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Abstract

In pursuing higher energy density, without compromising the power density of
supercapacitor platforms, the application of an advanced 2D nanomaterial is utilised to
maximise performance. Antimonene, for the first time, is characterised as a material for
applications in energy storage, being applied as an electrode material as the basis of a
supercapacitor. Antimonene is shown to significantly improve the energy storage
capabilities of a carbon electrode in both cyclic voltammetry and galvanostatic charging.
Antimonene demonstrates remarkable performance with a capacitance of 1578 F g%, with
a high charging current density of 14 A g*. Hence, antimonene is shown to be a highly
promising material for energy storage applications. The system also demonstrates a
highly competitive energy and power densities of 20 mW h kg? and 4.8 kW kg*
respectively. In addition to the excellent charge storing abilities, antimonene shows good

cycling capabilities.

1. Introduction

The increasing demand and development of renewable and sustainable energy sources
have required sustainable energy storage technologies, in order to satisfy the demand for
green energy.!! Because of their high power density, good operational safety, long
cycling life, competitive energy density and minimum charge separation compared to
alternative energy storage platforms, electrochemical double-layer capacitors (EDLC)
or supercapacitors have been considered as an energy storage platform with significant
potential. Supercapacitors have been extensively explored and are recognized as
promising devices for energy applications from high-power electronics down to fast
charging personal electronic devices, from electric vehicles and hybrid electric vehicles

down to mobile phones.[?



Advances in nanomaterials and nanotechnology are playing a key role in bringing
EDLC towards practical applications and improvement in device performance, scale
and compatibility. In particular, more attention has been paid to the development of new
nanomaterials, which are expected to allow the development of electrodes with major
storage capability.l®! Indeed, 2D nanomaterials have spiked interest due to their high
specific surface area, a material property that can significantly contribute to a high
double-layer capacitance. Furthermore, 2D nanomaterials have reactive basal planes and
edges that can provide electrochemical performance enhancement such as pseudo-
capacitance.l! After graphene’s successful application in different energy storage
devices,P! new 2D inorganic nanomaterials have been developed, most with related
layered crystalline structures.[’! Such 2D nanomaterials have shown great promise as
electrode materials when layered onto the electrodes in electrochemical energy-storage
devices in which efficient intercalation of ions play an important role.[® They involve
van der Waals interactions between adjacent sheets, with strong covalent bonding
within each sheet. There are important reasons for the exploration of these
nanomaterials. In particular, that mono- or few-layer materials show increased bandgap
and tunable electronic, optical, catalytic, and electrochemical properties.’! Thus, some
of these materials span the entire range of electronic structures, from insulator to metal,
and display intriguing properties.'% Recently, some studies have been successfully
being carried out on the electrochemical applications of graphene-like layered materials
such as transition metal dichalcogenides.[*Y Additionally, some of the new 2D-
nanomaterial such as 2D h-boron nitride,[*?l metal oxides,**! metal carbides!**! and
metal dichalcogenides!*® are showing desirable performance in supercapacitors

applications.



In recent years, a new family of compounds similar to graphene, based on anisotropic
layered elemental materials, are attracting the attention of the scientific community.
These materials, ideally, consist of one atom thick type two dimensions structure; each
atom is covalently bonded with adjacent atoms to form a puckered honeycomb
structure. For example, phosphorene, from an allotrope of phosphorous, black-
phosphorus,*®! is worthwhile to be mentioned because of the interesting properties with
applications in optoelectronics and electronics!*”l and in energy storage devices.!*8l The
success of phosphorene has carried on the attention to the rest of fifth main group of
elements,® and new materials such as arsenene, antimonene, and bismuthene have been
predicted with interesting properties,*® and even so some of them have been
isolated.” Antimonene is considered a material of great interest for applications in
electrochemistry and has been also isolated from its layered allotrope form. Firstly it has
been isolated by mechanical exfoliation[?*! and then by liquid-phase exfoliation.??!
Importantly, in these works antimonene was proved to have high environmental
stability.[?]

