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Abstract: The preparation of sulfur-single walled carbon nanohorns active material via a simple and
sustainable evaporation method for application as cathode in lithium-sulfur batteries is reported.
We show that the synthesis process enables the infiltration of elemental sulfur within the carbon
nanohorns thus obtaining a morphology responsible for the ameliorating of the shuttle effect. The
sulfur-carbon composite is characterized in terms of structure, morphology, and composition
through x-ray diffraction, transmission electron microscopy, and thermogravimetric analyses. From
the electrochemical point of view, cyclic voltammetry, rate capability, and galvanostatic cycling tests
are performed employing a solution of bis(trifluoromethane)sulfonimide lithium salt and lithium
nitrate in a mixture of 1,2-dimethoxyethane and 1,3-dioxolane in order to evaluate the electrode
design applicability within lithium-sulfur cells. In this respect, further insights are provided by the
estimation of the lithium-ion diffusion coefficient through the Randles-Sevcik equation, and by elec-
trochemical impedance spectroscopy. The obtained results reveal a remarkable cycle life lasting
around 800 cycles with a stable capacity of 520 mA h g for the first 400 cycles at C/4, while reaching
a value around 300 mA h g at the 750t cycle. These results suggest sulfur-carbon nanohorns active
material as a potential candidate for the next-generation battery technology.

Keywords: lithium-sulfur batteries, single-walled carbon nanohorns, long cycle life, sustainable
synthesis process

1. Introduction

The recent technological advancements in the electric mobility field, portable elec-
tronics and smart energy grids have been driving the scientific community working in the
energy storage field towards the development and employment of higher energy density
as well as more environmental friendly materials.[1,2] Indeed, the commercially available
lithium-ion batteries (LIBs) are unable to meet these requirements due to their intrinsic
limited energy density, thus new kinds of battery technologies need to be developed.[3,4]
As a result, the next-generation of energy storage systems, such as lithium-air, lithium-
sulfur and sodium-ion batteries are currently under deep investigation.[5,6] In particular,
lithium-sulfur batteries (LSBs) which employ elemental sulfur as cathode active material,
are widely investigated as a convincing alternative to LIBs.[7] Their electrochemical redox
reaction involves the conversion of elemental sulfur Ss to lithium sulfide Li2S,[8,9] thus
resulting in a remarkable theoretical capacity of 1675 mAh g and an energy density as
high as 2600 Wh kg1.[10,11] Additional benefits of using sulfur as active material are its
non-toxicity, wide availability and low cost.[12]

On the other hand, it is well-known that lithium-sulfur cells suffer for three main
issues, namely the low conductivity of sulfur and lithium sulfide, the lithium polysulfide
(LiPSs) dissolution within organic electrolyte with the associated shuttle effect, and the
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volume expansion of sulfur particles upon cycling.[13-16] In order to solve the aforemen-
tioned drawbacks various strategies have been introduced, such as tailoring the electro-
lyte composition, the application of metal oxides particles within the cathode and the in-
sertion of functional interlayers.[17-22] All these approaches, although effective in en-
hancing the electrochemical performance of LSBs, require additional steps in the active
material synthesis or in the cell assembly, thus resulting in an increase cell cost and aug-
mented time-consuming production processes. Another well-explored technique capable
of improving the LSBs performance is combing elemental sulfur with different kinds of
host materials, mainly based on carbon, such as multi-walled carbon nanotubes, gra-
phene, and mesoporous carbon.[23-27] These carbonaceous matrixes are capable of not
only increasing the active material conductivity and reducing the detrimental effect re-
lated to the sulfur volumetric expansion, but they are also able to confine or retain the
polysulfides species thus leading to an improved cycling stability.[28-30] Furthermore,
the associated synthesis of the composite active material typically involves solvothermal
or melting processes for whom only one production step is needed.[31,32]

