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ABSTRACT: Lithium—sulfur battery of practical interest requires thin-layer support to achieve
acceptable volumetric energy density. However, the typical aluminum current collector of Li-ion
battery cannot be efficiently used in the Li/S system due to the insulating nature of sulfur and a
reaction mechanism involving electrodeposition of dissolved polysulfides. We study the
electrochemical behavior of a Li/S battery using a carbon-coated Al current collector in which
the low thickness, the high electronic conductivity, and, at the same time, the host ability for the
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reaction products are allowed by a binder-free few-layer graphene (FLG) substrate. The FLG 2009 ---77

enables a sulfur electrode having a thickness below 100 ym, fast kinetics, low impedance, and an Testcell

initial capacity of 1000 mAh g™ with over 70% retention after 300 cycles. The Li/S cell using

FLG shows volumetric and gravimetric energy densities of 300 Wh L~! and 500 Wh kg_l, 0 400 300 200 100

respectively, which are values well competing with commercially available Li-ion batteries.

B INTRODUCTION

The increase of LIB energy density is nowadays a widely
discussed topic in view of their extended application to electric
and hybrid vehicles."” Moreover, various concerns including
toxicity, scarce accessibility, and high cost of transition metals
such as Co and Ni may actually hinder the large-scale
application of LIBs.” Alternative chemistries, such as those
based on alkaline metal conversion or alloying, can lead to
higher energy density compared to the lithium (de)-
intercalation one.*™® Among them, the lithium—sulfur (Li/S)
conversion process appears as one of the most promising
candidates to achieve lithium battery with enhanced perform-
ances compared to the state-of-art. In fact, the sulfur electrode
can deliver in a lithium cell a theoretical capacity and energy
density as high as 1675 mAh g™' and 2600 Wh kg™',”*
respectively, instead of 280 mAh g™' and 1036 Wh kg™, typical
of the commercial layered electrodes, such as Li-
Nij 33Mng 33C00330, (NMC).” In addition, sulfur holds various
bonuses including the large abundance on the earth’s crust, low
price, and environmental compatibility.'’ Sulfur (Sg) can
reversibly operate in a lithium cell through a multi-step
electrochemical process, leading to the formation of various
polysulfide intermediates, which can be highly soluble (Li,S,, 6
< x < 8) or almost insoluble (Li,S, and Li,S) into the
electrolyte media according to the overall reaction: Sg + 16Li"
+ 16e” 2 8Li,S.”"" Unfortunately, soluble polysulfides can
migrate and directly react with the lithium anode or shuttle
between the anode and cathode throughout a continuous
process without any charge accumulation.' " This leads to an
efficiency decrease, active material loss, or even to short
circuits and cell failure, while insoluble polysulfides can
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precipitate into the cell and cause resistance increase and
capacity fading.'”"® It is worth mentioning that the low
electronic and ionic conductivity of elemental sulfur triggered
its use as composite mainly with carbons,'*”"” metals,"*™*'
metal oxides,”””>* and conductive polymers.”**” Furthermore,
the characteristic electrochemical process involving the electro-
deposition/dissolution of soluble species at the cathode side
focused the attention on the nature of the current
collector.”®*™*° Aluminum is typically used as the cathode
support in lithium batteries for either insertion or sulfur-based
electrodes due to its relevant oxidative stability, promoted by
the presence of an Al,O; nanometric passivating layer which
remarkably protects the metal surface from further reactions
and enhances the safety content of the system.””' However,
flat and thin metal supports (eg., bare Al current collector)
may lead to poor performances due to high overall impedance
of the cell and modest ability in allowing the complex multi-
step reaction pathway, while thicker porous supports (e.g., gas
diffusion layer, GDL) can enhance the cell response, reduce
the impedance, and actually boost the kinetics of the Li/S
process.”>>* In fact, the rough microporous surface of the
GDL (micropore area of 0.3 m* g~* with pore volume of 0.04
cm?® g_1)33 can host the active material, allow a continuous
contact of sulfur with the current collector, and facilitate the
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electrochemical reaction of dissolved intermediates.”” As a
result, GDL shows a higher specific capacity compared to bare
Al (1060 vs 770 mAh g_1 at C/5 using a graphene-based sulfur
composite),”> which is typically used as support in LIBs.
Despite the fact that GDL can enhance the Li/S cell
performances, it may pose concerns linked with the relevant
reduction of the volumetric energy density due to the higher
thickness compared to bare Al at the cathode side (i.e., 450 vs
18 pm). Carbon coatings on thin metallic substrates can
actually reduce the thickness, while holding acceptable
gravimetric capacity,”® and may involve the use of a polymeric
binder.*>*® However, excessively porous carbon blends with
binder can increase again the thickness, thus vanishing the
advantages of the metal support in terms of volumetric energy
density. In this view, graphene-based materials may actually
allow the thinnest configuration of a carbon-coated metal
support and hold, at the same time, a suitable Li/S process due
to their characteristic morphology, mechanical stability, and
enhanced electronic conductivity.”’ Herein, we exploit a
binder-free few layer graphene (FLG) alcoholic dispersion to
design/produce a thin carbon-coated Al support for
application in a Li/S cell with excellent characteristics in
terms of stability, efficiency, and delivered capacity. The
designed battery is expected to have a volumetric energy (i.e.,
300 Wh L™") comparable to that of the high-performance LIBs
but with a superior gravimetric energy density value (i.e.,, S00
Wh kg'). The obtained performances can boost the large-
scale diffusion of such energy storage technology.

B EXPERIMENTAL SECTION

Preparation of Binder-Free FLG-Coated Al Current Collec-
tor. The FLG-coated current collectors were prepared using a few-
layer graphene paste (FLGP) obtained by wet-jet mill (WJM) process
as reported elsewhere.”® Accordingly, FLGP was prepared by
dispersing FLG in distilled water with a concentration of 130 g L™
and 1 wt % of sodium deoxycholate (Sigma-Aldrich) as an anionic
surfactant to stabilize the FLG flakes.’”** The paste was subsequently
diluted using 2-propanol, with two different FLGPs to 2-propanol
weight ratios for comparison, i.e., 60:40 and 50:50 wt %. The FLGP
was then coated on Al foil by means of a doctor blade using a height
setting of 200 ym. Subsequently, the coating was dried on a hotplate
for 2 h at 7S °C and manually roll-pressed afterward.Table 1 reports
the acronyms and characteristics of the obtained FLG-coated Al
current collectors in terms of starting composition, final thickness, and
weight compared with the bare Al

Table 1. Characteristics of the Al FLGP Current Collectors
in Comparison to Bare Aluminum

current FLGP: isopropanol weight thickness

collector [% wt] [ mg cm™] [pm]
bare Al 4.06 18
Al FLGP_50 50:50 wt %. 495 40
Al FLGP_60 60:40 wt % 539 40