Recent theoretical and experimental studies have highlighted antimonen’s attractive
properties including its puckered lamellar structure (which significantly increases its
specific surface area), good electrical conductivity (1.6-10* S m™),[2%! thermodynamic
stability, large interlayer channel size (3.73 A),[?! and fast ion diffusion propertiest?
making it an ideal candidate for electrochemical storage energy applications. Recent
work has also demonstrated its potential, and attractive, application as an anode material
in lithium and sodium ion batteries?® due to its ability to enable fast ionic diffusion
over its surface.[? However, although antimonene is also a great candidate for
supercapacitor development, again because it exhibits fast interlayer ionic transport,?*

261 jt has never been used for this application.



Using those observations as a point of departure, in this work we have focused on the
electrochemical capacitive performance of antimonene flakes. While there are only a
limited number of electrochemical studies on this new 2D-nanomaterial, we have
demonstrated its successful application as a supercapacitor, obtaining high specific
capacitance values, demonstrating its promise for use in electrical energy storage
applications.

2. Results and discussion

2.1. Antimonene Material characterization

Few-layer (FL) antimonene have been prepared following a modification of the liquid-
phase exfoliation (LPE) procedure already reported in the literature. %21 The new
preparation involves a first step in which antimony crystals were treated within a ball-
mill for 180 min at 3000 rpm. This first step produces an evident size reduction of the
antimony crystals as well as a more homogeneous material in size. SEM images of the
antimony powder obtained after ball-milling step confirm the formation of
microcrystals with dimensions in the range of 1 um which is significantly smaller and
more homogeneous than the commercial crystals (Figure S1). The resulting
microcrystalline powder were then suspended in a mixture 4:1 isopropanol (‘PrOH)-
water and sonicated for 40 min. to produce a very stable suspension, over weeks, of FL-
antimonene even in ambient conditions (Figure S2). The so-formed suspension shows
Faraday-Tyndall effect (Figure S2). The unexfoliated material was removed by
centrifugation at 845 rcf for 3 min. to produce a stable dispersion with a concentration
of ca. 0.014 g/L which is significantly much higher to that previously reported by us. ?%
The significant enhancement in the concentration of the antimonene suspension is
critical to get a suitable electrode deposition. It is remarkable that previous attempts to

use antimonene suspensions as smaller as those obtained in reference [22] ca. 1.74x1073



g/L, experimentally failed. It seems that the concentration of antimonene reach these
higher values, in comparison to those previously reported, due to the initial ball-milling
step since this treatment provides a more homogeneous starting material with smaller
lateral dimensions. The exfoliation of the antimony microcrystals upon sonication was
confirmed by atomic force microscopy (AFM). Figure S3 shows a characteristic
topographic image of FL-antimonene flakes isolated on SiO2 substrates. Interestingly
the flakes do not show typical terraces characteristic of layered materials but well-
defined structures with heights being multiple of ~ 4 nm. Similar observations were
already done in the reported antimony LPE procedures. 2l These results suggest that the
two-step procedure lead to the formation of few layer antimonene since it is well-known
that apparent AFM heights of layers obtained by LPE can be overestimated due to
residual solvent,’?! therefore it seem likely that the apparent mono/bilayer thickness
could correspond to ~ 4-5 nm. We note that the overall lateral dimensions of the isolated
nanosheets are in the range of 1-3 um?. High-resolution transmission electron
microscopy (HRTEM) measurements further confirm the exfoliation and the
crystallinity of the FL antimonene (Figure 1). EDX spectra confirm the layers
composition, which consist almost exclusively on antimony with a very low content of
oxygen (Figure S4).