With the aim of reducing the production costs and the synthesis steps, in this work
we investigate the use of single-walled carbon nanohorns (SWCNHs) as possible sulfur
host material through the implementation of a straightforward and sustainable evapora-
tion method. SWCNHs are a class of material belonging to the fullerene family[33] and
they are composed by graphitic tubules showing a peculiar horn-shape. These tubules,
upon aggregation, form different spherical structures, namely dahlia-like, seed-like and
bud-like structures.[34] They exhibit a good electrical conductivity, a large surface area
and high pore volume.[35] Moreover, SWCNHSs can be mass-produced by arc-discharge
and CO: laser evaporation techniques.[36,37] Few papers report the use of SWCNHs in
the battery field,[38—40] while they have been widely studied for biosensing, drug-deliv-
ery applications, gas storage and catalysis.[41-44] As anticipated, the active material
herein described was obtained through an easy and sustainable solvent evaporation
method enabling the direct infiltration of elemental sulfur within the carbonaceous ma-
trix. The electrochemical performance of the designed electrode was tested in LSBs con-
figuration by using a solution of bis(trifluoromethane)sulfonimide lithium salt and lith-
ium nitrate in a mixture of 1,2-dimethoxyethane and 1,3-dioxolane. The results show a
remarkable long cycle life of about 800 cycles at C/4 showing a capacity of 520 mA h g,
value that decreases down to about 300 mA h g at the end of the cell life. This behaviour
could arise from the physical retention of the LiPSs species within the SWCNHs.

2. Materials and Methods
2.1 Electrolyte preparation

The electrolyte solution was prepared by dissolving 1 mol kg of bis(trifluoro-
methane)sulfonimide lithium salt (LiTFSI) in a 1:1 weight ratio solution of 1,2-dimethox-
yethane (DME) and 1,3-dioxolane (DOL) in an argon filled glove box. Lithium nitrate
(LiNOs) was used as additive in a concentration of 0.5 mol kg-1. From here on, the electro-
lyte is named as DOLDME-LiTFSI-LiNOs. DOL and DME solvents were dried under mo-
lecular sieves for several days before mixing, while the salts were dried under vacuum at
100°C for 24h. Before cells assembling, the as-prepared solution was stirred overnight.
LTFSI, DME, DOL and LiNOs were acquired from Sigma Aldrich.

2.2 Active Materials and Electrode preparation

The sulfur-single-wall carbon nanohorns composite (S80SWCNH20) was prepared
by an ease solvent evaporation method in order to infiltrate sulfur within the carbona-
ceous matrix. SWCNHSs were provided by Advanced Technology Party (ATP) s.r.1,, Italy.
Elemental sulfur (from Sigma Aldrich) and SWCNHs were mixed in ethanol in a weight
ratio of 80:20 and sonicated in a sonic bath for 2h. Afterward, the solvent was slowly evap-
orated at 60 °C under a pressure of 400 mbar. A schematic of the infiltration process is
proposed in Figure 1.
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Figure 1 - Schematic illustration of the active material synthesis process.

The electrode slurry was prepared by mixing SSOSWCNH20 active material, Super P
carbon (from Imers) as conductive agent, and polyvinylidene difluoride (PVdF, from Sol-
vay) as binder in 80:10:10 weight ratio using N-methylpyrrolidone NMP (from Sigma Al-
drich) as solvent. The mixture was casted onto a carbon cloth current collector (AvCarb,
from FuelCellStore) by employing the Doctor-Blade method and dried overnight at room
temperature. The electrode foil was punched into 14 mm diameter disks, dried under vac-
uum at room temperature overnight and transferred in an argon-filled glovebox for cell
assembly. The sulfur mass loading of the final electrodes was ~2 mg cm-2.

2.3 Materials characterization

Thermogravimetric analysis (TGA) of the sulfur-SWCNHSs composite was performed
by using a Q500 thermogravimetric analyser from TA Instruments. The sample was
heated up from 30 to 600°C at a 5°C min heating rate under nitrogen flow. X-ray diffrac-
tion (XRD) patterns were collected using a Malvern PANalytical Empyrean instrument
equipped with a Cu Ka source in the 20/0 scanning mode. Transmission electron micros-
copy (TEM), scanning transmission electron microscopy (STEM) and energy dispersive
spectroscopy (STEM-EDS) images were acquired using a JOEL JEM-1400Plus equipped
with a LaBs thermionic source operated at 120kV.

