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Abstract  Borophene has been theoretically shown 
as an active catalyst for hydrogen evolution reac-
tion (HER). However, there are a few experimental 
studies assessing the HER activity of borophene. 
Herein, we study for the first time HER activity of 
electrochemically exfoliated borophene in acidic 
medium. Borophene sheets obtained by anodic exfo-
liation of crystalline boron particles in Na2SO4 have 
β-rhombohedral crystal structure with an oxidized 
surface. Borophene exhibits notably higher catalytic 
activity compared to bulk boron with an overpoten-
tial of 480 mV at 10 mA  cm−2 and a Tafel slope of 
163  mV dec−1. The superior activity of borophene 
is attributed to enhanced HER kinetics as well as 
increased electrochemical surface area. Our study 
provides encouraging results for the use of borophene 
in catalysis applications.

Keywords  Borophene · Catalyst · Electrochemical 
exfoliation · Hydrogen revolution reaction · 
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Introduction

Energy demand has been relentlessly growing as 
the world population increases. Fossil fuels have 
been the main energy source in the last two cen-
turies to meet world’s energy demand. However, 
fossil fuels are nonrenewable, cause air pollu-
tion and emit significant amount of CO2 into the 
atmosphere, leading to greenhouse effect [1–3]. 
Since the beginning of industrial revolution, the 
average temperature of earth has risen by 0.8  °C 
[4]. In 2016, Paris agreement was signed in an 
effort to mitigate the effects of global warming. 
The treaty aims to limit the temperature increase 
to 1.5  °C, which requires becoming climate neu-
tral by 2050 [5]. To achieve this goal, fossil fuel 
consumption must be reduced to a great extent. 
Alternately, green hydrogen can be used to power 
up vehicles, to heat up residential buildings and to 
provide energy for industrial use. Hydrogen is a 
promising energy carrier because it has high gravi-
metric energy density [6], produces no harmful 
by-products and can be converted to electricity via 
fuel cells with high efficiency. In addition, hydro-
gen can be regarded as a way of energy storage for 
unused renewable energy, which could potentially 
minimize energy wastage.

Current hydrogen production primarily relies on 
steam reduction of hydrocarbons [7], which does 
not overcome the above-mentioned problems. On 
the other hand, electrochemical water splitting 
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where the energy input is provided by renewable 
energy sources is a sustainable method for green 
hydrogen production. However, low efficiency and 
high cost of this method hinders its adoption in 
transition to hydrogen economy [8]. A key element 
to the electrochemical water splitting is catalysts 
that minimize energy losses at electrode/electro-
lyte interface, leading to more efficient electrolys-
ers [9–11]. In that sense, high efficiency, low cost 
and durable electrocatalysts are highly desired.

2D electrocatalysts have great potential in water 
splitting reactions owing to their large exposed 
surface area, low charge transfer resistance and 
tunable chemical properties [12–15]. 2D materi-
als comprising transition metal dichalcogenides 
(TMDs) and MXenes have been extensively stud-
ied in hydrogen evolution reaction (HER) [16–20]. 
Recently, a new class of 2D materials has emerged 
as elemental 2D materials, which include phos-
phorene, bismuthane, silicene, tellurene, arsenene, 
antimonene, stanene and borophene [21–23]. 
Among those, borophene has been drawing great 
interest because of the diversified and complex 
bonding structure that leads to polymorphism and 
strong anisotropy with intriguing mechanical, elec-
tronic and chemical properties [24–27]. Borophene 
has been predicted as an active catalyst for HER 
with a Gibbs free energy of hydrogen adsorption 
(ΔGH) close to zero [28, 29]. In addition, boro-
phene exhibits metallic conductivity [30], which 
is highly desirable for electrocatalysis. Although a 
few theoretical studies have been published on the 
catalytic activity of borophene [31–33], there have 
been only two attempts to experimentally demon-
strate borophene in HER. Tai et  al. used chemical 
vapor deposition (CVD) to synthesize borophene 
sheets on carbon cloth, which showed a promising 
HER performance with an overpotential of 142 mV 
at 10 mA  cm−2 and a Tafel slope of 69 mV dec−1 
[34]. In the other study, borophene sheets pro-
duced by surfactant-assisted liquid phase exfolia-
tion method exhibited a 645 mV overpotential and 
173 mV dec−1 Tafel slope [35].

