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ABSTRACT

We investigated herein the morphological, structural, and electrochemical features of electrodes using a sulfur (S)-super P
carbon (SPC) composite (i.e., S@SPC-73), and including few-layer graphene (FLG), multiwalled carbon nanotubes (MWCNTS),
or a mixture of them within the current collector design. Furthermore, we studied the effect of two different electron-conducting
agents, that is, SPC and FLG, used in the slurry for the electrode preparation. The supports have high structural crystallinity,
while their morphologies are dependent on the type of material used. Cyclic voltammetry (CV) shows a reversible and stable
conversion reaction between Li and S with an activation process upon the first cycle leading to the decrease of cell polarization.
This activation process is verified by electrochemical impedance spectroscopy (EIS) with a decrease of the resistance after the
first CV scan. Furthermore, CV at increasing scan rates indicates a Li* diffusion coefficient (D) ranging between 10 and 10~
cm?'s™' in the various states of charge of the cell, and the highest D value for the electrodes using FLG as electron-conducting
agent. Galvanostatic tests performed at constant current of C/5 (1 C = 1675 mA-gs™) show high initial specific capacity values,
which decrease during the initial cycles due to a partial loss of the active material, and subsequently increase due to the
activation process. All the electrodes show a Coulombic efficiency higher than 97% upon the initial cycles, and a retention
strongly dependent on the electrode formulation. Therefore, this study suggests a careful control of the electrode in terms of
current collector design and slurry composition to achieve good electrode morphology, mechanical stability, and promising
electrochemical performance in practical Li-S cells.
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oxidized. This undesired process named as “polysulfide shuttle
can lead to a continuous charging process without any energy
storage [9, 10]. In this regard, the preparation of sulfur composites
including carbons with various morphologies [11-15], conductive
polymers [16-18], metals [19-21], metal-organic frameworks
(MOFs) [22-24], or metal oxides [25-27] has been considered as a
suitable strategy for enhancing the conductivity of the sulfur
electrode and, at the same time, retaining the lithium polysulfides
through chemical/physical interactions. Intensive research has also
been devoted to non-flammable and stable organic solvents to
design electrolytes of practical interest. Among the various

1 Introduction

Lithium-sulfur (Li-S) batteries are promising electrochemical
energy storage devices due to the intrinsic conversion process
between Li and S, that is, 16Li + Sg = 8Li,S, which delivers a
theoretical energy density of 2600 Wh'kg™ as referred to Li,S
[1-3]. Moreover, the use of the environmentally compatible and
cheap sulfur is expected to greatly limit the cost of the battery
compared to the lithium-ion systems using expensive and possibly
toxic metals such as cobalt [1]. Massive research has been so far
devoted on solving the challenges affecting this promising battery,
namely, the insulant character of sulfur [3], a safe use of the

reactive lithium metal, the flammable organic electrolytes [4, 5],
and the uncontrolled diffusion and parasite reactions of the
lithium polysulfides intermediates Li,S, (2 < x < 8) formed during
the discharge process [6-8]. In fact, long-chain polysulfides such
as Li,Sg and Li,S4 can dissolve in the electrolyte media, migrate
through the organic solution, directly react through reduction at
the Li anode surface, and diffuse back to the cathode to be newly

alternatives, glymes (CH;(OCH,CH,),OCHs;, 2 < n < 4) [28-30],
solid polymers [31,32], and inorganic composites [33] have
revealed the most promising features in Li-S cell. Furthermore,
sacrificial additives such as LiNO; or sulfides [34] have been
suggested to react at the lithium anode surface and form a stable
protective passivation layer indicated as solid electrolyte interphase
(SEI), which strongly mitigates the side reactions of the Li,S,
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intermediates [35, 36]. The encouraging results recently obtained
have led to the refinement of suitable Li-S cell parameters to
achieve practical configurations of the battery with high
gravimetric and volumetric energy density. In particular, the focus
was the sulfur loading on the cathode side, the amount of the
conductive matrix in the sulfur bulk, and the electrolyte/sulfur
(E/S) ratio [37, 38]. Following this thread, our recent works have
highlighted the importance of the cathode current collector
optimization to achieve a battery with enhanced performances in
terms of both gravimetric and volumetric energy density [39, 40].
Hence, fibrous carbon-cloth supports such as gas diffusion layers
(GDLs) allowed the infiltration of the amorphous sulfur upon
charge, thus leading to improved conductivity of the cathode and
to an overall enhancement of the cell electrochemical performance
[39,40]. This unique feature represented a relevant advantage of
GDLs compared to conventional metallic cathode supports such
as aluminum, which allow only partial sulfur utilization due to a
characteristic flat surface [41]. Despite the silver linings associated
with GDL-like supports, their excessive thickness (> 400 um)
compared to aluminum (~ 15 pm) can drastically affect the cell
volumetric energy density and avoid an actual application in
practical energy storage systems. Therefore, casting of conductive
and porous carbon coatings on aluminum substrates may
represent a fair compromise between efficient sulfur utilization
and appropriate thickness of the cathode [42]. We have explored
in a recent work the application of sulfur electrodes using a few-
layer graphene (FLG)-coated aluminum support in lithium cell
with notably enhanced electrochemical performance compared
with the bare Al, while exhibiting an average thickness of ~ 40 um
[43]. The use of graphene-based materials in Li-S batteries has
been recently considered due to its favorable properties including
high electrical conductivity, large surface area, notable mechanical
stability, and the ability of the oxygen-rich surface functional
groups in anchoring polysulfides [44-46]. In particular, the use of
FLG produced by exfoliation of graphite by wet-jet mill (WJM)
process [47-48] appeared an interesting strategy for enhancing Li-
S performance [49]. Multi-walled carbon nanotubes (MWCNTS)
have been often included in the sulfur cathode due to their
excellent conductivity and macro-porosity provided by the
characteristic interwoven structure [50, 51]. The latter can allow
electrolyte swelling, sulfur accommodation, polysulfides restrain,
and compensation of the volume changes of the cathode during
cycling [50,51]. Therefore, various combinations between
graphene and carbon nanotubes-based material have been
proposed in literature as an effective strategy for enabling a high
energy density Li-S battery [52, 53].

In this work, we extended the study of the above key
parameters to current collectors consisting of aluminum substrates
suitably coated by either FLG, MWCNTs, or a combination of
them (50:50 wt.%) to optimize the Li-S battery operation. The
supports were investigated in terms of morphology and structure
and used in lithium cells with a composite formed by elemental
sulfur including carbon black (70:30 wt.%). To further investigate
the effects of the sulfur cathode composition on the lithium cell
properties and electrochemical performance, two different
electron conductive agents, that is, amorphous carbon black and
FLG, were also used in the electrode slurry formulation. The
resulting electrodes were thoroughly characterized in terms of
morphology and electrochemical features in lithium cells by
evaluating the reversibility, the cycling performance, and stability
of the Li-S conversion process. Importantly, the Li* diffusional
properties through the electrode/electrolyte interphase were
studied. The results suggested a crucial role of the FLG in
enhancing the mechanical stability of the electrode and strongly
improving the Li* ion diffusion. Furthermore, the data indicated
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an optimal cycling stability of the cells combining FLG conductive
agent and MWCNT coating on the aluminum support.