2.2. Antimonene modified screen-printed electrodes (SPE) characterization

Antimonene modified SPEs have been characterized by SEM and Raman spectroscopy
in order to confirm the proper modification of the electrodes with the 2D-nanomaterial.
SEM images (Figures 2A, B and C) clearly show the deposit of small flakes of
antimonene compare with the bare SPE SEM image (Figure 2D). As can be observed in
SEM images, shown in Figure 2, antimonene form flakes with lateral dimension around
200-400 nm. This is a typical antimonene morphology, agreeing well with that

described in the literature describing the synthesis. (22l The atomic composition of the



flakes is antimony, Sh, as can be determined by EDX spectrum (Figure S5 and Table
S1).

Raman spectroscopy also confirm the presence of antimonene over the modified SPEs
surface (Figures 3A and 3B). In addition to the Raman bands associated with carbon,
which constitutes the base of the SPE, two Raman bands, associated with the antimony
(Sb) A1g and Eg vibrational modes at 150 cm™ and mode at 110 cm™ respectively, were
detected. The intensity of these bands increase when higher amounts of antimonene are
drop-casted over the SPE surface, which indicates at the same time higher antimony
deposition and even that the thickness of these nanostructures could increase. This fact
could be related with the decrease of capacitance observed in the next showed results,
when higher amounts of antimonene are drop-casted over the SPE, being consequence
of less electroactive surface of the 2D-nanomaterial when higher nanostructures are
deposited or the stack of the small few layers antimonene flakes occurs.

2.3. Exploring antimonene as a capacitive material

We first consider the cyclic voltammetric responses of the bare SPE utilizing a two-
electrode system in 0.5 M H2SOs4 at different scan rates, which provides a benchmark,
after which we analyzed the response exhibited upon drop casting of antimonene
amounts ranging from 1.8 to 36 ng (Figure 4A, B and C). It can be clearly observed the
increase of capacitive current when small amounts of antimonene are drop-casted onto
the SPE. Even so, a redox process is observed at formal potential 0.0 V, which could be
ascribed to the oxidation and reduction of antimonene, as a consequence of a Faradaic
process which also contributes significantly to the capacitance increase.

The capacitance of the working electrode, Cwe, was calculated from the corresponding
voltammograms, as shown in Figure 4, using the following Equation 1:

\%4
Vlz 1V)av

Cwe = 2-AV-v-m (1)



where Cuwe is the specific capacitance exhibited by the working electrode in faradays per
gram (F/g), [I(V)dV is the area under the intensity current function between 72 and V1
potentials in coulombs (C), essentially a measure of the charge stored by the capacitor
device. AV is the potential difference between 2 and V1 in volts (V), v is the
voltammograms scan rate in volts per second (V/s) and m is the material (antimonene)
mass in grams. The determined capacitance values are showed in Table S2. Exceptional
capacitance values are obtained, being around 8500 F/g. This large value determined are
the consequence of the combination of two factors, the increase of electrochemical
active area and the consequence increase of the electrochemical double layer over the
electrode surface. On the other hand, these large values are a consequence of the
Faradaic process describe, increasing the area under the current curves because of the
redox peak.

In order to have more realistic capacitance values, galvanostatic charge/discharge study
was performed using a two-electrode approach to compliment the setup utilized for
supercapacitors within the field. Figure 5A illustrates the charge/discharge profiles
obtained for bare SPE, and antimonene modified SPE with increasing amounts of the
2D-nanomaterial. The results clearly show that dV/dt decrease, which is a consequence
of the capacitance increase when SPE are modified with the 2D-nanomaterial.
Capacitances values and specific capacitance values are shown in Table 1 and Table S3
respectively. These values are lower than the obtained by CV, but we consider it more
realistic values, and no Faradaic process are involved in that case. The specific
capacitance in the best configuration 3.6 ng antimonene/SPE at a current of 14 A g is
1578 F g (Figure 5C). This high value is competitive with other 2D-nanomaterial that
are being proving as supercapacitor material,*> 281 and with other types of material used

in supercapacitors.l?®! As can be see (Figure 5B), the absolute capacitance values



increase with the amount of antimonene deposited onto the SPE surface until we
modified with 18.0 ng antimonene. From that 2D-nanomaterial mass, the capacitance
decrease, which could be a consequence of the nanomaterial agglomeration or stacking,
decreasing the electroactive surface area.