Initial effort to produce borophene was primar-
ily based on bottom-up approaches which result 
in borophene films on various metal substrates 
[36–38]. Later on, freestanding borophene could 
be prepared by sono-chemical methods [39–42]. 

In a recent study, we successfully prepared free-
standing borophene sheets by anodic exfoliation of 
boron powder [43]. Motivated by our achievement 
and lack of experimental data on the catalytic 
activity of borophene in HER, here we study the 
HER performance of the electrochemically exfoli-
ated borophene sheets. The structural and chemi-
cal properties of the borophene sheets were inves-
tigated by various characterization methods. The 
HER performance of the borophene sheets was 
determined in acidic conditions by electrochemical 
measurements, in which borophene sheets showed 
notably higher performance compared to bulk 
boron particles.

Experimental

Electrochemical exfoliation

The electrochemical exfoliation procedure of boron 
was described in detail in our previous study [43]. 
Briefly, 375 mg of crystalline boron powder, 125 mg 
of multiwalled carbon nanotubes (MWCNTs) and 
50  mg of polymethyl methacrylate (PMMA) binder 
dissolved in acetone were mixed together in isopro-
pyl alcohol (IPA) using a bath sonicator and dried 
overnight at 80 °C in an oven. Subsequently, the dried 
powder was pressed into a circular pellet at 500 bar 
using a manual hydraulic press. The pellet electrode 
was anodically exfoliated in a 1:1 (v/v) mixture of 
1 molar sodium sulfate (Na2SO4) and glycerin at 
30  V. The MWCNTs provided the necessary elec-
trical conductivity to the electrode for the electro-
chemical exfoliation and subsequently removed by 
a two-step process: First, majority of the MWCNTs 
were removed by collecting borophene sheets with a 
separation funnel from a toluene/water system where 
borophene sheets were dispersed in the water sec-
tion while the MWCNTs accumulated at the interface 
region upon sonication. Second, residual MWCNTs 
were filtrated through a cellulose membrane with 
a pore size of 8 µm. Finally, the purified borophene 
sheets were collected on a filtration membrane and 
redispersed in H2O/IPA mixture (1:1 v/v) and cen-
trifuged at 4500 rpm for 20 min. Borophene powder 
was obtained by freeze drying at a temperature of 
-37 °C and a pressure of 0.18 bar for 24 h.
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Characterization

Fourier transform infrared (FTIR) spectroscopy 
measurements were performed in Perkin Elmer Spec-
trum 100 spectrometer using KBr method. Raman 
spectrum was obtained on a WITec alpha 300R spec-
trophotometer with a laser wavelength of 532  nm 
and power of 5 mW. X-ray diffraction (XRD) data 
was collected by Rigaku D-Max with Cu-Kα X-ray 
source (1.54  Å). X-ray photoelectron spectroscopy 
(XPS) measurements were conducted on SPECS 
FlexMod spectrometer using Al-Kα radiation source 
(1486.71  eV). High resolution transmission elec-
tron microscopy (HRTEM) and energy dispersive 
X-ray spectroscopy (EDX) mapping analysis were 
carried out with FEI TALOS F200S TEM. Atomic 
force microscopy (AFM) images were taken with 
Hitachi 5100N in tapping mode. Scanning electron 
microscopy (SEM) image and EDX spectrum were 
obtained with FEI Quanta FEG 450 scanning electron 
microscope.