2 Experimental section

2.1 Current collectors preparation

FLG (obtained by WJM process) [47-48] and MWCNTs (> 90%
carbon basis, D x L: 110-170 nm X 5-9 um, Sigma-Aldrich) were
chosen as carbon materials to prepare three different current
collectors. Slurries composed of carbon material (90 wt.%), that is,
FLG, MWCNTs, or FLGGMWCNTs 50:50 wt.% mixture, and
polyvinilidene fluoride (10 wt.%, Solef 6020 PVDEF) polymer
binder were prepared by dispersing the components in N-methyl-
2-pyrrolidone (NMP, Sigma-Aldrich) solvent. The resulting
slurries were coated on aluminum foils (MTI Corp., 15 pum thick)
using a doctor blade tool (MTI Corp.) and adjusting the thickness
in order to achieve a carbon loading of ~ 1 mg-cm™. The coated
aluminum foils were dried at 70 °C until complete evaporation of
the solvent and subsequently hand roll-pressed to reduce thickness
and improve the coating tap density. The obtained current
collectors were indicated in the text as S7 (FLG:PVDF 90:10 wt.%),
S8 (MWCNTs:PVDF 90:10 wt.%), and S9 ((FLG:MWCNT's 50:50
wt.%):PVDF 90:10 wt.%), and the acronyms are collected in
Table 1 for reader’s convenience. The thickness of the S7, S8, and
S9 current collectors was measured using a Palmer digital
thickness gauge (Table 2). The morphological features of the
carbon-coated Al current collectors were investigated by scanning
electron microscopy (SEM) through a Zeiss EVO MAI0
microscope exploiting a tungsten thermionic electron source,
while energy dispersive X-ray spectroscopy (EDS) was carried out
on the SEM images by a X-ACT Cambridge Instruments analyzer.
Additional investigation of the current collectors morphology was
performed by transmission electron microscopy (TEM) by using a
Zeiss EM 910 microscope equipped with a tungsten thermoionic
electron gun operating at 100 kV. The structure of the current
collectors was studied via X-ray diffraction (XRD) by performing
scans between 10° and 60° (20) at 10 sstep™ (step size of 0.02°)
through a Bruker D8 Advance diffractometer exploiting a Cu-Ka
source (8.05 keV).

2.2 Sulfur electrodes preparation

The sulfur-carbon composite used in cathodes for lithium cell
consisted of a mixture of elemental sulfur and amorphous super P
carbon (SPC, Timcal) combined by the 70:30 weight ratio through
melting procedure as reported previously [54]. Accordingly,
elemental sulfur (= 99.5 %, Riedel-de Haén) and SPC were ground
together and heated at 125 °C in a silicon oil bath under
continuous stirring until complete melting of sulfur and blending
with SPC. Afterwards, the mixture was quenched at room
temperature until solidification, and ground to achieve a fine
powder. The final composite is indicated as S@SPC-73. Sulfur
electrodes were prepared by doctor blade casting on the S7, S8,

Table1 Sample acronyms®

Acronym Specification
S7 (90 wt.% FLG, 10 wt.% PVDF)-coated Al support
S8 (90 wt.% MWCNTSs, 10 wt.% PVDF)-coated Al support
$9 (90 wt.% (FLG:MWCNTs, 50:50 wt.%), 10 wt.% PVDF)-coated
Al support
E1 SPC
E2 FLG

*‘Acronyms used to indicate the carbon-coated aluminum current
collectors (S) and the electron conductive agents (E) used herein.

ﬁ ?/\ “é itk @ Springer | www.editorialmanager.com/nare/default.asp

Tsinghua University Press



Nano Res. 2023, 16(6): 84338447

Table2 Physical characteristics of the Al-coated current collectors®

Current collector Thickness (um) Carbon loading (mg-cm™)
Al 15 —
S7 40 1.3
S8 60 1.2
S9 50 1.0
GDL 454 —

*The data for aluminum and GDL supports are provided by MTI
Corporation.

and S9 current collectors of slurries combining S@SPC-73, a
carbon electron conductive agent, and the PVDF polymer binder
by the 80:10:10 weight ratio through dispersion in NMP solvent.
Two different carbon electron conductive agents were used, i.e.,
either SPC or FLG, indicated as E1 and E2, respectively, when
cited in cell or electrode configurations. The acronyms are also
collected in Table 1 for reader’s convenience. The six electrode
foils obtained by combining the S@SPC-73_E1 and S@SPC-73_E2
formulations with the S7, S8, and S9 current collectors were dried
on a hot plate at 50 °C for 3 h to remove the NMP solvent.
Subsequently, the electrode foils were hand roll-pressed and cut
into 14 mm-diameter disks (1.54 cm” geometric area) before being
dried under vacuum overnight at 35 °C and transferred inside an
Ar-filled glovebox (MBraun, oxygen and water levels < 1 ppm).
The electrodes morphology was evaluated by SEM-EDS
investigation via a Zeiss EVO MA10 microscope exploiting a
tungsten thermionic electron source and a X-ACT Cambridge
Instruments analyzer, respectively.

2.3 Electrochemical tests

CR2032 coin-type cells were assembled by stacking a S@SPC-73
electrode, a 16 mm-diameter Celgard 2400 separator soaked with
the electrolyte, and a 14 mm-diameter lithium disk as the anode.
The electrolyte solvent was prepared by mixing 1,3-dioxolane
(DOL, anhydrous, containing ca. 75 ppm BHT as inhibitor, 99.8%,
Sigma-Aldrich) and 1,2-dimethoxyethane (DME, anhydrous,
99.5%, inhibitor-free, Sigma-Aldrich) with 1:1 weight ratio. Then,
lithium  bis(trifluoromethanesulfonyl)imide  (LiN(SO,),(CFE;),,
LiTESI, 99.95% trace metals basis, Sigma-Aldrich) and lithium
nitrate (LiINO;, 99.99% trace metals basis, Sigma-Aldrich) were
dissolved as conductive salt and sacrificial agent, respectively, in
the solvent mixture to achieve a concentration of 1 mol for both
salts in 1 kg of solvent. The electrolyte is subsequently indicated as
DOL:DME, 1m LiTESI, 1m LiNOs. Before employment, DOL and
DME solvents were dried under molecular sieves (rods, 3 A, size
1/16 in., Honeywell Fluka) to ensure a water content lower than
10 ppm as verified via a Karl Fischer 899 Coulometer (Metrohm),
while lithium salts were dried under vacuum for 2 days at 110 °C.
The subsequent electrochemical measurements were performed
on Li|S@SPC-73 cells using cathodes with a sulfur loading of
~ 2 mg-cm™ and an E/S ratio of 15 pL-mg™. Cyclic voltammetry
(CV) was performed at the constant scan rate of 0.1 mV-s™ within
the 1.8-2.8 V vs. Li/Li potential range, while electrochemical
impedance spectroscopy (EIS) was carried out at the open circuit
voltage (OCV) condition and during CV upon the 1%, 5%, and 10"
cycle by applying an alternate voltage signal of 10 mV in the
frequency range from 500 kHz to 100 mHz. The resulting Nyquist
plots were fitted by using the non-linear least-squares (NLLS)
method with the aid of the Boukamp software and only fits with a
X value of the order of 10~ or lower were accepted [55, 56]. CV
measurements were performed at increasing scan rates, that is,
0.05, 0.1, 0.15, 0.2, and 0.25 mV-s" in the 1.8-2.8 V vs. Li*/Li
potential range to determine the Li* diffusion coefficient (D) by
using the Randles-Sevcik equation (Eq. (1)) [57, 58]
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I, = 0.4463 zFACy, (zFvD/RT)"* 1)