Sulfur Electrode Preparation. Sulfur-Super P carbon (S-SPC)
composite was prepared by a mixing-melting process (MP) reported
elsewhere.*> Accordingly, sulfur (Sg > 95%, Riedel-de Haén) and
carbon black (Super P C65, TIMCAL) were mixed in the weight ratio
of 70:30 with a mortar. The mixture was heated up to 125 °C in a
silicon oil bath under magnetic stirring for ~1 h until complete sulfur
melting and subsequent homogenization. The material was cooled
down to room temperature and ground using a mortar. The electrode
slurry was prepared by mixing the S-SPC composite together with
carbon black (Super P C65, TIMCAL) and a polymer binder (PVDF
6020, Solef ) in N-methyl-2-pyrrolidone (NMP, Sigma Aldrich), using
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an 80:10:10 weight ratio. The slurry was cast on the above-prepared
FLG-coated Al current collectors and, for comparison, on bare Al
using a doctor blade with a height of 250 um. The electrode foils were
subsequently dried at S0 °C for 3 h under ambient conditions using a
hotplate. Finally, the electrodes were cut into 14 mm-diameter disks
(geometric area of 1.54 cm?) and dried under vacuum at 35 °C
overnight to remove traces of water and solvent.

Li/S Cell Assembly and Electrochemical Tests. CR2032 Li/S
coin-cells were achieved using Li metal chips (MTI co.) cut with a
diameter of 14 mm as the counter/reference electrode and the above-
described sulfur working electrode, in an Argon-filled glovebox
(MBraun) with H,O and O, contents below 1 ppm. The electrolyte
was formed by dissolving 1 mol of lithium bis-
(trifluoromethanesulfonyl)imide (LiN(SO,),(CF;),, LiTESIL, 99.95%
trace metals basis, Sigma-Aldrich) and 1 mol lithium nitrate (LiNO;,
99.99% trace metals basis, Sigma-Aldrich) in 1 kg of 1,3-dioxolane/
1,2-dimethoxyethane DOL:DME 1:1 w:w mixture (both Sigma
Aldrich, 1:1, dried with 3 A rods, size 1/16 in., Honeywell Fluka,
molecular sieves). An electrolyte to sulfur (E/S) ratio of 15 yL mgg™
was set using a Celgard 2400 as the separator. The sulfur loading used
for material characterization ranged from 1 to 2 mg cm™2. Cyclic
voltammetry (CV) measurements were conducted with a scan rate of
0.1 mV s in a voltage window of 1.8—2.8 V vs Li*/Li, while
electrochemical impedance spectroscopy (EIS) measurements were
performed in a frequency range of 500 kHz to 0.1 Hz with an
amplitude of 10 mV, both using a VersaSTAT MC Princeton Applied
Research (PAR—AMETEK) analyzer. Galvanostatic cycling was
performed by applying a current rate of C/S (1C = 1675 mA g5™")
within 1.9-2.8 V using a MACCOR series 4000 battery cycler. An
additional cell using FLG-coated Al with sulfur loading increased up
to ~44 mg cm™ and an E/S ratio limited to 10 uL mgs™' was
assembled and tested to further study the practical achievements of
the new support.

Materials Characterization. High-resolution imaging was
performed with a JEOL JEM-0100 transmission electron microscope
(TEM), operated with an acceleration voltage of 100 kV. The FLG
powder was dispersed in NMP with a 1:50 ratio before drop-casting
into an ultrathin C-film on holey carbon 400 mesh Cu grids from Ted
Pella Inc. Thickness analysis of FLG samples was carried out by
utilizing a Park NX10 atomic force microscope (AFM) in a non-
contact mode. A silicon probe of frequency of 300 + 100 kHz and a
spring constant of 26 N m™' were used. The FLG dispersion was
diluted in 2-propanol in a volumetric ratio of 1/20 and drop-casted
into mica wafers. The wafers were subsequently dried at 100 °C
overnight. The thickness profiles of more than 100 flakes were
considered for calculation by measuring several images at different
regions of the samples. Thermogravimetric analysis (TGA) measure-
ments were performed under a N, atmosphere using a heating rate of
5 °C min™" in the 25—800 °C temperature ranges through a Mettler—
Toledo TGA 2 instrument. Raman measurements were carried out by
a Renishaw InVia micro-Raman spectrometer with a 100X objective
(numerical aperture of 0.85). An excitation wavelength of the 514.5
nm line of a diode laser was used with an incident power of less than 1
mW striking on the sample to avoid heating effects. The scattered
light was detected in a back-scattering geometry dispersed by a grating
of 24,000 grooves/mm. Scanning electron microscopy (SEM) was
conducted with a JEOL JSM-6490LA SEM analytical (low-vacuum)
instrument with a thermionic electron gun equipped with a tungsten
source.

B RESULTS AND DISCUSSION

The as-produced graphene-based materials are investigated by
TEM, AFM, and SEM, see Figure 1. The flat morphology of
the single flake is clearly evidenced by the TEM image of
Figure la, thus in full agreement with previous reports.'**' ~**
Statistical analysis of the lateral size distribution, obtained
using a Lorentzian fit, shows a maximum peak at ~1141 nm
(Figure 1b). Furthermore, the AFM response allows the
determination of the thickness of the flakes, see Figure 1c. The
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Figure 1. (a) Transmission electron microscopy (TEM) image, (b) statistical lateral size distribution with Lorentzian fit, (c) atomic force
microscopy (AFM) image, and (d) statistical thickness distribution of the FLG precursor. (e) Raman spectrum of the FLG precursor including
graphite reference with (f) corresponding I(2D;)/I(G) vs I(2D,)/I(G) and (g) statistical Raman analysis of I(D)/I(G) vs FWHM(G). SEM images
of (h) Al FLGP_50 and (i) Al_FLGP_60 after coating and pressing. See Table 1 for the definition of the samples’ acronyms.