Electrochemical Measurements

Four mg of borophene powder, 4  mg of carbon 
black (superP) and 50  µl of nafion solution (5%) 
were dispersed in 0.5  ml of H2O/IPA mixture by 
sonication for 30 min. 50 µl of the dispersion was 
drop casted on a graphite rod electrode whose side-
walls are isolated by a heat shrink tube. Prior to cat-
alyst loading, the surface of the graphite electrode 
was polished with a fine emery paper and cleaned 
with IPA. Electrochemical measurements were 
performed with Gamry Interface 1000 potentiostat 
in a three-electrode set-up. Graphite rod, Pt wire 
and saturated calomel electrode (SCE) were used 
as the working, counter and reference electrodes, 
respectively. The electrolyte was 0.5  M H2SO4, 
which was deaerated with N2 gas and stirred at 
500  rpm during the measurements. The reference 
electrode potential has been converted to revers-
ible hydrogen electrode (RHE) potential using the 
relation:E(RHE) = E(SCE) + 0.241V  . Linear sweep 
voltammetry (LSV) measurements were conducted 
between 0 and -0.7 V vs. RHE with a scan rate of 
5  mV  s−1. The LSV data have been compensated 
(100%) for ohmic drop after measuring solution 
resistance using Gamry software. Typical solution 

resistance values ranged from 4 to 6 ohms. Electro-
chemical impedance spectroscopy (EIS) data were 
obtained at an overpotential of 480  mV between 
1 Hz and 1 MHz. The amplitude of the DC bias was 
10  mV. Cyclic voltammetry (CV) measurements 
were taken in the potential range of 0.1–0.3 V vs. 
RHE at different scan rates (20, 40, 60, 80 and 
100  mV  s−1). Double layer capacitance (Cdl) was 
calculated from the half slope of the Δj vs. scan 
rate plot, where Δj is the current density difference 
of the forward and reverse CV scans.

Results and discussion

The electrochemical exfoliation of crystalline boron 
was conducted in a two-electrode set-up at + 30  V 
(Fig.  1a). A boron/MWCNTs composite electrode 
was used for the electrochemical exfoliation, where 
the MWCNTs provided the necessary electrical con-
ductivity. The MWCNTs were removed after the 
exfoliation process. The final dispersion exhibits the 
typical brown color of borophene, which indicates 
the successful separation of the MWCNTs (Fig. 1b). 
AFM measurements were carried out to evaluate the 
thickness and lateral size of the produced borophene 
sheets.

The AFM image of the borophene sheets coated 
on a SiO2/Si substrate and the height profiles of the 
marked lines are shown in Fig. 1c and d. The thick-
ness of the sheets ranges from 2 to 25 nm with 35% of 
them being less than 5 nm thick. The average thick-
ness and lateral size of the sheets were calculated as 
8.7 and 104 nm, respectively (Fig. 1 e and f).

TEM measurements were conducted to evalu-
ate the structure of the borophene sheets. Low 
resolution TEM image of a thin borophene sheet 
shown in Fig. 2a proves the successful exfoliation 
of the boron particles. Lattice fringes are clearly 
visible in high resolution TEM image (Fig.  2b 
and c), suggesting the high crystallinity of the 
borophene sheet. The calculated interplanar dis-
tance is 4.6  Å, which corresponds to (021) plane 
of β-rhombohedral boron [44]. EDX analysis indi-
cates the oxidized surface of the borophene sheet 
(Fig. 2d-f).

Raman spectroscopy measurements were per-
formed to investigate the structural properties of 
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borophene. Raman spectra of bulk boron and the 
borophene sheets drop casted on a Cu foil are 
depicted in Fig.  3a, in which six major peaks 
appear at 298, 435, 641, 738, 781 and 1084 cm−1, 
which correspond to β boron [45]. Among those, 
the peaks at 435 and 738 could be matched with 
B1

g
(Y) and A3

g
 modes of �

3
 phase whereas the peaks 

at 298 and 1084  cm−1 could be either related to 
Au(Y) and A2

g
 modes of χ3 or B2

1u
 and B1

1g
 modes of 

�
12

 phase as both phases exhibit vibration modes 
in the same vicinity [46]. As a reference, the theo-
retically calculated and experimentally observed 
frequency values of the B1

g
(Y) , A3

g
,Au(Y) , A2

g
 , B2

1u
 

and B1

1g
 modes are 460/445, 769/745, 306/291, 

1091/1077, 292/296 and 1026/1060, respectively 
[46]. In comparison, vapor phase grown borophene 
exhibits Raman features of both �

12
 and �

3
 phases 

and its Raman spectrum differs from bulk boron 
[47, 48]. Similar Raman modes detected for both 
bulk boron and exfoliated borophene sheets may 
be due to relatively large thickness of the sheets. 
FTIR and XPS measurements were performed to 

analyze the chemistry of the surface of the boro-
phene sheets. FTIR spectrum of the borophene 
powder obtained after the electrochemical exfolia-
tion is shown in Fig. 3b. The stretching modes cor-
responding to B-O-B (1053  cm−1) [49], B-O 
(1224  cm−1) [49], C-H (1361, 1394, 2823 and 
2883 cm−1) [50] and C = C (1629 cm−1) [51] bonds 
could be identified. The C-H and C = C bonds are 
most likely originated from the PMMA residue. 
Figure  3c exhibits the B 1  s XPS spectrum of 
borophene sheets drop casted on a Si substrate. B 
1  s spectrum of borophene was deconvoluted into 
three different peaks centered at 187.4, 188.6 and 
192.0  eV which are associated to boron-boron 
(B-B), boron-suboxide (B-O) and boron trioxide 
(B2O3) bonds, respectively. Similar peaks have 
been observed by others [42, 44, 52]. The B-O 
bond is most likely resulted from the oxidation of 
borophene surface in contact with air whereas the 
B2O3 bond could be related to the electrochemical 
reactions taking place on the surface of the boron 
particles during the exfoliation process. The 

Fig. 1   (a) Schematic picture of the set-up used for the elec-
trochemical exfoliation of boron. (b) Optical image of the final 
borophene dispersion. (c) AFM image of the borophene sheets 

coated on SiO2/Si substrate. (d) Height profiles of the colored 
lines marked on the AFM image. (e) Thickness and (f) lateral 
size histograms of the borophene sheets
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percentage of the B-B, B-O and B2O3 bonds were 
estimated to be 56%, 36% and 8% through peak 
area integration. The amount of oxidation is com-
parable to borophene produced by sono-chemical 
and ball milling methods [42, 44] and lower than 
vapor phase grown borophene [38]. The crystal 
structure of borophene was determined by XRD 
measurements. The XRD patterns of crystalline 
boron powder and the borophene sheets collected 
on a Nylon filter membrane were compared in 
Fig. 3d. The XRD pattern of the crystalline boron 
powder matches well with β-rhombohedral crystal 
structure consisting of 105 B atom in the unit cell 
(B105-PDF# 01–072-1705). On the other hand, 
borophene exhibits a similar XRD pattern with 
crystalline boron, suggesting that the crystal struc-
ture of boron was preserved after the exfoliation. 
Overall, the intensity of the XRD peaks of boro-
phene is low compared to bulk boron and some 

peaks disappeared after the exfoliation, which 
could be attributed to thinning of the boron parti-
cles. Two new peaks were detected for borophene 
at 38.18° and 77.37°, which correspond to B2O 
(PDF# 00–041-0624). The B2O peaks arise from 
the boron-suboxide phase formed on the surface of 
the borophene sheets.

HER performance of borophene was assessed by 
electrochemical measurements including LSV, CV 
and EIS. Equal amount of carbon black was added 
to the catalysts to provide good electrical conductiv-
ity. Figure 4a shows the SEM image of the borophene 
electrode used in the HER measurements. Borophene 
sheets and carbon black nanoparticles form a homo-
geneous mixture ensuring good electrode conduc-
tivity. The electrode has a porous structure which 
facilitates all active sites to be accessible. Some indi-
vidual borophene sheets seem to be well dispersed 
in the carbon black matrix while the others form 

Fig. 2   (a) Low and (b) high resolution TEM images of a borophene sheet. (c) Close up image of the region marked by yellow 
dashed square. (d) HAADF image of the borophene sheet. EDX mapping images of (e) B and (f) O elements