where I, is the peak current related to the potential signals
recorded by CV, z is the number of exchanged electrons (z = 1 for
each single discharge peak at 2.25 and 1.95 V vs. Li"/Li, z = 2 for
the broad double charge peak at 2.50 V vs. Li*/Li), F is the Faraday
constant (96,485 C-mol”), A is the electrode geometric area
(1.54 cm?), C is the estimated concentration of Li* in the sulfur
electrode volume (mol-dm?), v is the CV scan rate (mV-s™), R is
gas constant (8.31451 J-mol™K™), and T is the room temperature
(298 K). CV and EIS tests were carried out by using a VersaSTAT
MC Princeton Applied Research (PAR-AMETEK) instrument at
room temperature (25 °C). Li|S@SPC-73 cells were
galvanostatically cycled at the constant current rate of C/5 (1 C =
1675 mA-g™) between 1.9 and 2.8 V through a MACCOR series
4000 battery test system at room temperature (25 °C).

Additional discharge/charge cycles were performed on
Li|[S@SPC-73_E2_S8 cells using either a cathode sulfur loading of
5 mg-cm™ and an E/S ratio of 10 pl-mg™, or a sulfur loading of
6.5 mg-cm™ with an E/S ratio of 7 pL-mg™. The cells were cycled at
the constant current rate of either C/5 or C/10, respectively, within
the 1.7-2.8 V voltage range in a chamber with a controlled
temperature of 30 °C with a maximum fluctuation of +0.1 °C with
respect to the set-point.

3 Results and discussion

3.1 Current collectors investigation

The morphological and structural features of the carbon-coated Al
current collectors using either FLG, MWCNTs, or the
FLG:MWCNTs 50:50 wt.% (S7, S8, and S9, respectively, in Table
1) are reported in Fig. 1 by SEM-EDS (images in Figs. 1(a)-1(r))
and XRD (patterns in Figs. 1(s)-1(u)). The data recorded for the
S7 (Figs. 1(a)-1(f) and 1(s)), S8 (Figs. 1(g)-1(1) and 1(t)), and S9
(Figs. 1(m)-1(r) and 1(u)) show substantial differences in terms of
carbon particle distribution and shape at the current collector
surface as well as of crystallinity. In particular, the SEM of S7 (Figs.
1(a)-1(c)) clearly evidences the presence of FLG flakes with
dimensions > 1 pm leading to a uniform coating in which the C
(EDS in Fig. 1(d)) and the F accounting for the PVDF binding
agent (EDS in Fig. 1(e)) cover the Al (EDS in Fig. 1(f)) surface.
The morphology of S8 is strongly influenced by the disordered
nature of the MWCNTs that leads to a porous carbon surface
(Figs. 1(g)-1(i)), as also evidenced by the EDS elemental maps of
C (Fig. 1(j)), F (Fig. 1(k)), and Al (Fig. 1(1)). The combination of
FLG and MWCNTs in the S9 current collector is reflected into a
characteristic carbon coating (Figs. 1(m)-1(0)) in which a
predominant FLG-MWCNTSs uniform layer and clusters formed
by MWCNTs and PVDF (see EDS elemental maps in Figs.
1(p)-1(r)) are interspersed onto the Al surface. The difference
between the supports in terms of crystallinity is clearly evidenced
by the XRD measurements performed on S7 (Fig. 1(s)), S8 (Fig.
1(t)), and S9 (Fig. 1(u)). The current collectors containing FLG
(ie, S7 and S9) display a narrow and intense peak at ~ 260 = 26°
typical of graphitic structures due to the compact packing of the
FLG layers promoted by the experimental conditions adopted
herein [59], while S8 shows a broader and less intense signal
characteristic of the MWCNTs structure [54]. The substantially
lower crystallinity due to MWCNTSs compared to FLG in the
current collectors can influence the performance of Li-S batteries.
The use of low crystalline porous carbon collectors, such as the
GDL, has already evidenced crucial improvements compared to
the conventional flat Al [39-41]. In fact, GDL can efficiently host
the elemental sulfur formed during charge into the widely
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Figure1 SEM-EDS analyses of the (a)-(f) S7, (g)-(I) S8, and (m)—(r) S9 carbon-coated aluminum current collectors; in detail: (a)-(c), (g)-(i), and (m)-(o0) SEM
images at various magnifications, and (d)-(f), (j)-(1), and (p)-(r) corresponding EDS elemental maps of ((d), (j), and (p)) C, ((e), (k), and (q)) F, and ((f), (1), and (r))
Al X-ray diffractograms of the (s) S7, () S8, and (u) S9 carbon-coated aluminum current collectors. See the Experimental section and Table 1 for acronyms.

available space in the support structure, thus enhancing the
electric contact of the active material with the electrode and
improving the battery performance [39-41]. Therefore,
MWCNTs could in principle ensure a suitable porosity of the
carbon coating due to the wide spatial distribution of the
nanotubes and allow sulfur infiltration [60], whereas the packed
FLG flakes may provide mechanical robustness and flexibility [61].
Previous literature suggested the combination of MWCNTs and
FLG as an optimal carbon framework having remarkable porosity
and stability, allowing efficient sulfur operation in lithium battery
[52,62]. In this framework, the replacement of thick carbon
current collectors such as GDL with carbon-coated aluminum
supports actually represents a key factor to achieve Li-S batteries
with volumetric energy density of practical interest.

According to the data reported in Table 2, GDL support has a
thickness as high as 454 pm, conventional aluminum exhibits a
value limited to 15 um, whilst S7, S8, and S9 carbon-coated
aluminum current collectors with carbon loading of ~ 1 mg-cm™
exhibit thicknesses of 40, 60, and 50 pm, respectively, which are
considered an adequate compromise for practical applicability and
enhanced performance in Li-S cell.