For supercapacitors, cycling stability is also a very important parameter. Therefore, the
charge-discharge stability was studied over 10000 galvanostatic cycles applying a
specific current of 14 Ag™ on a 36 ng antimonene/SPE (Figure 5D). The capacitance
retention values demonstrate that after an initial drop to 65% the successive cycles
retain the capacitance between 65-63% of the initial capacitance over the entire range of
cycles, showing the same capacitance between the scan 800 to the 10000. This result
proved that after an initial stabilization the capacitance keeps constant at least more than
9000 charge-discharge cycles, the maximum number of cycles that has been
experimentally studied on this work. It is likely that the decrease in the first 1000 cycles
can be attributed to some of the drop-cast antimonene being liberated from the electrode
surface with charge cycling.

Typically, a supercapacitors exhibit a low energy density, E, and a high power density,
P, the values of which are calculated using E=1 (dV)(dt)/2m and P=(1(dV))/2m
respectively, where m is the mass of the antimonene residing upon the surface of the
SPE (i.e. 1.8 ng), in this case the values correspond to 0.02 W h kg* and 4800 W kg

respectively. These values are indicative of a high power supercapacitor.

3. Conclusion

Antimonene, for the first time, is characterised as a material for applications in energy
storage, being applied as an electrode material for supercapacitors. It is shown to
significantly improve the energy storage capabilities of a carbon electrode substrate in

both cyclic voltammetry and galvanostatic charging. Demonstrating remarkable



performance with a capacitance of is 1578 F g with a high charging current density of
14 A g*. Antimonene is shown to be a promising material for energy storage
applications. The antimonene enhanced electrodes demonstrate a pseudo-capacitive
faradaic voltammetric response, which is shown to enhance the electrochemical
capacitive performance of the electrode materials. The presence of the antimonene is
shown to significantly increase the capacitive performance of the supercapacitors when
compare to a device with bare graphitic electrodes. Quantities of antimonene as little as
1.8 ng of material are shown to significantly improve the capacitive performance of the
system. The system also demonstrates a highly competitive energy and power densities
of 20 mW h kg and 4.8 kW kg respectively. As well as excellent charge storing
capabilities, the antimonene demonstrates good cycling capabilities over 1000 cycles

until the drop cast material is liberated from the substrate.

4. Experimental Section

All chemicals utilized were of analytical grade and were used as received from Sigma-
Aldrich without any further purification. Commercially available antimony material
(99.9999 % Smart Elements), and 2-propanol (99.8 % Panreac) were used without
further purification. All solutions were prepared with deionized water of resistivity not
less than 18.2 MQ-cm and (when necessary) were vigorously degassed prior to
electrochemical measurements with high purity, oxygen free nitrogen.

Standard liquid phase exfoliation procedure: 100 mg of powdered antimony were
submitted to a 20 mL ball-milled reactor charged with 30 stainless steel balls (0.5 cm
diameter), to complete a total volume of ca. 7.5 mL. The mixture was treated 180 min.
at 3000 rpm. 10 mg of the resulting powder were mixture with 10 mL of a 4:1 2-
propanol: water mixture in a 20 mL vial and sonicated for 40 min. at 400 W and 24 kHz

delivering the ultrasound power in pulses 0.5 s long every 1 s. The resulting suspension



was centrifuged at 3000 rpm (845 rcf) for 3 min. and the clear supernatant collected as
final suspension. The concentration of the suspension was evaluated using Atomic
Absorption Spectrometry and its stability with the time using Turbidimetry
measurements.