statistical analysis reveals a flake thickness distribution with a
maximum centered at ~3.12 nm with a lognormal distribution
of 1.08 (Figure 1d).'*"> The Raman spectrum of the as-
produced graphene-based materials is reported in Figure le,
together with the one of graphite plotted as reference,
evidencing the typical three main peaks. These are, the G
peak at ~1580 cm™" corresponding to the Ey, phonon at the
Brillouin zone center,” the D peak at 1350 cm™" correlated
with the symmetry breaking of the sp® carbon rings, and the
peak at around 2700 cm™" due to the second-order of the D
peak (2D).'*"” The Raman spectrum of the as-produced
graphene-based materials shows the typical features expected
for the single-layer graphene (SLG) and few/multi-layer
graphene flakes.” In fact, if compared with the Raman
spectrum of graphite, the G and 2D Raman peaks change in
shape, position, and relative intensity.”® This reflects the
evolution of the electronic structure with the number of
graphene layers.” In this respect, the 2D, to 2D, intensity ratio
(Figure 1f) allows the estimation of the flake thickness.”® The
graphite reference shows an intensity of the I(2D,) peak which
is about double of the intensity of the I(2D,) peak, while the
intensity typically decreases and modifies when the thickness
drops until the 2D band can be fitted by a single Lorentzian
plot as the flakes are electronically decoupled."**” Hence, the
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line I(2D,)/1(G) = I(2D,)/I(G) indicates a staking of more
than five layers for the FLG,"*** in which the values above the
line I(2D,)/I(G) < I(2D,)/1(G) belong to FLG (66%) and the
points below 1(2D,)/I1(G) > 1(2D,)/1(G) to graphite (34%).
Furthermore, the absence of a linear correlation between
FWHM(G) and the normalized I(D)/I(G) band in the
statistical Raman analysis (Figure lg) suggests the presence
of sub-micrometric flakes as well as the absence of structural
defects."™ In addition, the SEM imaging performed at the
surface of the Al FLGP_50 (Figure 1h) and Al FLGP_60
(Figure 1i) current collectors shows a more relevant stacking
of the FLG in the support compared to the above discussed
Raman of the graphene precursor, and a porous morphology,
which is influenced by the amount of isopropanol used for the
preparation of the sample (see Experimental Section for
preparation details and Table 1 for the definition of the
acronyms).

Despite the notable packing of the FLG, the Al FLGP_50
and Al FLGP_60 show a reasonably small thickness (40 pm)
and low carbon loading (i.e., of ~1 mgg g cm™2) due to the
relevant water and isopropanol evaporation during the
preparation process (see corresponding TGA and differential
thermal analysis -DTG- in Figure S1 in the Supporting
Information) and roll pressing process. Hence, the Al FLGP

https://doi.org/10.1021/acs.energyfuels.2c02086
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Figure 2. Cyclic voltammetry (CV) measurements with currents normalized to the weight of the sulfur in the electrodes using (a) bare Al, (b)
Al_FLGP_S50, and (c) Al_FLGP_60 in a potential window of 1.8—2.8 V vs Li*/Li at a scan rate of 0.1 mV s™". Nyquist plots of the electrochemical
impedance spectroscopy (EIS) performed at the OCV, and upon the first and fifth CV cycle of sulfur electrodes coated on (d) bare Al, (e)
Al FLGP_S0, and (f) Al FLGP_60 in a frequency range from 500 kHz to 0.1 Hz using a signal amplitude of 10 mV. Electrolyte: DOL:DME (1:1
w:w), LITFSI (1 mol kg™"), LINO; (1 mol kg™'). Room temperature (25 °C). See Table 1 for samples’ acronyms.

Table 2. NLLS Analyses Performed on the Nyquist Plots (Figure 2d—f) by Using a Boukamp Tool**** (See Table 1 for

Samples’ Acronyms)

material cell condition equivalent circuit
Al ocv R.(R,Q)(R, Q)
1 CV cydle R.(R;Q))(R,Qy)
5 CV cycles R.(R;Q,) (R, Qo)
Al_FLGP_50 ocv R(R,Q)(R,Q)Q,
1 CV cycle R.(R;Q))(R,Q) Q.
§ CV cycles R, (R Q) (RyQ2)Qu
Al_FLGP_60 ocv R.(R,Q)(R,Q)Q,
1 CV cycle R.(R;Q)(R,Q) Q.
5 CV cycles R.(R;Q))(R,Q)Q,

R, [Q] R, [Q] R+ R, ){2
352 +23 139 + 4.6 49.1 + 6.9 6x107*
312 + 8.5 29.5 + 8.7 60.7 + 17.2 9% 107°
33.0 + 4.7 28.0 + 5.0 61 + 9.7 5% 107°
229 + 0.3 62 + 04 29.1 + 0.7 8 x 107°
59 +02 6.0 + 0.6 119 + 0.8 5x 107
59 + 02 5.5+ 04 114 + 0.6 3x 107
224 + 0.7 11.6 + 1.2 340 £ 1.9 4x 107
3.6+ 02 5.9 + 0.5 9.5+ 0.7 5x 1074
34402 52+ 04 7.6 + 0.6 5% 107*

supports reveal comparable characteristics to those of the bare
Al used in LIBs (see Table 1), in addition to a notable
mechanical stability and a modest porosity (see corresponding
BET in Figure S2 in the Supporting Information). These can
be considered optimal features, which are expected to enhance
the performances of the Li/S cell and, at the same time, hold a
suitable volumetric energy density as reported hereafter.

The role of FLG on the Li/S reaction kinetics is studied by
coupling cyclic voltammetry and electrochemical impedance
spectroscopy as reported in Figure 2. The voltammograms
(Figure 2a—c) reveal peaks during the cathodic scan at
potentials of ~2.0 and 2.3 V vs Li*/Li likely ascribed to the
reduction of the Sq rings to long chain polysulfides (possibly Sg
+ 2Li+ + 2e- 2 Li,S;) and short chain polysulfides (Li,Sg +
14Li+ + 14e- 2 8Li,S), while the oxidation back of
polysulfides to sulfur and lithium takes place during the
reverse anodic scan at potentials higher than 2.2 V vs Li*/Li.*’
However, according to the previous literature, the two
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discharge processes at ~2.0 and 2.3 V vs Li"/Li hardly
correspond to single oxidation states of the Li,S, polysulfides,
since the conversion from Li and S to Li,S actually occurs
through the formation of various intermediate anions and free
radical species into a complex equilibrium.>® The shape of the
first cycle slightly differs from the subsequent ones for all
samples, likely due to a structural reorganization occurring
during the conversion process at the cathode side and to the
possible SEI formation at the electrodes surface.'® The CV
curves reveal a less defined profile and a higher polarization for
the cell using a bare Al current collector compared to
Al FLGP_50 and Al FLGP_60. After the first CV scan, the
cell using Al shows a depressed reduction wave occurring at
potentials of ~1.94 and ~ 2.20 V vs Li*/Li and a single broad
oxidation peak at ~2.52 V vs Li*/Li (Figure 2a). Instead, the
cell based on Al FLGP_50 support is characterized by narrow
reduction peaks at ~2.01 and ~2.32 V vs Li*/Li with a reverse
oxidation according to a defined double peak at ~2.32 and

https://doi.org/10.1021/acs.energyfuels.2c02086
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Table 1 for samples’ acronyms.