Tsinghua University Press

Further insights on the morphology of the S7, S8, and S9
supports are provided by TEM images in Fig.2 which were
carried out on carbon:PVDF samples scratched out from the
coated-aluminum foils. The micrographs well display the presence
of stacked micrometric flakes of FLG in S7 (Figs. 2(a) and 2(b)),
and the formation of almost aligned MWCNTs with a length
exceeding 1 um and a diameter approaching 100 nm in S8 (Figs.
2(c) and 2(d)). Instead, the mixed sample S9 shows the
characteristic formation of a composite morphology determined
by the concomitant presence of FLG, MWCNTs, and PVDEF.
Interestingly, the TEM images in Fig.2 depict with a magnified
detail the same outcomes of the SEM-EDS evidenced in Fig. 1,
and account for a substantial difference between the various
supports depending on the carbon nature, which is expected to
control the sulfur electrode characteristics.

3.2 Sulfur electrodes characterization

The S@SPC-73 composite was chosen to prepare sulfur electrodes
for lithium batteries using the S7, S8, and S9 current collectors,
and either SPC (E1) or FLG (E2) conductive agents (see the
Experimental section and Table 1 for acronyms). The resulting six
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Figure2 TEM images of the ((a) and (b)) S7, ((c) and (d)) S8, and ((e) and (f)) S9 carbon-coated aluminum current collectors detected at various magnification. The
measurements were performed on carbon:PVDF samples scratched out form the various coated-aluminum foils. See the Experimental section and Table 1 for

acronyms.

cathodes were studied through SEM-EDS measurements, as
reported in Figs. SI and S2 in the Electronic Supplementary
Material (ESM) for the S@SPC-73_El1 and S@SPC-73_E2,
respectively. The S@SPC-73_E1 cathodes show a uniform
distribution of amorphous SPC and sulfur in the electrode film
either using S7 (Figs. Sl(a)-Sl(c) in the ESM), S8 (Figs.
S1(d)-S1(f) in the ESM), or S9 (Figs. S1(g)-S1(i) in the ESM), as
evidenced by the C and S EDS elemental maps in the right-hand
insets of Figs. S1(a), S1(d), and S1(g) in the ESM. The electrodes
clearly display micrometric fractures extended to the current
collector surface. The presence of these fractures is strongly limited
by using the FLG electron conductive agent instead of SPC, as
demonstrated for the S@SPC-73_E2 electrodes in Fig. S2 in the
ESM. In fact, the cathodes using S7 (Figs. S2(a)-S2(c) in the ESM),
S8 (Figs. S2(d)-S2(f) in the ESM), and S9 (Figs. S2(g)-S2(i) in the
ESM) exhibit a uniform surface in which S@SPC-73 composite is
blended with the FLG flakes without relevant micrometric
fractures, and uninterrupted distribution across the films of C and
S in the corresponding EDS elemental maps (right-hand insets of
Figs. S2(a), S2(d), and S2(g) in the ESM). This key difference is
reflected into a notable mechanical stability observed for the layers
using FLG compared to the amorphous SPC as conductive agent.
However, the higher porosity of the S@SPC-73_E1 cathode films
may allow a better sulfur rearrangement during Li-S cell charge,
and higher capacity values.

The Li-S electrochemical conversion process of the prepared
electrodes was hereafter investigated by CV and the evolution of
the electrode/electrolyte interphase by EIS upon CV. Figure 3
reports the results of the CV (Figs. 3(a), 3(c), and 3(e)) and the EIS
(Figs. 3(b), 3(d), and 3(f)) tests related to S@SPC-73_E1 electrodes
using the S7 (Figs. 3(a) and 3(b)), S8 (Figs. 3(c) and 3(d)), and S9
(Figs. 3(e) and 3(f)) current collectors (see Table 1 in the

Experimental ~section for acronyms). All the above
voltammograms reveal during the first cycle the typical evolution
of the Li-S conversion, characterized by two reduction peaks at ~
2.20 and ~ 1.95 V vs. Li*/Li, and by a convoluted double oxidation
wave extending from 2.20 to 2.50 V vs. Li"/Li. The well-defined
reduction and oxidation signals during the subsequent cycles
indicate reversible conversion of Li and S to Li,S, polysulfides (2 <
x < 8) during discharge and the reverse formation of Li and S
during charge [63]. Notably, the CV profiles of the S@SPC-73_E1
electrodes show after the first cycle a polarization decrease of the
reduction peak at 2.20 V vs. Li"/Li that shifts to slightly higher
potential values. This phenomenon, usually indicated as
electrochemical activation process, is associated with the
stabilization of the electrode/electrolyte interphase upon the
deposition of amorphous sulfur into the carbon electrode
structure during charge, and the formation of a suitable SEI at the
electrodes surface [39,64,65]. This favorable process, already
observed on thick and highly porous carbon current collectors
such as GDL [39,40], suggests that the thin carbon-coated Al
supports ad hoc designed herein can actually be used in advanced
Li-S prototype with satisfactory volumetric energy density [43].
Interestingly, the CV of the various Li|S@SPC-73_El cells
evidence slight differences in the peak width and intensity. In
particular, the voltammogram related to the S@SPC-73_E1_S8
electrode (Fig. 3(c)) displays during the first cycle broader peaks
and less intense reduction signal at 1.95 V vs. Li"/Li with respect to
the S@SPC-73_E1 electrodes using S7 (Fig.3(a)) and S9 (Fig.
3(e)).

Meanwhile, the S@SPC-73_E1_S8 oxidation double-signal
gradually reduces in width during subsequent cycles, and the
current intensity of the 1.95 V vs. Li/Li peak increases
concomitantly. On the other hand, the S@SPC-73_E1_S9
electrode (Fig.3(e)) delivers the sharpest and most overlapped
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Li'/Li; scan rate: 0.1 mV-s. EIS at the OCV cell condition and upon CV after the 1% 5%, and 10" cycle between 500 kHz and 0.1 Hz; voltage signal: 10 mV. Cathode
sulfur loading: 2 mg-cm™ (electrode geometric area: 1.54 cm?); E/S ratio: 15 uL-mg™. Tests performed at room temperature (25 °C). See the Experimental section and

Table 1 for acronyms.

potential signals. These discrepancies suggest that the electrode
film-current collector combination substantially influences the
Li-S conversion kinetics, which is in turn expected to affect the
battery performance. These differences are reflected by the EIS
tests reported in Figs. 3(b), 3(d), and 3(f), related to the Li|S@SPC-
73_E1 cells with the S7 (Fig. 3(b)), S8 (Fig. 3(d)), and S9 (Fig. 3(f))
current collectors. The resulting Nyquist plots reveal for the cells a
remarkable variation of the electrode/electrolyte interphase upon
CV cycling, which are quantitatively evaluated by NLLS analyses
[55, 56] and reported in Table 3.