Sonication was performed using a Hielscher UP400S ultrasonic processor equipped
with a 3 mm sonotrode.

Methods

The milling process was carried out using an IKA ULTRA -TURRAX Tube Drive
control equipped with the BMT-20 reactor and stainless steel balls.

Centrifugation was carried out in a MPW-350R centrifuge using 2 mL Eppendorfs.
Sonication was performed using a Hielscher UP400S ultrasonic processor equipped
with a 3 mm sonotrode.

Antimony determination was carried out by flame atomic absorption spectrometry using
a ContrAA 700 high-resolution atomic absorption spectrometer (Analitik Jena,
Germany). The main line for antimony at 217.5815 nm was employed for all the
analysis. The atomization was performed using an air acetylene flame with an acetylene
flow rate of 60 L h™* and at a 6.0 mm burner height. The aspiration rate was fixed at 5
mL min. All measurements were carried out in triplicate.

Measurements were carried out using a HI-88713 Bench Top Turbidity Meter Hanna
Instruments.

AFM measurements were carried out using a Cervantes Fullmode AFM from Nanotec
Electronica SL. WSxM software (www. wsxmsolutions.com) was employed both for
data acquisition and image processing.* All the topographical images shown in this
work were acquired in contact mode to avoid possible artefacts in the flake thickness

measurements.3Y OMCL-RC800PSA cantilevers (probe.olympus-global.com) with a



nominal spring constant of 0.39 N/m and tip radius of 15 nm were employed. Low
forces of the order of 1 nN were used for imaging to ensure that the flakes would not be
deformed by the tip.

SiOz2 surfaces were sonicated for 15 min. in acetone and 15 min. in 2-propanol and then
dried under an argon flow.

TEM images were obtained in a JEOL JEM 2100 FX TEM system with an accelerating
voltage of 200 kV. The microscope has a multiscan charge-coupled device (CCD)
camera ORIUS SC1000 and an OXFORD INCA X-Ray Energy Dispersive
Spectroscopy (XEDS) microanalysis system.

Scanning Transmission Electron Microscopy (STEM) combined with electron energy-
loss spectroscopy (EELS) was used at 80 kV in a JEOL ARM200cF equipped with a
spherical aberration corrector and a Gatan Quantum EEL spectrometer.

The working electrodes used were screen-printed graphite electrodes (SPEs). The
SPEs, which have a 3 mm diameter working electrode, were fabricated in-house with
appropriate stencil designs using a microDEK 1760RS screen-printing machine (DEK,
Weymouth, UK). The SPE design has been previously reported.*2 For the case of each
fabricated electrode, first a graphite ink formulation (Product Code: C2000802P2;
Gwent Electronic Materials Ltd, UK), which is utilized for the efficient connection of
all three electrodes and as the ink material for both the working and counter electrodes,
was screen-printed onto a polyester (Autostat, 250 mm thickness) Flexible film. After
curing the screen-printed graphite layer in a fan oven at 60 °C for 30 minutes. Finally, a
dielectric paste (Product Code: D2070423D5; Gwent Electronic Materials Ltd, UK) was
then screen-printed onto the polyester substrate to cover the connections and define the
active electrode areas, including that of the working electrode (3 mm diameter). After

curing at 60 °C for 30 minutes the SPEs are ready to be used.



Antimonene modified electrodes were prepared by drop-casting aliquots of the 0.02 g/L
antimonene 4:1 isopropanol/water suspension onto the required working electrode with
a micropipette. After few minutes, the solvent completely evaporated (at ambient
temperature) and the modified electrodes utilised without further modification. All
electrochemical measurements were performed with an Autolab TYPE I11 (Autolab,
The Netherlands). It is noted that the charge-discharge curves and cyclic voltammetry
for capacitances measures were obtained using a two-electrode configuration.
Scanning electron microscopy (SEM) images and surface element analysis of
antimonene/SPE were carried on using a JEOL JSM- 5600LV model equipped with an
energy-dispersive X-ray (EDX) microanalysis package.