~2.41 V vs Li*/Li (Figure 2b). Concerning the cell using
Al FLGP_60, it shows a similar but less intense response
compared to the Al_FLGP_50 one, with reduction peaks at
~2.00 and ~2.31 V vs Li*/Li and oxidation at ~2.32 and
~2.45 V vs Li*/Li (Figure 2c). The above CV responses clearly
indicate that the FLG coating on Al is contributing to enhance
the conversion kinetics in the Li/S cell, most likely due to the
favorable features of the FLG in terms of morphology,
electronic conductivity, and hosting ability to the reaction
products.”’ Furthermore, the cell using Al FLGP_50 shows
more intense CV signals compared to the one based on
Al_FLGP_60 despite the similar morphology observed in
Figure 1, which may be ascribed to slightly different surfaces, as
indeed observed by BET data reported in Figure S2
(Supporting Information). The reasons for the Li/S cell
kinetic improvement achieved by FLG coating on Al can be in
part rationalized by the EIS Nyquist plots performed upon CV
in the 500 kHz—0.1 Hz frequency range (Figure 2d—f), in
which the charge transfer and SEI are represented by
semicircles positioned in a middle-high frequency range,
while possible Li*-ion diffusion is typically shown as a linear
progression in the low-frequency region.””** The correspond-
ing resistance values are calculated by nonlinear least squares
(NLLS) analysis and listed in Table 2. The data at the open
circuit voltage (OCV) condition reveal an overall interphase
resistance (R = R; + R, in Table 2) of 49.1 Q for the Li/S cell
using a bare Al current collector (Figure 2d); instead, values of
29.1 Q and 34.0 Q are observed for the cells using
Al FLGP_S0 (Figure 2e) and Al FLGP_ 60 (Figure 2f),
respectively. Notably, the cell based on bare Al reveals an
increase of R to ~61 Q after five CV cycles, which is likely
ascribed to the formation of an unfavorable electrode/
electrolyte interphase upon polysulfide dissolution.” In
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contrast, the Li/S cells with Al FLGP_ 50 and Al FLGP_60
show a resistance decrease to ~11 and ~8 €, respectively, after
the same number of voltammetry cycles, which is in line with
the smaller polarization observed by the ongoing of the CV test
(see Figure 2b,c). The resistance decrease and consequent cell
improvement upon cycles may be ascribed to activation
processes described in previous reports,®*’ leading to a
favorable electrode/electrolyte interphase and enhanced
charge transfer kinetics. These processes are promoted by
the homogeneous distribution of sulfur into the carbon
framework upon repeated sulfur electrodeposition and
polysulfide dissolution. These advantageous features suggest
the FLG coating on the Al current collector as an adequate
strategy to achieve enhanced Li/S cells using a thin sulfur
cathode.

The galvanostatic responses of the Li/S cells using different
current collectors are displayed in Figure 3. The voltage profile
of the test performed at a C/5 rate (1 C = 1675 mA gg™') on a
cell with bare Al support (Figure 3a) reveals the typical two-
plateau signature of the Li/S battery during the initial stages,
reflecting the polarization expected by the corresponding CV
curves (compare with Figure 2a).” However, the voltage profile
reveals a remarkable fading of the reversible capacity from 980
mAh g¢™! at the first cycle to values lower than 310 mAh g™!
after 300 cycles. On the contrary, the cells based on
Al FLGP_S50 and Al FLGP_60 show lower polarization and
higher stability compared with the reference one. In fact,
despite the similar capacity of 965 mAh g™ at the first cycle,
the cell using Al FLGP_S50 shows at the same C-rate a
capacity approaching 700 mAh g¢™" at the 300th cycle (Figure
3b), while the one using Al FLGP_60 reveals a lower capacity
of 843 mAh g¢™' at the first cycle, decreasing to 490 mAh g™’
over 300 cycles (Figure 3c). Figure 3d, showing the
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comparison of the discharge capacity with the efficiency of the
three cells, clearly evidences the stabilization effect of the Li/S
battery achieved by the FLG coating of Al In fact, bare Al
leads to an average capacity loss of 2.23 mAh g™ per cycle,
while Al FLGP_50 and Al FLGP_60 limit the decay to 0.91
mAh gg~" and 1.18 mAh gg™" per cycle, respectively. It is worth
mentioning that the capacity values achieved herein are lower
than those achieved by the carbon current collectors typically
used with the aim of active material characterization rather
than practical cell application, such as GDL.** The latter is
thicker compared to Al (ie., 450 ym vs 18 pm) and much
more porous, thus allowin§ the S-SPC composite used herein
to exceed 1000 mAh gs™'.”” However, the excessive thickness
of the above support may limit the application of the Li/S cell
due to a resulting low volumetric energy density despite the
high gravimetric value. Instead, the cells using FLG-coated Al
reveal very promising values of the gravimetric capacity with
stability and thickness values that may lead to competing
volumetric energy density.

The Li/S cell based on the most performing S-Al FLGP_50
cathode has been selected for further improvement in terms of
areal sulfur content by increasing the loading to ~4.4 mg cm™
(electrode geometric area of 1.54 cm’) and is reported in
Figure 4. The cell has an E/S ratio limited to 10 uL mgs™’, S to
graphene-coating ratio increased up to ~5:1, and S to overall-
support ratio of ~1:1, according to the data reported in Table
1 for the Al_FLGP_S50 support. The Li/S cell described above
reveals an initial capacity of ~250 mAh gi~!, increasing to
~800 mAh g;™', and subsequently stabilizing to ~650 mAh
gs~!, except for the occasional decrease of the cell performance
(Figure 4a) during the initial cycles due to the high voltage
cutoff used herein in discharge to avoid side reductive
processes as displayed in Figure S3 (Supporting Information).
This can be considered as an activation process, in line with
the one described in Figure 2 and in previous reports, and
becomes more relevant when the sulfur content in the
electrode is increased.'®*" The figure shows a maximum
areal capacity exceeding 3 mAh cm™ (see corresponding
voltage profile in Figure 4b), which is a value that can reflect a
relevant improvement of the cell volumetric energy density
achieved herein by FLG coating even considering reduction
factors linked with the inactive component contributions.>*
Therefore, the data of our work suggest the use of FLG-coated
Al as the preferential support for application in practical and
scalable Li/S batteries of high energy density and expected
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modest economic impact.” In fact, the present Li-ion battery
has a predicted cost that can be considerably decreased, and
the driving autonomy estimated in EVs using LIBs can be
enhanced by using a scaled up and efficient Li/$ battery.”” In
addition, the stability of the cell observed in Figure 3 indicates
that the new support can guarantee sufficient cycling life of the
battery and competing performance compared to the widely
diffused LIBs.

