By superimposing a continuous DC bias
voltage (voltage pulse bias ramps from -10 V to +10 V) on the intermittent AC signal, amplitude
piezoresponse loops can be recorded. As seen in Fig. 3d, a well-defined butterfly-shaped loop is
obtained, evidencing clear piezoelectric behavior in borophene*4°, in agreement with amplitude
PFM pattern in Fig. 3b.As a remark, the poor quality of the AFM topographic image presented on
Fig. 3a is mainly due to the contact mode required for recording piezoresponse signal.

Fig. 4a shows digital scanning oscilloscope (DSO) measurements of the open circuit voltage

response of mechanically stressed borophene sheets. Under bending conditions, the maximum



voltage reaches up to 0.078 V, and it reaches 0.18 V when pressure was exerted by manual tapping.
When pressure is imposed onto the borophene sheets, the induced piezo potential generates
positive impulses, and when pressure is removed from the borophene sheets, the induced piezo
potential generates negative impulses. The piezoelectric effect was not observed in the absence of
vibrations, implying that no pressure was applied to or removed from the borophene sheets®"*.
Fig. 4b shows the piezo current response for the borophene sheets. It has good charge separation
efficiency and high electron mobility.

Borophene was applied to the degradation of organic pollutants, and the piezocatalytic results are
depicted in Fig. 5a-c. Within 1 minute of ultrasonic vibrations, the absorbance peak of rose bengal
at 559 nm disappears, indicating effective dye degradation (Fig. 5a). In the case of methylene blue,
the absorbance peak at 668 nm decreases significantly from 4 minutes of ultrasonic vibrations (Fig.
5b). The difference in degradation efficiencies could be explained by the existence of aromatic
rings and the amount and type of substituents on the ring (such as electron giving or electron-
withdrawing groups), which affect adsorption and subsequently the rate of degradation®. Fig. 5¢
shows the degradation of a mixture of dyes (rhodamine b, methylene blue, methyl orange, and rose
Bengal) following up to 6 minutes of exposure time under ultrasonic vibrations. It has been showed
that 92% of all dye molecules were readily deteriorated at room temperature and without addition
of an oxidant as typically done in photocatalysis (H20>, persulfates). The relating decomposition
ratios are summed up in Fig. 5d. Methylene blue, rose Bengal, and dye mixtures were degraded up
to 97%, 99%, and 92% after 6 minutes. Fig. 5e depicts the degradation efficiency curve, which
was computed by subtracting the starting concentration from the concentration obtained after
treatment, and it was observed that no degradation occurs when ultrasonic vibrations are applied

to organic dyes in the absence of borophene nanosheets. The corresponding rate constant (In kt=



C/Co) was determined by fitting the empirical observations to the pseudo-first order kinetic rate
equation (In kt= C/Co), as shown in Fig. 5f. The results show that borophene has a robust catalytic
effect under mechanical vibrations, with high breakdown performance and rate constant. Under
ultrasonication, the degradation impact of methylene blue (k= 0.449 min™) is 1.35 times greater
than that of a dye combination (k= 0.606 min™). Based on the observations, borophene may be
utilized for both cationic and anionic dyes. In addition, the recyclability of borophene for
degrading MB in the presence of ultrasonic vibration was examined. After five recycling
operations, the degradation efficiency shows no discernible changes, but after five cycles the
degradation efficiency reduced slightly, confirming the robustness of piezo-catalysts for long-term
durability (Fig. S2-a). The structural stability of borophene nanosheets also provides solid proofs
that the degradation of methylene blue is caused by the piezo-catalysis effect of borophene
nanosheets, rather than any chemical reaction between borophene and organic dye (Fig. S2-b). As
shown in figure 2 a novel peak emerges at around 28°, characterizing a slight formation of boron
oxide after the reaction. The utilized borophene has a B 1s spectrum with three peaks centered at
192.2, 189.0, and 187.6 eV (Fig. S2-c). Table S1 represents the comparison between different
piezocatalytic systems, highlighting the superior performances of borophene.

Throughout the piezocatalytic process, fluorescence spectroscopy was employed to detect the
formation of hydroxyl radicals (*OH) as *OH radicals rapidly interact with terephthalic acid to
form 2-hydroxyterephthalic acid, a highly fluorescent drug with a signal at 425 nm under 315 nm
excitation®”. As observed in Fig. 6a, borophene under ultrasonic irradiation produces a consequent
amount of hydroxyl radicals which are one of the main active species in liquid-phase advanced
oxidation processes.. Furthermore, the degradation of nitro blue tetrazolium chloride (NBT, 4.9 X

10° M), which is a scavenger for super oxide radicals («O2), was carried out under the same



conditions as dyes degradation®. As illustrated in Fig. 6b, its rapid degradation shows consequent

formation of «Oy".