2.4 Electrochemical characterization

The electrochemical performance of SSOSWCNH20 composite was tested in CR2032
coin cells, formed by lithium chips used as counter and reference electrode, a polymeric
membrane (2400 Celgard) working as separator and the composite electrode
S80SWCNH20 as electrode. Each cell was filled with 40 pl of DOLDME-LiTFSI-LiNOs
electrolyte. The assembling process was carried out in an MBraun glovebox with water
and oxygen levels lower than 0.1 ppm. The electrochemical characterization was per-
formed by using a BCS-805 multichannel battery unit from BioLogic. Galvanostatic cy-
cling tests of the sulfur-carbon electrode were performed at the current rates of C/4=420
mA g'lina 1.9 V-2.6 V voltage range and at 1C=1675 mA g and 2C=3350 mA g'in a 1.6-
2.8 V voltage range. Rate capability tests were carried out at different current rates, start-
ing from C/10=167.5 mA g up to 1C=1675 mA g through C/8=210 mA g, C/5=335mA g
1,C/2=837 mA g, 1C=1675 mA g and finally back to C/10.

Cyclic voltammetry tests were performed at the scan rate of 0.1 mV s over a potential
rage of 1.7-2.8 V. In order to evaluate the lithium ion diffusion coefficient (D<) within the
cathode material, a cyclic voltammetry test was operated by increasing the scan rate (from
0.05 mV s to 0.45 mV s?) in the above reported voltage range. D of the SSOSWCNH20s
cathode was calculated through the Randles-Sevcik equation:[45]

ZFvDcy

I, = 0.4463 zFACy;, [ 1)
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where I, is the peak current (A), z is the number of electrons exchanged in the oxida-
tion/reduction process, F is the Faraday constant (C mol!), A is the active surface area of
the electrode (cm?), Cri+ is the lithium-ion concentration in the active material (mol cm),
v is the voltage scan rate (V s7), R is the universal gas constant (J K-* mol?), T is the em-
ployed temperature (K), with D calculated in cm? s2.

Electrochemical impedance spectroscopy (EIS) measurements were carried out by
applying a 10 mV AC amplitude signal in a frequency range of 1 MHz — 0.1 Hz. The im-
pedance spectra were fitted by Boukamp software[46] by non-linear least squares fit
(NLLSQ) and only the results with a chi-square (x?) lower than 10+ were accepted. The
equivalent circuit used to fit the data can be synthesized by the expression Re (RQ)ser
(RetQar) Quitr, where Rei is the resistance of the electrolyte solution, (RQ)se: is attributed to
the formation of the solid electrolyte interface, Ret refers to the charge transfer resistance,
Qur is connected to the double layer capacitance ascribed to the lithiation and delithiation
cathode reactions, and Quitf is associated to the lithium ion diffusion into the electrode
volume.

3. Results

3.1. Active material characterization

The S80SWCNH20 composite was prepared via simple evaporation method and em-
ployed as cathode active material in order to investigate its possible application in lith-
ium-sulfur cells. The active material and the derived electrodes were analysed by address-
ing their chemical structure, morphology and electrochemical properties. The morphol-
ogy of the pristine single-wall carbon nanohorns are shown in the TEM image of Figure
2(a). Three different types of nanohorns aggregates are present, namely bud-like, dahlia-
like and seed-like structures, highlighted by coloured dashed circles. The SWCNHs diam-
eter ranges from 50 to 150 nm. XRD analyses were carried out in order to confirm the
presence and the crystalline phase of sulfur within the synthesized active material. Figure
2(b) reports the XRD spectra of pure SWCNHs and of the composite material together
with the reference pattern of graphite and sulfur. The XRD spectrum of the SWCNHs re-
veals the presence of the characteristic peaks of graphite (ICCD: 00-058-1638, pink bars)
where the peaks at 23° and about 43° can be attributed to the (002) and (10) reflections.[33]
The pattern of the composite active material, in light blue, unveils the presence of the
peaks attributed to orthorhombic sulfur (ICDD: 98-020-045, green bars) overlapped with
the weaker SWCNHs broad peaks. In order to characterize the morphology of the com-
posite sample after the synthesis and further verify the presence of sulfur within the
SWCNHs, a STEM-EDS analysis was carried out and the results are reported in Figure
2(c). The dark-field TEM image of the SSOSWCNH20 composite shows the three CNHs
species, as also confirmed by the elemental mapping of carbon (pink), and highlights the
absence of isolated sulfur aggregates. In this respect, the corresponding elemental map-
ping of sulfur (green) evidences the presence of a high sulfur concentration inside the
carbon nanohorn structure. These observations suggest the presence of a morphology ca-
pable of encapsulating the dissolved LiPS species thus ameliorating the detrimental shut-
tle effect.[47,48]
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Figure 2 - (a) TEM image of single-walled carbon nanohorns: dahlia-like (yellow dashed circle), bud-
like (blue dashed circle), and seed-like (red dashed circle) structures. (b) XRD spectrum of carbon
nanohorns (pink line), reference pattern of graphite (ICCD: 00-058-1638, purple bars), sulfur-carbon
nanohorns composite spectrum (light blue line) and reference pattern of orthorhombic sulfur
(ICDD: 98-020-045, green bars). (c) TEM image and STEM-EDS maps of SSOSWCNH20 active mate-
rial.

