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Borophene: A piezocatalyst for water remediation 
Aditi Sharma,a,b Upasana Bhardwaj,a Maya Marinova,c Antonio Da Costa,d Anthony Ferri,d 
Sébastien Royer,b Himmat Singh Kushwahaa*, Jérémy Dhainautb*

Borophene is an emerging two-dimensional material exhibiting 
exceptional piezocatalytic activity under the influence of ultrasonic 
vibrations, as exemplified herein by the decomposition of highly 
stable organic dyes in water. After 6 minutes of exposure, 
borophene sheets converted up to 92 percent of a mixture of dye 
molecules at room temperature.

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 are separated 
through the induced piezopotential and can migrate to the 
surface to further engage in redox reactions.1 The 
piezoelectricity produced by mechanical distortion in such 
materials has found widespread application in sensing, 
actuators, and high-voltage generators.2

Most known piezoelectric devices are comprised of bulk 
materials like ceramics and single crystals. The application of 
nanosized piezoelectric materials is newer.1 Especially, 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.2 In 2014, 
it was discovered for the first time that MoS2 nanosheets exhibit 
substantial piezoelectric properties.3 After the development of 

2D materials such as graphene,4 silicene,5 hexagonal boron 
nitride,6 stanine, aluminum nitride sheet, phosphorene,7 
arsenene, molybdenum disulfide, and antimonene, 2D boron 
sheets known as borophene were unveiled.8 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.9 Boron-
related 2D compounds are distinguished from other 2D 
materials by their polymorphism,10 i.e., the capacity of boron to 
create multicenter bonding arrangements enabling the 
formation of a large variety of stable 2D phases. Especially, the 
β12 phase of borophene is anisotropic. Due to this, the unique 
character of boron-boron multicenter bonds has been 
elucidated theoretically, resulting in great bending flexibility 
and optimum strength along various orientations of the 
borophene. As a result, the findings suggest that borophene is 
a promising material, with potential applications as a 
piezocatalyst, among others.11

Initially, borophene was synthesized by chemical vapor 
deposition on a metal substrate.12 However, this method 
produces limited amounts of borophene. For larger synthesis 
scales, a modified Hummer’s method has been recently 
proposed.11 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, for instance 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. 
The XRD pattern of the synthesized borophene sheets is 
depicted in Figure S1-a, and it matches well with the -
rhombohedral crystalline structure of boron (ICDD card no 00-
031-0207).13 The reduced peaks intensity may suggest that 
upon formation, the crystals grow following a preferential 
orientation.14 Hence, to confirm the formation of borophene 
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sheets, their raman spectrum is depicted in Figure S1-b. The 
improved Hummer’s process produced borophene sheets with 
distinct Raman peaks which matches well with the boron 
appearing at 234 cm-1, 379.15 cm-1, 696 cm-1, 911.05 cm-1, 1062 
cm-1 and 1155 cm-1.15 Borophene, unlike graphene, is 
anisotropic; as a result, its symmetry axes are not identical, 
resulting in multiple distinctive peaks.11 High resolution XPS, as 
shown in Figure S1-c was further applied to evaluate the surface 
composition of borophene. As synthesized borophene displays 
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),16 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 B2O3, 
indicating that borophene may be partially oxidized due to its 
large contact area.17

Representative BF-TEM and HR-TEM images together with a 
respectively SAED pattern and a fast Fourier Transform (FFT) 
pattern, respectively are presented in Figure 1a-b and their 
insets. These images were taken on the powder sample. A 
representative HAADF image in the cross-section is shown in 
Figure S2. The SAED pattern has been indexed and best matches 
with the [100] zone axis of β-rhombohedral boron structure 
(space group: R-3m (166) and a=10.9251(2) Å; b=10.9251(2) Å; 
c=23.8143(8) Å).18 The thickness of the borophene sheets varies 
between approximately 5 nm and 15 nm as shown in Figure S3. 
These sheets have parallel atomic ridges and are crystalline. The 
interplanar distance measured (0.326 nm) from the cross-
sectional HAADF image matches with the (300) plane of β12 
borophene which agree with the TEM images.19 Figure S3 shows 
atomic force microscopy (AFM) images depicting that the 
thickness of borophene stacked nanosheets is ranging from 2 to 
15 nm, matching with TEM observations. Of note, the lateral 
dimensions of as-produced borophene can also be observed 
and are above 200 nm.