The analysis allows the description of the Nyquist plots through
equivalent circuits consisting of various components including: (i)
the electrolyte resistance (R.) detected as the high-frequency
intercept of the plot, (ii) a series of (R,Q;) elements formed by R,
resistances arranged in parallel with Q; constant phase elements
(CPEs), accounting for the electrode/electrolyte interphase with an
overall resistance determined by the width of the medium-
frequency convoluted semicircles as YR;, (iii) an additional (R,Q,,)
element representing the semi-finite Warburg-type Li* diffusion
displayed as low-frequency semicircle, and (iv) a final titled line
representing the cell geometric capacitance [55, 56]. The Nyquist
plots of the three S@SPC-73_E1 cells clearly show the effects of the

above described activation process on = stabilizing the
electrode/electrolyte interphase. Hence, the EIS response
substantially modifies as revealed by the increase of the number of
(RQ) elements in the corresponding equivalent circuits, and the
overall resistance (XR;) decreases from values between 30 and 40 Q)
at the OCV cell condition to 25 Q) for S7 (Fig. 3(b)), 16 Q for S8
(Fig. 3(d)), and 14 Q for S9 (Fig. 3(f)) after 10 CV scans (see Table
3) [66]. Interestingly, since from OCV the S@SPC-73_E1_S9 cell is
well fitted by an equivalent circuit containing an additional (R,Q,)
element and exhibits lower electrode/electrolyte resistance (slightly
over 30 Q) with respect to S7 and S8, whilst the S@SPC-73_E1_S7
system presents the highest resistance values (see Table 3). This
difference as well as a relatively fast activation of the Li-S
conversion kinetics likely suggests the combination of S@SPC-
73_E1 film with the S9 current collector a possible electrode
configuration for battery application. The same investigation
depicted in Fig.3 for Li cells using S@SPC-73_E1 electrode
configuration is carried out in Fig. 4 for those with the S@SPC-
73_E2 one, where the FLG conductive agent is used instead of
SPC in the electrode films (see Table 1 for acronyms).

The corresponding CV measurements are shown in Figs. 4(a),
4(c), and 4(e) for the sulfur cathodes using the S7, S8, and S9
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Table3 NLLS analyses of Li|S@SPC-73_E1 cells*

8439

Electrode Cell condition Circuit R, () R, () R+ R, (Q) X
ocv R(R,Q)(R,Q,)Q 41+4 — 414 8% 10
1 CV cycle R.(R,Q)(R,Q)Q, 162 6.4+21 224+4.1 3x10™
S@SPC-73_E1_S7
5CV cycles RJ(R,Q)(R,Q)Q, 17+3 9.7+3.3 26.7+ 6.3 6x10*
10 CV cycles R.(R,Q))(R,Q,)Q, 17£2 84+23 254+43 2x10*
ocv R(R,Q)(R, Q) Qg 40+1 — 40+1 1x10*
1CV cycle R(R,Q)(R,Q)Q,, 17+3 7.6+3.7 24.6 6.7 3x10*
S@SPC-73_E1_S8
5 CV cycles R.(R,Q)(R,Q)Q, 13+2 58+24 18.8 £6.6 2x10™*
10 CV cycles R(R,Q)(R,Q)Q, 12+2 36+1.6 15.6 +3.6 1x 10
ocv R(R,QD(RQ)(R,Q)Q, 34+14 30+4 334454 4% 10
1 CV cycle RJ(R,Q)(R,Q)Q, 9.5+0.7 33+1.0 128+ 17 1x 10"
S@SPC-73_E1_S9
5 CV cycles R.(R,Q))(R,Q,)Q, 10£1 3208 13.2+1.8 7 %107
10 CV cycles R.(R,Q))(R,Q,)Q, 11+1 2.6+09 13.6+1.9 5x 107

*NLLS analyses carried out on the Nyquist plots displayed in Fig. 3 with a Boukamp software [55, 56] by exclusively accepting fits with y* values of the

order of 10 or lower. See the Experimental section and Table 1 for acronyms.

current collectors, respectively, while the Nyquist plots obtained
through EIS upon voltammetry are displayed in Figs. 4(b), 4(d),
and 4(f).

As already observed for the S@SPC-73_El cells, the CV
responses of the S@SPC-73_E2 cells reflect a notable reversibility
of the Li-S conversion process, and show two individual reduction
peaks at 2.25 and 1.95 V vs. Li*/Li reversed into a merged double
wave from 2.20 to 2.45 V vs. Li*/Li during oxidation, accounting
for the formation of Li,S, species (2 < x < 8) and their subsequent
conversion back to Li and S, respectively [63]. The
voltammograms also show the potential profiles shape
improvement, the shift of the reduction peaks towards higher
potentials, and the consequent polarization decrease upon the first
cycle due to the activation process [39, 64, 65]. On the other hand,
the voltammograms of the Li|S@SPC-73_E2 cells display better
overlapping of the potential profiles and less current decrease after
the first cycle with respect to the Li|S@SPC-73_E1 ones, thus
suggesting an enhanced stability of the electrochemical process by
using FLG in the electrode slurry [51,67]. This experimental
evidence may be ascribed to a mitigated active material loss due to
the more uniform surfaces and the less extent of fractures
observed through SEM-EDS for the S@SPC-73_E2 (Fig. S2 in the
ESM) with respect to the S@SPC-73_E1 (Fig. S1 in the ESM). The
EIS measurements performed upon CV on the Li|S@SPC-73_E2
cells displayed in Figs. 4(b), 4(d), and 4(f) for S7, S8, and S9,
respectively, provide additional information on the kinetics of the
Li-S conversion process. Once more, the NLLS analyses reported
in Table 4 and carried out on the Nyquist plots of Fig.4 confirm
the activation upon CV, indicated by the shrink of the
electrode/electrolyte interphase resistance from values of ~ 70, 60,
and 40 Q for S7 (Fig. 4(b)), S8 (Fig. 4(d)), and S9 (Fig. 4(f)) at the
OCV to 30, 17, and 19 Q after 10 CV runs, respectively [55, 56].
Despite the remarkably low electrode/electrolyte resistance
achieved upon cycling, the S@SPC-73_E2 systems show slightly
higher values than the respective S@SPC-73_E1 ones (comparing
NLLS analyses in Tables 3 and 4). Indeed, the S@SPC-73_E1
cathodes may benefit from the higher dispersion degree of SPC
amorphous powder that likely ensures a more uniform electron
pathway throughout the electrode film with respect to the packed
micrometric layers of FLG (Fig.1) [39]. This hypothesis is
supported by the highest electrode/electrolyte interphase resistance
revealed among the various combinations for the S@SPC-
73_E2_S7 system, which uses FLG both as electron conductive
agent and as the only carbon coating on the Al current collector

(comparing data in Tables 3 and 4). On the other hand, the
remarkable mechanical stability observed for the S@SPC-73_E2
electrode set may account for a more practical use in Li-S cells, in
spite of the higher resistance.