Bl CONCLUSIONS

FLG-coated Al supports exploiting a binder-free configuration
have been studied as the current collectors for Li/S batteries of
practical interest. TEM, SEM, AFM, Raman, and TGA
measurements evidenced the characteristic structure and
morphology of the new current collectors. Furthermore, cyclic
voltammetry and electrochemical impedance spectroscopy
have shown limited overpotentials and interphase resistances
of the Li/S cells using the FLG-coated supports compared to
bare Al. Noteworthy, galvanostatic cycling revealed a stable
trend with a specific capacity ranging from ~950 to ~700 mAh
gs_l over 300 cycles for the best current collector, i.e.
Al FLGP_S50, at a C/5 rate. The obtained electrochemical
performances have been attributed to the beneficial impact of
morphological (i.e., thin) and electrical (highly conducting)
properties of the FLG flakes on the kinetics of the Li/S
electrochemical conversion process, as well as to the formation
of a suitable electrode/electrolyte interphase in the corre-
sponding cells. The above system revealed a maximum areal
capacity exceeding 3 mAh cm™? which can be actually
reflected into an improved cell volumetric energy density.
Therefore, the results reported herein suggest the FLG-coated
Al current collector as the substrate of choice for further
development of scalable and high-performance lithium sulfur
batteries.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
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Thermogravimetric analysis (TGA) and differential
thermal analysis (DTG) under N, of the FLGP
precursor and FLGP-isopropanol mixtures used for the
FLGP-Al (Figure S1); Brunauer, Emmett, and Teller
(BET) measurements of FLGP-Al (Figure S2); occa-
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sional cell performance decrease during the initial cycles
of the Li/S system using Al FLGP_50 with S loading of
4.4 mg cm > (Figure S3) (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Francesco Bonaccorso — BeDimensional S.p.A, 16163 Genoa,
Italy; Email: fbonaccorso@bedimensional.it

Jusef Hassoun — Department of Chemical and Pharmaceutical
Sciences, University of Ferrara, 44121 Ferrara, Italy; Istituto
Italiano di Tecnologia, 16163 Genoa, Italy; ® orcid.org/
0000-0002-8218-5680; Email: jusef.hassoun@unife.it,
jusef.hassoun@iit.it

Authors

Wolfgang Brehm — BeDimensional S.p.A, 16163 Genoa, Italy

Vittorio Marangon — Department of Chemical and
Pharmaceutical Sciences, University of Ferrara, 44121
Ferrara, Italy; Istituto Italiano di Tecnologia, 16163 Genoa,
Italy; © orcid.org/0000-0003-4722-8988

Jaya Panda — BeDimensional S.p.A, 16163 Genoa, Italy

Sanjay B. Thorat — BeDimensional S.p.A, 16163 Genoa, Italy

Antonio Esati del Rio Castillo — BeDimensional S.p.A, 16163
Genoa, Italy

Vittorio Pellegrini — BeDimensional S.p.A, 16163 Genoa,
Italy

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.energyfuels.2c02086

Author Contributions
#*W.B. and V.M. contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work has received funding from the European Union’s
Horizon 2020 research and innovation program Graphene
Flagship under grant agreement No 881603. V.M. and J.H.
acknowledge the grant “Fondo di Ateneo per la Ricerca
Scientifica, FAR 20217, University of Ferrara, and the project
“Accordo di Collaborazione Quadro 2015” between University
of Ferrara (Department of Chemical and Pharmaceutical
Sciences) and Sapienza University of Rome (Department of
Chemistry).

B REFERENCES

(1) Lyu, Y.; Wu, X,; Wang, K; Feng, Z.; Cheng, T.; Liu, Y.; Wang,
M.,; Chen, R; Xu, L.; Zhou, J.; Lu, Y.; Guo, B. An Overview on the
Advances of LiCoO, Cathodes for Lithium-Ion Batteries. Adv. Energy
Mater. 2021, 11, 2000982.

(2) He, W.; Guo, W.; Wu, H,; Lin, L.; Liu, Q.; Han, X; Xie, Q.; Liu,
P.; Zheng, H.; Wang, L.; et al. Challenges and Recent Advances in
High Capacity Li-Rich Cathode Materials for High Energy Density
Lithium-Ion Batteries. Adv. Mater. 2021, 33, 2005937.

(3) Nayak, P. K; Yang, L.; Brehm, W.; Adelhelm, P. From Lithium-
Ion to Sodium-Ion Batteries: Advantages, Challenges, and Surprises.
Angew. Chem., Int. Ed. 2018, 57, 102—120.

(4) Carbone, L.; Greenbaum, S. G.; Hassoun, J. Lithium Sulfur and
Lithium Oxygen Batteries: New Frontiers of Sustainable Energy
Storage. Sustainable Energy Fuels 2017, 1, 228—247.

(5) Brehm, W.; Santhosha, A. L; Zhang, Z.; Neumann, C,;
Turchanin, A, Seyring, M.; Rettenmayr, M.; Buchheim, J. R;
Adelhelm, P. Mechanochemically Synthesized Cu;p/C Composites

9327

as a Conversion Electrode for Li-Ion and Na-Ion Batteries in Different
Electrolytes. J. Power Sources Adv. 2020, 6, No. 100031.

(6) Brehm, W.; Buchheim, J. R; Adelhelm, P. Reactive and
Nonreactive Ball Milling of Tin-Antimony (Sn-Sb) Composites and
Their Use as Electrodes for Sodium-Ion Batteries with Glyme
Electrolyte. Energy Technol. 2019, 7, 1900389.

(7) Manthiram, A; Fu, Y; Chung, S.-H; Zu, C; Su, Y.-S.
Rechargeable Lithium-Sulfur Batteries. Chem. Rev. 2014, 114,
11751-11787.

(8) Scrosati, B.; Hassoun, J.; Sun, Y.-K. Lithium-Ion Batteries. A
Look into the Future. Energy Environ. Sci. 2011, 4, 3287.

(9) Nitta, N.; Wu, F.; Lee, J. T.; Yushin, G. Li-Ton Battery Materials:
Present and Future. Mater. Today 2015, 18, 252—264.

(10) Medenbach, L.; Adelhelm, P. Cell Concepts of Metal—Sulfur
Batteries (Metal = Li, Na, K, Mg): Strategies for Using Sulfur in
Energy Storage Applications. Top. Curr. Chem. 2017, 375, 81.

(11) Bruce, P. G; Freunberger, S. A.; Hardwick, L. J.; Tarascon, J.-
M. Li—0, and Li—S Batteries with High Energy Storage. Nat. Mater.
2012, 11, 19-29.

(12) Mikhaylik, Y. V.; Akridge, J. R. Polysulfide Shuttle Study in the
Li/S Battery System. J. Electrochem. Soc. 2004, 151, A1969.

(13) Busche, M. R; Adelhelm, P.; Sommer, H.; Schneider, H.;
Leitner, K.; Janek, J. Systematical Electrochemical Study on the
Parasitic Shuttle-Effect in Lithium-Sulfur-Cells at Different Temper-
atures and Different Rates. J. Power Sources 2014, 259, 289—299.