Based on the above findings, a potential catalytic mechanism interpretation is proposed in Fig.
7(a-d). In piezocatalysis, the mechanical energy like ultrasonic vibrations can spontaneously
energize electrons from the valence band (V.B) to the conduction band (C.B) as implosion
of cavitation bubbles can briefly generate high pressures (108 Pa) and local hotspot (~5000 K) at
the catalyst/water interface, which gives ample energy for electron excitation®*°°. Moreover, the
recombination of thus-generated electrons (") and holes (h*) is largely reduced due to the
piezoelectric polarization effect. Hence, they can react with water in order to produce free hydroxyl

radicals (*OH), which further oxidize the dye molecules as mentioned in equations (1-2)¢°7°.

Ultrasonic vibrations + H,O —— H* +«OH (1)

*OH + dye molecules —» degraded products (2)

As illustrated in Fig. 7a, bound charges on the piezoelectric material’s surface are initially in
equilibrium with screening charges, resulting in an electrically neutral material®®. When the
mechanical stress is applied to the borophene sheets through ultrasonic vibrations, a piezoelectric
polarization is induced inside the material which will further attract the free e and h* within the
borophene sheets in opposite directions toward the materials surface, as shown in Fig. 7a. This
induced piezoelectric potential concurrently tilts the C.B and V.B. As a result, higher the
piezoelectric potential, the more easily and rapidly e” and h* react with water and dissolved oxygen
to form reactive oxygen species®°3, When the mechanical stress is imposed at its maximum level,
the polarized charges will be minimized. The additional screening charges will continue to be
released until the material attains new electrostatic balance®®, as shown in Fig. 7c. When the

applied stress is released, then the newly formed electrostatic equilibria will break again, leading



to reverse charge transfer and new redox reactions, as shown in Fig. 7d. In a similar manner to
forward loading, the redox reactions at the solid-liquid interface won’t last long due to the
depletion of the surface charge. The free charges (e” and h*) that were spent by redox reactions can
be produced again thermally by the mechanical energy (ultrasonic vibrations), producing the
apparent piezocatalytic effect.

The possible reactions that occur in the degradation mechanism is depicted in equations (3-6)

Borophene sheets + mechanical stress ———» borophene (" + h*) (3)
O2+e —> Oz 4)
H.0 + h* — OH (5)
*O2" / *OH + pollutants ——® degradation products (6)
Conclusion

This paper described the synthesis of borophene nanosheets, as well as their thorough
characterization and application to piezocatalysis. The formation of a piezo-potential within the
borophene nanosheets under the mechanical stress was measured to be ~ 0.2 V. Utilizing ultrasonic
vibration energy, the piezocatalytic ability of borophene nanosheets to decompose a mixture of
organic dyes has been investigated. It demonstrates that borophene nanosheets, as a novel
piezocatalyst, display increased piezocatalytic breakdown of dyes. In the piezocatalytic
mechanism, the hydroxyl (+OH) and superoxide (+O>’) radicals are the primary active species that
are produced from polarized electric charges. Our work will encourage additional research in the

fields of piezocatalysis, piezocatalytic performance, and piezocatalytic mechanism.
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Table S1- comparison of different piezocatalytic systems

Piezocatalysts Pollutants Reaction time Degradation References
(minutes) Efficiency
(%)
Ba,TiMnOs Rhodamine B (5 180 99 39
mg/L)
Bi;WOs Methylene Blue 35 96 >
(20 mg/L)
ZnO nanorods AO7 (10 mg/L) 100 32 %
BaTiOs nanowires = Methyl Orange 160 90 >
(5mg/L)
NaNbO; nanorods =~ Methylene Blue 190 19 58
(0.01 mMm)
BiFeOs nanowires =~ Rhodamine B (4 60 60 59
mg/L)
LuFeOs Rhodamine B (5 90 30 61
nanoparticles mg/L)
NaNbOs; nanorods | Rhodamine B (10 80 75 62
mg/L)
Borophene Methylene blue 6 97 This work
nanosheets




Figure S1- Synthesis of Borophene nanosheets.
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