The influence of the various current collectors and electron
conductive agents on the Li-S systems was further investigated by
estimating the Li* diffusion coefficient (D) in the
electrode/electrolyte interphase through Randles-Sevcik equation
(see Eq. (1) in the Experimental section) [57,58]. The CV
measurements at increasing scan rates displayed in Fig. 5 were
carried out on Li|S@SPC-73_E1 (Figs. 5(a)-5(c)) and Li|S@SPC-
73_E2 (Figs. 5(d)-5(f)) cells with either the S7 (Figs. 5(a) and
5(d)), S8 (Figs. 5(b) and 5(e)), or S9 (Figs. 5(c) and 5(f)) current
collectors. The related voltammograms reflect the signature of the
Li-S conversion process observed in Figs. 3 and 4 with differences
depending on the used current collector and the electron
conductive agent, and show the expected increase of the current
peak intensity (I,) and the overpotential by raising the scan rate
(see the Experimental section for details). The I, of the selected
reduction and oxidation signals (see inset labels in Fig.5) are
plotted vs. the square root of the scan rate (v**) in Fig. S3 in the
ESM to obtain the corresponding I/v** slope by linear fit and
calculate the D value (Eq. (1)) [57, 58] for all the considered states
of charge (SOC). The estimated Dis reported in Table 5 and
graphically represented in Fig.S4 in the ESM. As expected,
different D coefficients are obtained depending on the sulfur
cathode configuration, while all the electrode formulations show
similar D trends throughout the CV scans. In particular, the Li-S
systems exhibit the highest coefficient in the first reduction step at
225V vs. Li*/Li, i.e., between 5.9 x 10 and 2.3 x 107 cm®s™, that
decreases to value between 6.9 x 10 and 1.3 x 107 cm*s™ in the
subsequent discharge step at 1.95 V vs. Li*/Li (Table 5). This trend
is coherent with the prevalent presence of soluble long-chain
polysulfides such as Li,Ss and Li,S, during the initial discharge step
at 225 V vs. Li"/Li characterized by high ionic mobility which
allows fast diffusion of the Li, subsequently hindered by the
abundance of the solid insulating short-chain polysulfides (Li,S,, 1 <
x < 4) achieved with the ongoing of the discharge at 1.95 V vs.
Li*/Li [39]. Interestingly, a different trend of the D coefficient upon
charge is observed for the various sulfur electrodes (Fig. $4 in the
ESM). The electrodes using E1 (Figs. S4(a)-S4(c) in the ESM) and
the E2_S8 configuration (Fig. S4(e) in the ESM) exhibit a slight
increase of the D value upon charge occurring at 2.50 V vs. Li*/Li.
On the other hand, the electrodes using the E2_S7 (Fig. S4(d) in
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Figure4 ((a), (c), and (e)) CV and ((b), (d), and (f)) EIS measurements performed on LiiDOL:DME, 1 m LiTFSI, 1 m LiNO,|S@SPC-73_E2 cells with either the ((a)
and (b)) S7, ((c) and (d)) S8, or ((e) and (f)) S9 carbon-coated Al current collectors (insets describe the various cathode combinations). Potential range: 1.8-2.8 V vs.
Li*/Li; scan rate: 0.1 mV-s™. EIS at the OCV cell condition and upon CV after the 1 5%, and 10" cycle between 500 kHz and 0.1 Hz; and voltage signal: 10 mV. Cathode
sulfur loading: 2 mg-cm” (electrode geometric area: 1.54 cm?); E/S ratio: 15 uL-mg . Room temperature (25 °C). See the Experimental section and Table 1 for acronyms.

the ESM) and E2_S9 (Fig. S4(f) in the ESM) combinations are the
only ones with a slight decrease upon oxidation. As previously
mentioned for the resistance trends (see Fig.4 discussion), this
interesting aspect may be due to the concomitant use of FLG both
as the electron conductive agent (E2) and as carbon coating on the
aluminum current collector (S7) in the S@SPC-73_E2_S7
electrode that can partially limit the diffusion pathway on the
electrode/electrolyte interphase upon the deposition of amorphous
sulfur during charge, although further studies are certainly
required to confirm this hypothesis. Nevertheless, the S@SPC-
73_E2_S9 electrode shows the highest D coefficient with values
ranging between 2.3 x 107 and 1.1 x 107 cm*s™ (see Table 5), and
well matches the results obtained using the same evaluation
method for sulfur electrodes exploiting highly conductive porous
carbon current collectors [39, 40, 51, 68]. Relevantly, all S@SPC-73
electrodes provide D values of the order of 10°~107 cm™s™, except
for S@SPC-73_E1_S7 (Fig. S4(a) in the ESM) that shows the
lowest values of 6.9 x 10°-59 x 10® cm*s”, likely due to
unfavorable kinetics related to the materials combination, which
may need additional investigations. Beneficial effects on the Li'
diffusion may derive from the use of MWCNTs in the support

due to the increased porosity compared to the flat FLG (see Fig. 1
and Table 2). This feature likely leads to better
electrode/electrolyte contact and enhanced hosting ability of the
solution in the electrode. However, further studies are required to
fully clarify the actual role of the various components on the
diffusional features of the electrode.

Galvanostatic discharge/charge cycling tests were carried out
hereafter at the constant current rate of C/5 (1 C = 1675 mA-g™)
on Li|S@SPC-73 cells exploiting a sulfur loading of ~ 2 mg-cm™
(electrode geometric area of 1.54 c¢m’) and an E/S ratio of
15 pL-mgg". These relatively mild parameters are preliminarily
chosen in order to achieve the best performance of the various
sulfur electrodes, and to compare the obtained results with
literature reports on Li-S battery [39,40]. Figure 6 shows the
voltage profiles (Figs. 6(a), 6(c), and 6(e)) and capacity trends
(Figs. 6(b), 6(d), and 6(f)) of lithium cells using S@SPC-73_E1
electrodes with either the S7 (Figs. 6(a) and 6(b)), S8 (Figs. 6(c)
and 6(d)), or S9 (Figs. 6(e) and 6(f)) current collectors. The
selected voltage profiles (Figs. 6(a), 6(c), and 6(e)) reveal for all the
cells the evolution of the double-step Li-S conversion process
identified by two discharge plateaus at ~ 2.3 and ~ 2.1 V reversed
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Table4 NLLS analyses of Li|S@SPC-73_E2 cells*