(14) Carbone, L.; Del Rio Castillo, A. E.; Kumar Panda, J.; Pugliese,
G.; Scarpellini, A.; Bonaccorso, F.; Pellegrini, V. High-Sulfur-Content
Graphene-Based Composite through Ethanol Evaporation for High-
Energy Lithium-Sulfur Battery. ChemSusChem 2020, 13, 1593—1602.

(15) Marangon, V,; Hernéndgz—Rentero, C.; Olivares-Marin, M.;
Goémez-Serrano, V.; Caballero, A.; Morales, J.; Hassoun, J. A Stable
High-Capacity Lithium-Ion Battery Using a Biomass-Derived Sulfur-
Carbon Cathode and Lithiated Silicon Anode. ChemSusChem 2021,
14, 3333—3343.

(16) Guo, J; Zhang, J; Jiang, F; Zhao, S; Su, Q; Du, G.
Microporous Carbon Nanosheets Derived from Corncobs for
Lithium-Sulfur Batteries. Electrochim. Acta 2015, 176, 853—860.

(17) Li, Z; Wu, H. B; David, X. W. D. Rational Designs and
Engineering of Hollow Micro-/Nanostructures as Sulfur Hosts for
Advanced Lithium—Sulfur Batteries. Energy Environ. Sci. 2016, 9,
3061—-3070.

(18) Marangon, V.; Di Lecce, D.; Brett, D. J. L,; Shearing, P. R;;
Hassoun, J. Characteristics of a Gold-Doped Electrode for Application
in High-Performance Lithium-Sulfur Battery. J. Energy Chem. 2022,
64, 116—128.

(19) Cheng, C.-S.; Chung, S.-H. Rational Design of High-
Performance Nickel-Sulfur Nanocomposites by the Electroless Plating
Method for Electrochemical Lithium-Sulfur Battery Cathodes. Batter.
Supercaps 2022, S, No. €202100323.

(20) Marangon, V.; Di Lecce, D.; Orsatti, F; Brett, D. J. L;
Shearing, P. R.; Hassoun, J. Investigating High-Performance Sulfur—
Metal Nanocomposites for Lithium Batteries. Sustainable Energy Fuels
2020, 4, 2907—2923.

(21) Zhou, X.; Meng, R.;; Zhong, N.; Yin, S.; Ma, G; Liang, X. Size-

Dependent Cobalt Catalyst for Lithium Sulfur Batteries: From Single
Atoms to Nanoclusters and Nanoparticles. Small Methods 2021, S,
2100571.
,(22) Benitez, A.; Marangon, V.; Hernéndez-Rentero, C.; Caballero,
A.; Morales, J.; Hassoun, J. Porous Cr,0;@C Composite Derived
from Metal Organic Framework in Efficient Semi-Liquid Lithium-
Sulfur Battery. Mater. Chem. Phys. 2020, No. 123484.

(23) Tian, Y,; Yang, M;; Wang, C. Highly Efficient Flexible Li—S
Full Batteries with Hollow Ru—RuO,_, Nanofibers as Robust
Polysulfide Anchoring-Catalysts and Lithium Dendrite Inhibitors. J.
Mater. Chem. A 2022, 10, 8826—8836.

(24) Marangon, V.; Scaduti, E.; Vinci, V. F.; Hassoun, J. Scalable
Composites Benefiting from Transition Metal Oxides as Cathode
Material for Efficient Lithium-Sulfur Battery. ChemElectroChem 2022,
9, No. €202200374.

https://doi.org/10.1021/acs.energyfuels.2c02086
Energy Fuels 2022, 36, 9321-9328


https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c02086/suppl_file/ef2c02086_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Bonaccorso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:f.bonaccorso@bedimensional.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jusef+Hassoun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8218-5680
https://orcid.org/0000-0002-8218-5680
mailto:jusef.hassoun@unife.it
mailto:jusef.hassoun@iit.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wolfgang+Brehm"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vittorio+Marangon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4722-8988
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jaya+Panda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sanjay+B.+Thorat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Esau%CC%81+del+Rio+Castillo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vittorio+Pellegrini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02086?ref=pdf
https://doi.org/10.1002/aenm.202000982
https://doi.org/10.1002/aenm.202000982
https://doi.org/10.1002/adma.202005937
https://doi.org/10.1002/adma.202005937
https://doi.org/10.1002/adma.202005937
https://doi.org/10.1002/anie.201703772
https://doi.org/10.1002/anie.201703772
https://doi.org/10.1039/C6SE00124F
https://doi.org/10.1039/C6SE00124F
https://doi.org/10.1039/C6SE00124F
https://doi.org/10.1016/j.powera.2020.100031
https://doi.org/10.1016/j.powera.2020.100031
https://doi.org/10.1016/j.powera.2020.100031
https://doi.org/10.1002/ente.201900389
https://doi.org/10.1002/ente.201900389
https://doi.org/10.1002/ente.201900389
https://doi.org/10.1002/ente.201900389
https://doi.org/10.1021/cr500062v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c1ee01388b
https://doi.org/10.1039/c1ee01388b
https://doi.org/10.1016/j.mattod.2014.10.040
https://doi.org/10.1016/j.mattod.2014.10.040
https://doi.org/10.1007/s41061-017-0168-x
https://doi.org/10.1007/s41061-017-0168-x
https://doi.org/10.1007/s41061-017-0168-x
https://doi.org/10.1038/nmat3191
https://doi.org/10.1149/1.1806394
https://doi.org/10.1149/1.1806394
https://doi.org/10.1016/j.jpowsour.2014.02.075
https://doi.org/10.1016/j.jpowsour.2014.02.075
https://doi.org/10.1016/j.jpowsour.2014.02.075
https://doi.org/10.1002/cssc.201902305
https://doi.org/10.1002/cssc.201902305
https://doi.org/10.1002/cssc.201902305
https://doi.org/10.1002/cssc.202101069
https://doi.org/10.1002/cssc.202101069
https://doi.org/10.1002/cssc.202101069
https://doi.org/10.1016/j.electacta.2015.07.077
https://doi.org/10.1016/j.electacta.2015.07.077
https://doi.org/10.1039/C6EE02364A
https://doi.org/10.1039/C6EE02364A
https://doi.org/10.1039/C6EE02364A
https://doi.org/10.1016/j.jechem.2021.04.025
https://doi.org/10.1016/j.jechem.2021.04.025
https://doi.org/10.1002/batt.202100323
https://doi.org/10.1002/batt.202100323
https://doi.org/10.1002/batt.202100323
https://doi.org/10.1039/D0SE00134A
https://doi.org/10.1039/D0SE00134A
https://doi.org/10.1002/smtd.202100571
https://doi.org/10.1002/smtd.202100571
https://doi.org/10.1002/smtd.202100571
https://doi.org/10.1016/j.matchemphys.2020.123484
https://doi.org/10.1016/j.matchemphys.2020.123484
https://doi.org/10.1016/j.matchemphys.2020.123484
https://doi.org/10.1039/D2TA01573K
https://doi.org/10.1039/D2TA01573K
https://doi.org/10.1039/D2TA01573K
https://doi.org/10.1002/celc.202200374
https://doi.org/10.1002/celc.202200374
https://doi.org/10.1002/celc.202200374
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c02086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF

(25) Li, M.; Dai, Y; Pei, X.; Chen, W. Hierarchically Porous y-Ti;O5
Hollow Nanospheres as an Effective Sulfur Host for Long-Life
Lithium-Sulfur Batteries. Appl. Surf. Sci. 2022, 579, No. 152178.