The sulfur-carbon nanohorns composite was further investigated by TGA to find out
its exact sulfur content. The measurement was carried out under argon in a 30-600 °C
temperature range. Figure 3 shows the TGA profile, revealing an overall sulfur content of
about 83% within the composite active material (66.4% of sulfur within the final electrode),
while the remaining mass corresponds to the carbonaceous material. Thus, the simple
evaporation method herein reported enabled the ease control of the sulfur and carbon
amount. In the inset, the relative differential profile evidences a sulfur evaporation tem-
perature of 230 °C.
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Figure 3 - TGA of the composite active material SSOSWCNH20.

3.2. Electrochemical characterization

The electrochemical behaviour of the SSOSWCNH20 composite electrode was ex-
plored using 2032 coin cells. DOLDME-LITFSI-LiNOs was employed as electrolytic solu-
tion in order to probe the performance of the electrode in lithium-sulfur batteries. Figure
4(a) reports the cyclic voltammetry curves (10 cycles) presenting the typical shape at-
tributed to lithium-sulfur reactions within the selected electrolyte. Indeed, the cathodic
scan shows a peak at 2.35 V is related to the conversion of Ss rings to long-chain lithium
polysulfide species Li2Sx (6 < x < 8) while the second sharp peak at about 1.90 V suggests
the reduction of the long-chain LiPSs to short-chain ones, i.e. Li25x (2 < x < 6) and
Li25.[49,50] Similarly, the anodic curve shows the first peak at ~ 2.35 V can be attributed
to the oxidation of short chain LiPSs to high-order species, while the second peak at 2.45
V is related to the formation of long-chain polysulfide and finally of elemental sulfur.[51]
The test evidences a decrease in the peaks intensity along the first five CV cycles, indicat-
ing a possible polysulfide dissolution within the electrolyte thus leading to active material
loss.[52] After this initial intensity drop, the CV curves overlap one another, thus suggest-
ing the cell stabilization upon cycling. EIS measurements were carried out before and after
the CV test to investigate the internal resistance changes upon cycling. The associated
Nyquist plot is reported in Figure 4(b). The impedance spectrum at the fresh state shows
a broad and depressed semicircle with an overall resistance of 60 2 which evolves into
two semicircles after the CV test, revealing a total resistance of 15 Q2 (see inset of Figure
4(b)). This value is indeed the combination of the electrolyte resistance (Re = 3 (2), the SEI
resistance ((RQ)ser = 5.5 Q2), and the charge transfer resistance (Rt = 7.5 Q). The first and
the second semicircles can be ascribed to the formation of the solid electrolyte interphase
(SEI) on the electrode surface and to the charge transfer processes occurring at the inter-
face between electrode and electrolyte, respectively.[3] Indeed, the decrease of the cell re-
sistance suggests the formation of a low resistive SEI facilitating the lithium ion trans-
fer.[53]