Raman spectroscopy analysis of antimonene modified SPE surfaces was done using a
‘Renishaw InVia’ spectrometer with a confocal microscope (x50 objective)
spectrometer with an argon laser (514.3 nm excitation) at a very low laser power level
(1.2 mW) to avoid any heating effects. Spectra were obtained using a 10 second
exposure time for 3 accumulations.
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Figure 1. (a) TEM image of a thin antimony flake. (b) Magnification of same flake
showing atomic resolution. The inset shows electron diffraction pattern, displaying the
expected hexagonal symmetry for -antimony.



Figure 2. SEM images at different magnifications of (A) (B) (C) 36 ng antimonene/SPE
and (D) bare SPE.




Figure 3. (A) and (B) Raman spectra of bare SPE and modified antimonene/SPE with
different amounts of antimonene.
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Figure 4. Cyclic voltammograms obtained with a two electrodes system of SPE and
different amounts of antimonene modified SPE at 10 mV/s (A), 100 mV/s (B) and 500
mV/s (C) in 0.5 M H2SOas. It becomes clear that the integral area of the CVs, a property
that is indicative of the capacitance of the system, is directly proportional to the quantity
of antimonene present on the electrode.
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Figure 5. (A) Charge/discharge profiles recorded in 0.5 M H2S04 with unmodified and
antimonene modified SPEs (increasing the antimonene amount from 1.8 ng to 36.0 ng)
applying 1.00 pA. (B) Capacitances values vs. current applied obtained from charge-
discharge profiles. (C) Specific capacitances values vs. specific current applied obtained
from charge-discharge profiles. (D) Relative capacitance for successive charge-
discharge cycles respect the 1%t cycle capacitance. The capacitance of the bare SPE, on
its first cycle, is also indicated. It is shown that the antimonene enhanced electrodes are
consistently performing higher than the bare SPE.
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Figure 6. Ragone plot showing the results obtained for antimonene/SPE and some
actual data obtained at bibliography of 2D-nanomaterial or modified 2D nanomaterials.
280, 28¢, 33] The antimonene supercapacitor, shown as black squares, is compared to: (1) a
graphene/sodium cholate enhanced electrode; 31 (2) reduced graphene oxide paper
electrodes; 3 (3) 2D nanosheets d-MnO:/ graphene electrodes; B (4) Reduced
graphene oxide-MnO2 nanocomposite; 34 (5) Nitrogen crumpled graphene sheets; %l
(6) 3D Nitrogen and Boron Co-doped Graphenel®3; (7) Nitrogen enriched carbon
nanosheets; 337 (8) RuO2/graphene hybrid material; 39 (9) Ni(OH)2/reduce graphene
oxide composites; (281 (10) NiCo2S4 nanosheets; 31 (11) single layer b-Co(OH)2 (28]
and (12) 2D Ti3C2 2d nanosheets.3]
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Table 1. Capacitances values obtained from charge-discharge profiles for different
amounts of antimonene modified SPEs at different currents in pF.

Antimonene mass (ng)

Current (LA) 18 3.6 9.0 18.0 36.0
0.05 2.78 5.66 7.63 8.98 7.05
0.10 2.60 5.45 6.89 7.69 5.88
0.50 2.01 4.74 5.52 7.79 4.43
1.00 1.79 3.62 4.27 5.47 3.99
2.00 1.66 3.36 3.95 4.99 3.74

5.00 1.58 3.22 3.71 4.12 3.58




Advanced nanomaterials have developed significant interest in the energy storage
fields. A very stable, to operating conditions, novel nanomaterial is presented here, for
the first time, as an electrode material for energy storage architectures. Antimonene, a
single or few layer material derived from bulk antimony, is, for the first time
characterised as a nanomaterial suitable for energy storage applications.
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