(26) Gracia, L; Ben Youcef, H,; Judez, X,; Oteo, U.; Zhang, H.; Li,
C.; Rodriguez-Martinez, L. M.; Armand, M. S-Containing Copolymer
as Cathode Material in Poly(Ethylene Oxide)-Based All-Solid-State
Li-S Batteries. J. Power Sources 2018, 390, 148—152.

(27) Luna-Lama, F.; Caballero, A.; Morales, J. Synergistic Effect
between PPy:PSS Copolymers and Biomass-Derived Activated
Carbons: A Simple Strategy for Designing Sustainable High-
Performance Li—S Batteries. Sustainable Energy Fuels 2022, 6,
1568—1586.

(28) Pomerantseva, E.; Bonaccorso, F.; Feng, X.; Cui, Y.; Gogotsi, Y.
Energy Storage: The Future Enabled by Nanomaterials. Science 2019,
366, No. eaan828S.

(29) Raguzin, L; Choudhury, S.; Simon, F.; Stamm, M.; Ionov, L.
Effect of Current Collector on Performance of Li-S Batteries. Adv.
Mater. Interfaces 2017, 4, 1600811.

(30) Liu, F,; Chiluwal, S.; Childress, A. S.; Etteh, C.; Miller, K,;
Washington, M.; Rao, A. M,; Podila, R. Graphene Foam Current
Collector for High-Areal-Capacity Lithium—Sulfur Batteries. ACS
Appl. Nano Mater. 2021, 4, 53—60.

(31) Scrosati, B.; Garche, J. Lithium Batteries: Status, Prospects and
Future. J. Power Sources 2010, 195, 2419—2430.

(32) Di Lecce, D; Marangon, V.; Du, W,; Brett, D. J. L.; Shearing, P.
R.; Hassoun, J. The Role of Synthesis Pathway on the Microstructural
Characteristics of Sulfur-Carbon Composites: X-Ray Imaging and
Electrochemistry in Lithium Battery. J. Power Sources 2020, 472,
No. 228424. )

(33) Benitez, A.; Caballero, A.; Rodriguez-Castellén, E.; Morales, J.;
Hassoun, J. The Role of Current Collector in Enabling the High
Performance of Li/S Battery. ChemistrySelect 2018, 3, 10371—10377.

(34) Benitez, A.; Luna-Lama, F.; Caballero, A.; Rodriguez-Castellén,
E.; Morales, J. Contribution to the Understanding of the Performance
Differences between Commercial Current Collectors in Li—S
Batteries. J. Energy Chem. 2021, 62, 295—306.

(35) Zhang, H.; Zhao, W.; Zou, M.; Wang, Y.; Chen, Y.; Xu, L.; Wu,
H.; Cao, A. 3D, Mutually Embedded MOF@Carbon Nanotube
Hybrid Networks for High-Performance Lithium-Sulfur Batteries.
Adv. Energy Mater. 2018, 8, 1800013.

(36) Vizintin, A,; Guterman, R, Schmidt, J; Antonietti M.;
Dominko, R. Linear and Cross-Linked Ionic Liquid Polymers as
Binders in Lithium—Sulfur Batteries. Chem. Mater. 2018, 30, 5444—
5450.

(37) Shao, Q.; Wu, Z.-S.; Chen, J. Two-Dimensional Materials for
Advanced Li-S Batteries. Energy Storage Mater. 2019, 22, 284—310.

(38) Del Rio Castillo, A. E; Pellegrini, V.; Ansaldo, A.; Ricciardella,
F.; Sun, H.; Marasco, L.; Buha, J; Dang, Z.; Gagliani, L.; Lago, E.;
et al. High-Yield Production of 2D Crystals by Wet-Jet Milling. Mater.
Horizons 2018, S, 890—904.

(39) Bonaccorso, F.; Hasan, T.; Tan, P. H.; Sciascia, C.; Privitera,
G.; Di Marco, G.; Gucciardi, P. G.; Ferrari, A. C. Density Gradient
Ultracentrifugation of Nanotubes: Interplay of Bundling and
Surfactants Encapsulation. J. Phys. Chem. C 2010, 114, 17267—17285.

(40) Marags, O. M.; Bonaccorso, F.; Saija, R,; Privitera, G;
Gucciardi, P. G.; Iati, M. A.; Calogero, G.; Jones, P. H.; Borghese, F.;
Denti, P.; et al. Brownian Motion of Graphene. ACS Nano 2010, 4,
7515-7523.

(41) Frappa, M.; Del Rio Castillo, A. E.; Macedonio, F.; Politano, A.;
Drioli, E.; Bonaccorso, F.; Pellegrini, V.; Gugliuzza, A. A Few-Layer
Graphene for Advanced Composite PVDF Membranes Dedicated to
Water Desalination: A Comparative Study. Nanoscale Adv. 2020, 2,
4728—4739.

(42) Tombolini, F.; Boccuni, F.; Ferrante, R.; Natale, C.; Marasco,
L.; Mantero, E.; Del Rio Castillo, A. E.; Leoncino, L.; Pellegrini, V.;
Sabella, S.; et al. An Integrated and Multi-Technique Approach to
Characterize Airborne Graphene Flakes in the Workplace during
Production Phases. Nanoscale 2021, 13, 3841—3852.

9328

(43) Zahid, M.; Del Rio Castillo, A. E.; Thorat, S. B,; Panda, J. K,;
Bonaccorso, F.; Athanassiou, A. Graphene Morphology Effect on the
Gas Barrier, Mechanical and Thermal Properties of Thermoplastic
Polyurethane. Compos. Sci. Technol. 2020, 200, No. 108461.

(44) Hassoun, J.; Bonaccorso, F.; Agostini, M.; Angelucci, M.; Betti,
M. G.; Cingolani, R.; Gemmi, M.; Mariani, C.; Panero, S.; Pellegrini,
V.; et al. An Advanced Lithium-Ion Battery Based on a Graphene
Anode and a Lithium Iron Phosphate Cathode. Nano Lett. 2014, 14,
4901—-4906.