Figure 4(c) reports the CV tests performed by increasing the scan rate from 0.05 to
0.45 mV s in order to calculate Dev within the electrode material (see Figure S1 of Sup-
porting Information for EIS after each incremental step). As expected, by increasing the
scan rate, the peak intensity increases accordingly due to the decreased size of the diffu-
sion layer.[54] Moreover, increasing the scan rate determines a reduction of the cathodic
peak potential and an increase of the anodic peak potential, a result due to mass transfer
limitation.[55] Dev was obtained through the Randles-Sevcik equation described in Eq. 1.
This equation linearly correlates the peak current intensity (Iy) to the square root of the
scan rate (v!2) (see Figure S2 of Supporting Information), where the slope value is depend-
ent on the lithium diffusion coefficient.[56] Dev was calculated for different states of charge
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(2.35 and 2.45 V) and discharge (1.90 and 2.35 V) considering two electrons for each oxi-
dation/reduction process. The results are reported in Figure 4(d) and, in details, the Dev
adds up to 2 x 10° and 1.6 x 10-1° cm? s'! for the oxidation reaction occurring at 2.35 V and
2.45 V, respectively. Upon reduction, the lithium-ion diffusion appears to be slower for
the reduction of Ss to long-chain LiPSs at 2.35 V with respect to the reduction to short-
chain LiPSs occurring at 1.90 V, showing Dev values of about 5 x 10-1* and 2.2 x 1010 cm? s-
1, respectively, in agreement with the CV test.
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Figure 4 - (a) Cyclic voltammetry (CV) test of SSOCNH20 electrode, performed in 2032-coin cell
using DOLDME-LITFSI-LiNO3 as electrolyte in 1.7 V — 2.8 V voltage range with a scan rate of 0.1
mV s (b) EIS conducted as assembled and after the cyclic voltammetry. (c) CV tests carried out at
increasing scan rate (from 0.05 to 0.45 mV s) in order to calculate the lithium diffusion coefficient
De within the electrode material through Randles-Sevcik equation (see Eq. 1 and Figure S2 in the
Supporting Information). (d) Lithium ion diffusion coefficients obtained by using the Randles—
Sevcik equation, the peak intensity (Ip) and the scan rate (v).

Rate capability and galvanostatic cycling tests were performed on the SSOSWCNH20
electrode and are reported in Figure 5. In particular, Figures 5(a) and 5(b) display the rate
capability tests performed by increasing the current rate from C/10 = 167.5 mA g'up to
1C=1675 mA g through C/8=210 mA g, C/5=335 mA g, C/2=837 mA g, 1C=1675 mA
g and finally back to C/10in a 1.6 V — 2.8 V voltage range. The tests were carried out to
understand the cell behaviour at different current rates. As seen from Figure 5(a), the cell
specific capacity decreases rapidly at C/10 during the first five cycles from 1135 down to
735 mA h g, followed by a stabilization in the capacity values. By increasing the current
rate, the cell polarization between charge and discharge curves increases from 0.2 V at
C/10 to 0.4 V at 1C (Figure 5(b)) thus leading to a decrease in the cell specific capacity.
Indeed, at 1C the delivered capacity is reduced to 570 mA h g'. Once the current is set


https://doi.org/10.20944/preprints202210.0335.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 October 2022 d0i:10.20944/preprints202210.0335.v1