	 J Nanopart Res (2024) 26:183183  Page 6 of 12

Vol:. (1234567890)

agglomerates. Such agglomerates are undesirable 
because they decrease the total electrochemical sur-
face area (ECSA). The EDX spectrum taken from the 
sample indicates the presence of B, C and O elements 
(Fig. 4b). The elemental ratio of B/O was found to be 
95%, which indicates that only the surface of the boro-
phene sheets is oxidized. Figure 5a shows the polari-
zation curves of superP, bulk boron, uncentrifuged 
borophene and centrifuged borophene among which 
the centrifuged borophene is the most active catalyst 
as indicated by its lowest overpotential and largest 
current density. The overpotential of the centrifuged 
borophene to drive a current density of 10 mA cm−2 

is 480 mV, which is 58 and 152 mV lower than that of 
the uncentrifuged borophene and bulk boron powder, 
respectively. On the other hand, superP shows only 
a negligible activity over the potential range of the 
measurements. Tafel analysis was performed to evalu-
ate the reaction kinetics of the catalysts and elucidate 
the reaction mechanism. Tafel slopes were deduced 
by fitting the Tafel plots (Fig.  5b) to Tafel equation 
[53], � = blogj + a , where � is the overpotential and 
b is the Tafel slope. The smaller Tafel slope values 
indicate faster reaction kinetics [54]. The HER kinet-
ics of bulk boron was improved after the exfoliation 
as evident by the significantly smaller Tafel slopes 

Fig. 3   (a) Raman spectra of crystalline boron powder and 
borophene sheets drop casted on a piece of Cu foil (Inset 
shows the Raman spectra of bare Cu foil). (b) FTIR and (c) 

XPS B 1 s spectra of borophene. (d) XRD patterns of the crys-
talline boron powder and borophene sheets
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of the borophene samples. The centrifuged (163 mV 
dec−1) and uncentrifuged borophene (152 mV dec−1) 
samples have similar Tafel slope values. As the 
uncentrifuged borophene sample contains relatively 
thicker and larger sheets, we can infer that the effect 
of thickness and lateral size of the borophene sheets 
on the HER kinetics is insignificant. The Tafel slope 
values of the borophene samples over 120 mV dec−1 
suggest Volmer-Heyrovsky reaction mechanism with 
a rate limiting step of proton adsorption [55]. EIS 
measurements were conducted at an overpotential of 
480 mV to investigate the charge transfer kinetics of 
the catalysts. The resulting Nyquist plots (Fig.  5c) 
exhibit incomplete semicircle, which could be due to 
inhomogeneous electrode surface [56]. Nyquist plots 
could be well fitted to a modified Randle’s model 
(Fig. 5c inset), which gave the charge transfer resist-
ance (Rct) values of 1717, 1572 and 834 Ω for the 
bulk boron, uncentrifuged borophene and centrifuged 

borophene, respectively. The lowest Rct of the centri-
fuged borophene implies a superior charge transfer 
rate at the electrode/electrolyte interface compared to 
others. The stability of the best performing catalyst 
was assessed by monitoring the current density at a 
constant potential. The starting current density was 
10 mA cm−2, which slowly dropped to 8.1 mA cm−2 
after 16 h of operation, indicating 81% retention of its 
activity (Fig. 5d). The slight decrease of the catalytic 
activity may be due to the clinging H2 bubbles that 
block the active sites.

To further clarify the enhanced HER activity of the 
exfoliated borophene, Cdl values were extracted from 
the slopes of the Δj–scan rate plots (Fig. 6a), which 
gave 1810, 1115 and 870 µF cm−2 for the centrifuged 
borophene, uncentrifuged borophene and bulk boron, 
respectively. As the ECSA is proportional to Cdl [57], 
the ECSA of the centrifuged borophene is 1.7 times 
larger than the uncentrifuged borophene and 2.8 times 