8441

Electrode Cell condition Circuit R, (Q) R, (©2) R, +R,(Q) X
ocv R(R,Q)(R,Q)Q, 74+ 1 — 74 % 1 4x10"
1 CV cycle R(R,Q))(R,Q,)Q, 15+2 63+18 213438 3x10*
S@SPC-73_E2_S7
5CV cycles R(R,Q))(R,Q,)Q, 20+2 7.6+1.9 27.6+3.9 4%10°
10 CV cycles R(R,Q)(R,Q)Q,, 2242 83+1.9 30.3+3.9 2x 107
ocv R.(R,Q)(R,Q,)Q, 58 +1 — 58+ 1 5% 10
1 CV cycle R(R,Q)(R,Q,)Q,, 9.9+0.5 48+0.8 147+13 3%10°
S@SPC-73_E2_S8
5CV cycles R(RQ)D(R,Q)Q, 10+ 0.4 6.3+0.6 163+1 2x 10"
10 CV cycles R(R,Q)(R,Q)Q, 11+04 6.3%0.6 173+ 1 2x10
ocv R(R,Q)D(R,Q)Q, 4002 - 40+0.2 4% 10
1 CV cycle R(R,Q))(R,Q,)Q, 93+1.3 7.0 1.6 163+2.9 9x10°
S@SPC-73_E2_S9
5CV cycles RJ(R,Q)(R,Q,)Q,, 11+1 74+12 18.4+22 6x 107
10 CV cycles R(R,Q))(R,Q,)Q, 13+2 6.1+22 19.1+4.2 6x10°

*NLLS analyses carried out on the Nyquist plots displayed in Fig. 4 with a Boukamp software [55, 56] by exclusively accepting fits with y* values of the

order of 10 or lower. See the Experimental section and Table 1 for acronyms.
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Figure 5 CV measurements related to LiiDOL:DME, 1 m LiTFSL, 1 m LiNO,|S@SPC-73 cells with cathode formulations involving either ((a)-(c)) E1 or ((d)-(f)) E2
conductive agents and ((a) and (d)) S7, ((b) and (e)) S8, or ((c) and (f)) S9 carbon-coated Al current collectors (insets describe the cathode combinations).
Voltammograms recorded at 0.05, 0.1, 0.15, 0.2, and 0.25 mV's™ increasing scan rates between 1.8 and 2.8 V vs. Li*/Li. Cathode sulfur loading: 2 mg-cm™ (electrode
geometric area: 1.54 cm?); E/S ratio: 15 pl-mg™. The numbers in inset indicate the peak considered for the calculation of the D through Randles-Sevcik equation (Eq.
(1)) [57, 58], see Figs. S3 and S4 in the ESM, and Table 5 for more details. Tests performed at room temperature (25 °C). See the Experimental section and Table 1 for

acronyms.

in two charge plateaus centered at 2.3 and 2.4 V, in agreement
with the voltammograms of Fig. 3. The voltage signatures also
reveal a low polarization that hardly increases during the
subsequent 150 runs, thus suggesting an optimized and efficient
electrochemical process throughout the discharge/charge cycles
taken into account. Further information is provided by the cycling
trends in Figs. 6(b), 6(d), and 6(f) that allow a more detailed
comparison of the various Li|S@SPC-73_E1 cells in terms of
electrochemical stability. The tests indicate a first cycle capacity of
1130, 995, and 1058 mAh-gs"' for the S@SPC-73_E1 electrodes
with either the S7 (Fig.6(b)), S8 (Fig.6(d)), or S9 (Fig.6(f))
current collectors, respectively. The pristine capacity drastically
decreases during the initial 40-50 cycles, and newly increases to
stabilize at respective values of ~ 740 (Fig. 6(b)), ~ 700 (Fig. 6(d)),
and ~ 810 mAh-gs" (Fig. 6(f)). This behavior suggests a slow, but
effective activation with consolidation of the electrode/electrolyte
interphase, involving a partial loss of active material during the

early stages of the test, subsequently leading to favorable structural
rearrangements of the electrode structure, better electric contact of
sulfur with the cathode, and enhancement of the cycling
performance [39,40]. Therefore, the initial capacity values can be
hardly associated with the final capacity retention which is instead
strongly influenced by the electrode composition. In turn, the
activation ensures satisfactory steady state capacity values and a
retention of 64%, 66%, and 73% with respect to the initial one
upon 150 cycles (Figs. 6(b), 6(d), and 6(f), respectively). Moreover,
the most relevant modification of the interphase is suggested to
occur at the first cycle of the Li-S cells, during which the
Coulombic efficiency in Figs. 6(b), 6(d), and 6(f) shows values
exceeding 100% due to a partially irreversible discharge caused by
side processes, in agreement with CV of Fig. 3. On the other hand,
the cells subsequently operate with a satisfactory Coulombic
efficiency that progressively reaches 97%.

The S@SPC-73_E2 electrodes were investigated by galvanostatic
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Table5 Estimation of the D*

Electrode State of charge (V vs. Li*/Li) D (cm*s™)
2.25 (during discharge, peak 1) 59 %10

S@SPC-73_E1_S7 1.95 (during discharge, peak 2) 6.9 x 107
2.50 (during charge, peak 3) 2.1x10%

2.25 (during discharge, peak 1) 1.2x107

S@SPC-73_E1_S8 1.95 (during discharge, peak 2) 33x10°
2.50 (during charge, peak 3) 6.3 x 10

2.25 (during discharge, peak 1) 7.7 x10°

S@SPC-73_E1_S9 1.95 (during discharge, peak 2) 34 %10
2.50 (during charge, peak 3) 3.7x10°

2.25 (during discharge, peak 1) 8.0x 10

S@SPC-73_E2_S7 1.95 (during discharge, peak 2) 4.0x10°*
2.50 (during charge, peak 3) 3.6 x 107

2.25 (during discharge, peak 1) 1.9 x 107

S@SPC-73_E2_S8 1.95 (during discharge, peak 2) 4.7 %107
2.50 (during charge, peak 3) 8.6 x 10

2.25 (during discharge, peak 1) 2.3x107

S@SPC-73_E2_S9 1.95 (during discharge, peak 2) 1.3 x 107
2.50 (during charge, peak 3) 1.1x 107