back to its original value (C/10), the cell recovers and maintains the specific capacity
reached after the initial drop (~755 mA h g-1). The initial fast capacity fading, well recog-
nizable in Figure 5(a), can be ascribed to the presence of elemental sulfur on the carbon
nanohorns surface, leading to the dissolution of LiPSs within the electrolyte and conse-
quently to active material losses.[57] On the other hand, the subsequent stabilization in
the specific capacity values could suggest LiPSs retention inside the SWCNHs, the latter
acting as a physical barriers thus limiting the shuttle effect.[58] The voltage profiles (Fig-
ure 5(b)) show the characteristic curves attributed to the electrochemical reactions be-
tween lithium and sulfur. Indeed, two plateaus at 2.4 V and at 2.1 V during the discharge
process are present, indicating the reduction of elemental sulfur to Li2S discharge product.
Upon charging, a long plateau is visible at 2.2 V, which increases up to 2.35 V along the
test followed by a second short plateau at 2.4 V. The plots well highlight the cell polariza-
tion upon increasing the current rate. A prolonged galvanostatic cycling test was carried
out at C/4 and it is reported in Figure 5(c). A similar behaviour to the rate capability test,
with an initial capacity drop followed by a stabilization in the capacity values, is here
observed. Indeed, the initial specific capacity of 656 mA h g decreases down to 520 mA h
gin the first 10 cycles and remains stable for 400 cycles. Subsequently, the cell capacity
slowly reduces reaching a value of about 300 mA h g at the 775t cycle, which could be
attributed to the formation of a “dead sulfur’ layer and an increase in the cell polarization,
as it can be seen from the voltage profiles in Figure 53.[59] The coulombic efficiency of the
S80SWCNH20 cell was maintained at about 96% throughout the whole test.
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Figure 5 - (a) Rate capability test and (b) relative voltage profiles of SSOCNH20 performed at differ-
ent current-rate: C/10 to 1C (=1675 mA g) through C/8, C/5, C/2 and 1C and finally back to C/10.
Sulfur loading of ~2 mgcm?. (c) Galvanostatic cycling profile of the electrode performed in 2032-
coin cells with DOLDME-LITFSI-LiNO:s electrolyte carried out at C/4= 419 mA g within 1.9 V and
2.6 V. Sulfur loading of -2 mg cm (see Figure S4 in SI for voltage profiles).

These results suggest the morphology as crucial parameter in order to stabilize the
cell performance. Galvanostatic charge and discharge measurements were carried out on
the SSO0SWCNH20 electrodes at the high current rate of 1C (1.675 A g) and the results are
reported in Figure 5S4 of Supporting Information. The test shows a high specific capacity
if considering the high current rate, which could be ascribed to the high electronic con-
ductivity of the carbon nanohorns combined with an optimized active material morphol-

ogy.
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Overall, the SS0SWCNH20 cells demonstrated a long cycle life without the addition
of catalysts, functional materials nor the use of a complicated synthesis. The simple, ease
and sustainable synthesis process herein employed to prepare the cell active material
proved to be an effective way to produce a long cycle life sulfur-based electrode.

5. Conclusions

We have herein demonstrated a straightforward synthesis process to produce a sul-
fur-carbon nanohorns active material for next-generation lithium-sulfur batteries showing
along and stable cycle life. The facile and sustainable evaporation method reported in this
work allows for the direct infiltration of elemental sulfur within single-walled carbon na-
nohorns. Moreover, the same synthesis process enables an ease control of the sulfur and
carbon amount within the active material. In this respect, the active material was electro-
chemically tested in lithium-metal half-cells by employing a solution of bis(trifluoro-
methane)sulfonimide lithium salt and lithium nitrate in a mixture of 1,2-dimethoxyethane
and 1,3-dioxolane. The obtained morphology enabled an important polysulfide retention
by physically confining the soluble moieties within the SWCNH structures. Although a
capacity drop is observed during the initial charge/discharge processes both at high and
low current rates, the SSOSWCNH20 cells demonstrated remarkable cycling performance,
a result probably related to the presence of sulfur on the surface of the carbonaceous
spheres. Indeed, at C/4 the cells showed a capacity of 520 mA h g over 400 cycles thus
reaching 300 mA h g at the 775t cycle. A similar behaviour is encountered at 1C where,
after the first 25 cycles, the cell exhibits a discharge capacity of about 600 mA h g for 100
cycles.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: EIS of the SS0SWCNH20 electrode acquired at each scan rate,
from 0.05 to 0.45 mV s along the cyclic voltammetry tests; Figure S2: Linear fit of the peak current

(Ip) plotted vs. square root of the scan rate (vm) of the cyclic voltammetry of Figure 4(c) of the

S80SWCNH20 electrode for different states of charge; Figure S3: Voltage profiles of SS0SWCNH20
performed at C/4 (=419 mA g) in a 1.7-2.8 V voltage range; Figure 54 : Galvanostatic cycling test of
the SSOSWINH20 electrode carried out at 1C (= 1675 mA g™).
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