Fig. 4   (a) SEM image of a 
borophene electrode used in 
the HER measurements. (b) 
EDX spectrum taken from 
the electrode surface and 
the corresponding elemen-
tal ratios
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larger than the bulk boron. The polarization curves 
were normalized by the ECSA in order to exclude 
the effect of surface area on the HER performance 
of the catalysts and compare the intrinsic activity of 
the samples. The normalized polarization curves are 
displayed in Fig.  6b, in which the centrifuged and 
uncentrifuged borophene exhibit similar HER activity 
whereas the overpotential of the bulk boron is 65 mV 
larger. This implies that when the bulk boron is exfo-
liated to borophene sheets not only the surface area is 
increased but also the intrinsic activity is improved, 
leading to an overall 152 mV reduction in the overpo-
tential. Moreover, the superior HER performance of 

the centrifuged borophene compared to uncentrifuged 
one can be solely attributed to its larger ECSA.

The oxidized surface of borophene should also 
have an effect on the HER activity. The effect of the 
surface oxidation on the HER activity of borophene 
sheets can be discussed by taking consideration of 
oxidized Pt. Recently, Yu et  al. reported that oxi-
dized Pt exhibits better electrocatalytic activity in 
HER compared to metallic Pt, which was attributed to 
accelerated coupling of electrons and protons on Pt-O 
sites, leading to faster H2 release [58]. Furthermore, 
Cheng et  al. demonstrated that oxidized Pt clusters 
are more active in HER compared to commercial Pt/C 

Fig. 5   (a) LSV curves, (b) Tafel plots and (c) Nyquist plots of superP, bulk boron, uncentrifuged and centrifuged borophene. (d) 
Stability test of the centrifuged borophene over a period of 16 h
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catalyst [59]. Similarly, the B-O bonds on the boro-
phene surface may be favorable for HER. Such oxi-
dized surface is also beneficial for the chemical sta-
bility of borophene in acidic media.

The HER performance of the electrochemically 
exfoliated borophene was compared with other 
borophene catalysts and some electrochemically 
exfoliated TMD materials in Table  1. The electro-
chemically exfoliated borophene performs better 
than the surfactant-assisted exfoliated borophene 
with a lower overpotential and Tafel slope values. 
However, the HER performance of the electro-
chemically exfoliated borophene is low compared to 
CVD grown borophene on carbon cloth and electro-
chemically exfoliated TMD nanosheets.

Conclusion

In conclusion, we have demonstrated catalytic 
activity of electrochemically exfoliated boro-
phene in HER. Few layer borophene sheets with 
an average thickness of 8.3 nm were produced by 
anodic exfoliation of crystalline boron particles in 
Na2SO4. The exfoliated borophene sheets are high 
crystalline with a β-rhombohedral crystal structure 
and exhibit an oxidized surface mainly composed 
of boron-suboxides. Borophene shows enhanced 
catalytic activity in HER compared to bulk boron 
accompanied with decent stability. Electrochemi-
cal measurements revealed that faster HER kinet-
ics as indicated by the smaller Tafel slope and the 

Fig. 6   (a) Δj–scan rate plots and (b) normalized polarization curves of the bulk boron, uncentrifuged and centrifuged borophene 
samples

Table 1   Comparison of 
HER performance of the 
electrochemically exfoliated 
borophene with other 
borophene catalysts and 
some electrochemically 
exfoliated TMD materials 
reported in literature

Material Overpotential at 
10 mA cm−2

Tafel Slope Reference

CVD grown borophene on carbon cloth 142 mV 69 mV dec−1 [34]
Surfactant-assisted exfoliated borophene sheets 645 mV 173 mV dec−1 [35]
Electrochemically exfoliated TaS2 nanosheets 197 mV 100 mV dec−1 [60]
Electrochemically exfoliated NbS2 nanosheets 90 mV 83 mV dec−1 [61]
Electrochemically exfoliated MoS2 nanosheets 500 mV 74 mV dec−1 [62]
Electrochemically exfoliated borophene sheets 480 mV 163 mV dec−1 This work
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larger ESCA are responsible for the enhanced cata-
lytic activity of borophene. The ECSA normalized 
polarization curves of the centrifuged and uncen-
trifuged borophene almost overlap, indicating that 
size and thickness have negligible effect on the 
intrinsic activity of borophene.
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