Figure 1. (a-b) BF-TEM and HR-TEM images with SAED and fast 
Fourier Transform (FFT) patterns, respectively.

A PFM approach was used to probe the piezoelectric properties 
of borophene nanosheets at the nanoscale. When 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.20 The as-grown out-of-plane (OP) 
and in-plane (IP) amplitude piezoresponse patterns measured 
over the surface of the borophene sample are presented in 

Figures 2b and c, respectively, simultaneously recorded with the 
topography in Figure 2a. Due to the contact mode used, the 
AFM image appears blurry. Nonetheless, 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 Figure 2d, a well-defined butterfly-shaped 
loop is obtained, evidencing clear piezoelectric behavior in 
borophene,21 in agreement with amplitude PFM pattern in 
Figure 2b. As a remark, the poor quality of the AFM topographic 
image presented in Figure 2a is mainly due to the contact mode 
required for simultaneously recording the topographic and 
piezoresponse signals.
Figure S4a 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 piezopotential generates positive impulses, and when 
pressure is removed from the borophene sheets, the induced 
piezopotential 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.22 Figure S4b shows the piezo current 
response for the borophene sheets. It has good charge 
separation efficiency and high electron mobility.

Figure 2. (a) AFM morphology, (b) amplitude OP-PFM, and (c) 
amplitude IP-PFM images simultaneously recorded on the 
borophene surface, and (d) characteristic amplitude 
piezoresponse loop recorded on borophene nanosheets.

Borophene was applied to the degradation of organic 
pollutants, and the piezocatalytic results are depicted in Figure 
3a-b. In the case of methylene blue (MB), the absorbance peak 
at 668 nm decreases significantly from 6 minutes of ultrasonic 
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vibrations (Figure S5-a). Figure S5-b shows the degradation of a 
mixture of dyes (rhodamine b, MB, methyl orange, and rose 
Bengal) following 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 (H2O2, 
persulfates).23 The relating decomposition ratios are summed 
up in Figure S5-c. MB and a mixture of dyes were degraded up 
to 97%, and 92% after 6 minutes. Figure 3a depicts the 
degradation efficiency curve, which was computed by 
subtracting the starting concentration from the concentration 
obtained after treatment. Importantly, no degradation occurs 
when only ultrasonic vibrations or borophene are applied to 
organic dyes. The corresponding degradation rate constants 
were determined by fitting the empirical observations to the 
pseudo-first order kinetic rate equation (-ln kt= C/C0), as shown 
in Figure 3b. Under ultrasonication, the degradation rate 
constant of MB is k = -0.4495 min-1, whereas the rate constant 
for the mixture of dyes is k = -0.60675 min-1. In addition, the 
recyclability of borophene for degrading MB was examined 
without pre-treatment. The degradation efficiency was slightly 
reduced from the sixth cycle (-3% compared to the initial rate), 
confirming the robustness of borophene as a piezocatalyst for 
long-term applications (Figure S6-a). The structural stability of 
borophene nanosheets also provides solid proofs that the 
degradation of MB is caused by the piezocatalytic effect of 
borophene, rather than by any direct chemical reaction 
between borophene and organic dye. However, as shown in 
Figure S6-b and -c, very few boron oxide (B2O3) is formed after 
six cycles (36 minutes total exposure time). Table S1 finally 
compares different piezocatalytic systems applied to MB 
degradation, highlighting the superior performances of 
borophene.