(45) Zhu, A. Y,; Yi, F; Reed, ]J. C; Zhu, H; Cubukcu, E.
Optoelectromechanical Multimodal Biosensor with Graphene Active
Region. Nano Lett. 2014, 14, 5641—5649.

(46) Saito, R; Jorio, A; Souza Filho, A. G.; Dresselhaus, G.;
Dresselhaus, M. S.; Pimenta, M. A. Probing Phonon Dispersion
Relations of Graphite by Double Resonance Raman Scattering. Phys.
Rev. Lett. 2001, 88, No. 027401.

(47) Ferrari, A. C.; Basko, D. M. Raman Spectroscopy as a Versatile
Tool for Studying the Properties of Graphene. Nat. Nanotechnol.
2013, 8, 235-246.

(48) Ferrari, A. C. Raman Spectroscopy of Graphene and Graphite:
Disorder, Electron—Phonon Coupling, Doping and Nonadiabatic
Effects. Solid State Commun. 2007, 143, 47-57.

(49) Benitez, A.; Di Lecce, D.; Caballero, A.; Morales, J.; Rodriguez-
Castellon, E.; Hassoun, J. Lithium Sulfur Battery Exploiting Material
Design and Electrolyte Chemistry: 3D Graphene Framework and
Diglyme Solution. J. Power Sources 2018, 397, 102—112.

(50) Wang, Q.; Zheng, J.; Walter, E.; Pan, H,; Lv, D.; Zuo, P.; Chen,
H.; Deng, Z. D.; Liaw, B. Y.; Yu, X,; et al. Direct Observation of Sulfur
Radicals as Reaction Media in Lithium Sulfur Batteries. J. Electrochem.
Soc. 2015, 162, A474—A478.

(51) Chung, S.-H,; Manthiram, A. Low-Cost, Porous Carbon
Current Collector with High Sulfur Loading for Lithium—Sulfur
Batteries. Electrochem. Commun. 2014, 38, 91-95.

(52) Boukamp, B. A Nonlinear Least Squares Fit Procedure for
Analysis of Immittance Data of Electrochemical Systems. Solid State
Tonics 1986, 20, 31—44.

(53) Boukamp, B. A Package for Impedance/Admittance Data
Analysis. Solid State Ionics 1986, 18-19, 136—140.

(54) Di Lecce, D.; Verrelli, R.; Hassoun, J. Lithium-Ion Batteries for
Sustainable Energy Storage: Recent Advances towards New Cell
Configurations. Green Chem. 2017, 19, 3442—3467.

(55) Di Lecce, D.; Marangon, V.,; Jung, H.-G.; Tominaga, Y,;
Greenbaum, S.; Hassoun, ]J. Glyme-Based Electrolytes: Suitable
Solutions for next-Generation Lithium Batteries. Green Chem. 2022,
24, 1021—1048.

https://doi.org/10.1021/acs.energyfuels.2c02086
Energy Fuels 2022, 36, 9321-9328


https://doi.org/10.1016/j.apsusc.2021.152178
https://doi.org/10.1016/j.apsusc.2021.152178
https://doi.org/10.1016/j.apsusc.2021.152178
https://doi.org/10.1016/j.jpowsour.2018.04.052
https://doi.org/10.1016/j.jpowsour.2018.04.052
https://doi.org/10.1016/j.jpowsour.2018.04.052
https://doi.org/10.1039/D1SE02052H
https://doi.org/10.1039/D1SE02052H
https://doi.org/10.1039/D1SE02052H
https://doi.org/10.1039/D1SE02052H
https://doi.org/10.1126/science.aan8285
https://doi.org/10.1002/admi.201600811
https://doi.org/10.1021/acsanm.0c02073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.0c02073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpowsour.2009.11.048
https://doi.org/10.1016/j.jpowsour.2009.11.048
https://doi.org/10.1016/j.jpowsour.2020.228424
https://doi.org/10.1016/j.jpowsour.2020.228424
https://doi.org/10.1016/j.jpowsour.2020.228424
https://doi.org/10.1002/slct.201802529
https://doi.org/10.1002/slct.201802529
https://doi.org/10.1016/j.jechem.2021.03.014
https://doi.org/10.1016/j.jechem.2021.03.014
https://doi.org/10.1016/j.jechem.2021.03.014
https://doi.org/10.1002/aenm.201800013
https://doi.org/10.1002/aenm.201800013
https://doi.org/10.1021/acs.chemmater.8b02357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b02357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ensm.2019.02.001
https://doi.org/10.1016/j.ensm.2019.02.001
https://doi.org/10.1039/C8MH00487K
https://doi.org/10.1021/jp1030174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp1030174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp1030174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn1018126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0NA00403K
https://doi.org/10.1039/D0NA00403K
https://doi.org/10.1039/D0NA00403K
https://doi.org/10.1039/D0NR07114E
https://doi.org/10.1039/D0NR07114E
https://doi.org/10.1039/D0NR07114E
https://doi.org/10.1016/j.compscitech.2020.108461
https://doi.org/10.1016/j.compscitech.2020.108461
https://doi.org/10.1016/j.compscitech.2020.108461
https://doi.org/10.1021/nl502429m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl502429m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl502279c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl502279c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.88.027401
https://doi.org/10.1103/PhysRevLett.88.027401
https://doi.org/10.1038/nnano.2013.46
https://doi.org/10.1038/nnano.2013.46
https://doi.org/10.1016/j.ssc.2007.03.052
https://doi.org/10.1016/j.ssc.2007.03.052
https://doi.org/10.1016/j.ssc.2007.03.052
https://doi.org/10.1016/j.jpowsour.2018.07.002
https://doi.org/10.1016/j.jpowsour.2018.07.002
https://doi.org/10.1016/j.jpowsour.2018.07.002
https://doi.org/10.1149/2.0851503jes
https://doi.org/10.1149/2.0851503jes
https://doi.org/10.1016/j.elecom.2013.11.008
https://doi.org/10.1016/j.elecom.2013.11.008
https://doi.org/10.1016/j.elecom.2013.11.008
https://doi.org/10.1016/0167-2738(86)90031-7
https://doi.org/10.1016/0167-2738(86)90031-7
https://doi.org/10.1016/0167-2738(86)90100-1
https://doi.org/10.1016/0167-2738(86)90100-1
https://doi.org/10.1039/c7gc01328k
https://doi.org/10.1039/c7gc01328k
https://doi.org/10.1039/c7gc01328k
https://doi.org/10.1039/D1GC03996B
https://doi.org/10.1039/D1GC03996B
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c02086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