Figure 3. (a) Degradation efficiency of borophene (blue: 
methylene blue + borophene + ultrasounds, green: mixture of 
dyes + borophene + ultrasounds, purple: methylene blue + 
borophene, red: mixture of dyes + borophene, orange: 
methylene blue + ultrasounds), (b) kinetic order curves.

The scavenger study was carried out to investigate the 
involvement of active radical species in the breakdown of MB 
by borophene sheets via a piezocatalytic mechanism. Isopropyl 
alcohol (IPA) scavenged hydroxy radicals (OH•), para-
benzoquinone (BQ) scavenged superoxide (•O2

-), and 
ethylenediaminetetraacetate (EDTA) scavenged holes (h+). 
These scavengers were coupled with borophene sheets and the 
MB solution. As demonstrated in Figure S7, the breakdown 

efficiency of MB molecules was dramatically reduced when 
isopropanol alcohol (IPA) and benzoquinone (BQ) were added 
to the MB aqueous solution. However, when disodium ethylene 
diamine tetra-acetate dehydrates (EDTA-2Na) was added to the 
reaction solution, only a minor decrease in degradation was 
detected. The findings indicate that the •OH and •O2

- radicals 
were generated and served as the primary reactive species in 
the piezocatalytic process.24 Throughout the piezocatalytic 
process, fluorescence spectroscopy was employed to detect the 
formation of hydroxyl radicals (•OH) as they rapidly interact 
with terephthalic acid to form 2-hydroxyterephthalic acid, a 
highly fluorescent drug with a signal at 425 nm under 315 nm 
excitation.25 As observed in Figure 4a, under ultrasonic 
irradiation borophene 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, which is a 
scavenger for super oxide radicals (•O2

-), was carried out under 
the same conditions as dyes degradation.8 As illustrated in 
Figure 4b, its degradation shows consequent formation of •O2

-.

Figure 4. (a) Photoluminescence spectra for the detection of 
OH˙ radicals by using terephthalic acid, (b) Degradation of 
nitroblue tetrazolium (NBT) under the piezocatalytic effect to 
confirm the production of super oxide radical (•O2

-).

Based on the above findings, a potential piezocatalytic 
mechanism interpretation is proposed in Figure S9. Initially, 
bound charges on the piezoelectric material’s surface are in 
equilibrium with screening charges, resulting in an electrically 
neutral material.26 Due to compressive stress caused by the 
piezoelectric action, the amplitude of polarization will be 
lowered. This, in turn, can cause charge carrier redistribution 
and the release of extra screening charges from the surface. As 
a result, the surplus charges disperse into solution and become 
free charges, combining with water molecules to generate 
reactive species like •OH and •O2

-.27 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.28 When the applied stress is released, 
then the newly formed electrostatic equilibria will break again, 
increasing the polarization. The charges will thus be adsorbed 
from the surroundings to balance the bound charges caused by 
piezoelectric effect. In a similar manner to forward loading, the 
redox reactions at the solid-liquid interface will not 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 
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thermally by the mechanical energy (ultrasonic vibrations), 
producing the apparent piezocatalytic effect. The main 
reactions that occur in the degradation mechanism are depicted 
in equations (1-4):
borophene + mechanical stress borophene (e-+h+) (1)
O2 + e- •O2

− (2)
H2O + h+ •OH (3)
•O2

− / •OH + pollutants degraded products (4)

In conclusion, this paper describes the synthesis of borophene 
nanosheets, as well as their characterization. Especially, 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 single and 
mixture of organic dyes has been investigated. Under these 
conditions, borophene nanosheets efficiently degrade all types 
of dye molecules. Hydroxyl (•OH) and superoxide (•O2-) 
radicals are the primary oxidizing species that are produced 
from polarized electric charges. Our work will encourage 
additional research in the fields of piezocatalysis over 
borophene-based materials, especially in the field of water 
remediation.
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