‘D values calculated through Randles-Sevcik equation (Eq. (1)) [57, 58] by using the data collected in Fig. 5 and Fig. S3 in the ESM. Figure $4 in the ESM
reports a graphical representation of the D values. See the Experimental section and Table 1 for acronyms.
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Figure6 ((a), (c), and (e)) Voltage profiles and ((b), (d), and (f)) cycling trend (right y-axes show Coulombic efficiency) of galvanostatic tests performed on
LiiDOL:DME, 1 m LiTFSI, 1 m LiNO,|S@SPC-73_E1 cells with either the ((a) and (b)) S7, ((c) and (d)) S8, or ((e) and (f)) S9 carbon-coated Al current collectors
(insets describe the various cathode combinations) at current rate of C/5 between 1.9 and 2.8 V. Sulfur loading: 1.5-2 mg-cm (electrode geometric area: 1.54 cm?); E/S
ratio: 15 uL-mg"'. Room temperature (25 °C). See the Experimental section and Table 1 for acronyms.
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cycling in Fig. 7 using the same experimental setup previously
adopted for the S@SPC-73_E1 ones. Hence, the voltage profiles of
the Li|S@SPC-73_E2 cells using either S7 (Fig. 7(a)), S8 (Fig. 7(c)),
or S9 (Fig.7(e)) show the proper evolution of the reversible
conversion of Li and S to lithium long-chain polysulfides at 2.3
and 2.1 V during discharge, and back to Li and S at 2.3 and 2.4 V
during charge, with a low overvoltage in full agreement with the
CV data of Fig. 4. Moreover, the cycling trends in Figs. 7(b), 7(d),
and 7(f) reveal initial capacity values of 1129, 1067, and 999
mAh-gg? for the cell using S7 (Fig. 7(b)), S8 (Fig.7(d)), and S9
(Fig. 7(f)) supports, respectively, that decrease during the early
stages of the test, increase afterwards to steady-state values of 780,
790, and 620 mAh-gs’, and subsequently stabilize leading to a
retention of 62%, 68%, and 62% with respect to the initial value
after 150 cycles. As already observed for Li|[S@SPC-73_E1 cells
(Fig. 6), Li|S@SPC-73_E2 ones also show a slight irreversibility
during the first cycle, while the final Coulombic efficiency notably
approaches 98% upon 150 cycles.

In summary, both the Li|S@SPC-73_E1 (Fig. 6) and Li|S@SPC-
73_E2 (Fig.7) cells demonstrate promising cycling behavior
depending on the carbon coating on the aluminum substrate. On
the other hand, the data suggest the need for a careful tuning of
the FLG loading when concomitantly used as electron conductor
(E2) and as carbon coating on the aluminum substrate (S7 and
$9). In fact, the advantages provided by this additive have been
clearly evidenced by the mechanical stability and optimized
morphology of the S@SPC-73_E2 electrode films (Fig. S2 in the
ESM), and by the notable Li* diffusion properties exhibited in the
S@SPC-73_E2_S9 electrode (Fig.S4 in the ESM and Table 5)
which also shows a good overlapping of the galvanostatic profile
(Fig. 7(e)) and the most enhanced stability of the electrochemical
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process (CV in Fig. 4(e)). Moreover, the cycling performance
reported in Figs. 6 and 7 indicate that the use of FLG both as
electron conductor and carbon coating agent may influence the
capacity retention, as suggested by the trends related to the S@SPC-
73_E2_S7 and S@SPC-73_E2_S9 electrodes (Figs. 7(b) and 7(f),
respectively) which score the lowest retention of 62% with respect
to the pristine value. In addition, the Li|S@SPC-73_E2_S9 cell
shows the slowest capacity increase upon activation and exhibits
the lowest final capacity after 150 cycles, i.e., 618 mAh-gs*, while
the other cells reach capacities between 660 and 770 mAh-gs*. On
the other hand, the use of FLG as the conductive agent and the
MWCNTs as the carbon coating on Al in the S@SPC-73_E2_S8
electrode appears a suitable compromise for allowing optimal
morphology, good mechanical stability, fast diffusion, high
capacity values, and acceptable retention. The energy density of
the each electrode is presented in Table S1 in the ESM with
respect to the average voltage of 2.2 V (Figs. 6 and 7), the residual
capacity value after 150 cycles (Table S2 in ESM), and the overall
mass of the electrodes including the carbons, sulfur, and PVDF
(Tables 1 and 2). The tables evidence that the electrodes S@SPC-
73_E1_S9 and S@SPC-73_E2_S8 are characterized by the highest
estimated energy values.

3.3 Investigation of the Li-S cells under challenging
conditions

As mentioned during discussion of Figs. 6 and 7, a relatively low
sulfur loading and high E/S ratio (i.e, 2 mg-cm™ and 15 uL-mgg",
respectively) were used to get the best performance of the studied
materials, and to compare with Refs. [39,40]. This aspect is
further considered to achieve Li-S cells attaining practical
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Figure7 ((a), (c), and (e)) Voltage profiles and ((b), (d), and (f)) cycling trend (right y-axes show Coulombic efficiency) of galvanostatic tests performed on
LiiDOL:DME, 1 m LiTFSI, 1 m LINO;|S@SPC-73_E2 cells with either the ((a) and (b)) S7, ((c) and (d)) S8, or ((e) and (f)) S9 carbon-coated Al current collectors
(insets describe the various cathode combinations) at current rate of C/5 between 1.9 and 2.8 V. Sulfur loading: 1.5-2 mg-cm™ (electrode geometric area: 1.54 cm?); E/S
ratio: 15 uL-mg"'. Room temperature (25 °C). See the Experimental section and Table 1 for acronyms.
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parameters by using increased sulfur loading on the cathode and
limited E/S ratio, which are key parameters to achieve
considerable energy density [69]. With the aim of evaluating the
most promising Li-S system among the ones proposed herein, the
S@SPC-73 electrodes are compared in terms of Li* diffusional
properties and electrochemical performance in Li cell. In this
regard, Figs. 8(a) and 8(b) show histograms representing the
maximum D coefficient (D, on the left y-axis, extracted from
Table 5) and the residual capacity exhibited upon 150
discharge/charge cycles (right y-axis, obtained from Figs. 6 and 7)
of S@SPC-73_E1 (Fig. 8(a)) and S@SPC-73_E2 (Fig. 8(b)) systems
(Table S2 in the ESM reports the actual values of D,,,, capacity,
and corresponding retention). It is worth mentioning that the
study of the Li* diffusional characteristics plays an essential role,
particularly for challenging systems such as the Li-S battery which
involves insulating species such as S and LiS in the
electrode/electrolyte interphase. Therefore, the choice of the
optimal support and electronic conductor is based herein on the
maximum D value achieved by the electrodes as well as the
capacity retention of the cells upon 150 cycles. The combination of
these parameters represents in fact the most relevant indication on
the effect of the current collector and conductive agent on the cell
performances. Despite the S@SPC-73_E1_S9 electrode ensures the
highest steady state capacity of 770 mAh-gs' in lithium cell,
the corresponding D, is among the lowest ones, that is, 7.7 x
10 cm*s™ (Fig. 8(a) and Table 5). Instead, the S@SPC-73_E2_S8

0.0-

o
7

3.0 x 107 1000 2

(a) S@SPC-73_E1 £

25x107 g0 £

i »

' 2.0 x 107 Q@

& 600 g

5 15x107] A

v‘é 1.0 x 107 _—

o

Q @

o0 &

5.0 x 1084 ! ©

>

-

0 8

Q

©

(@]

>
Q
(o))
8
S
.
.o E2S8
0 200 400 600 800 1000
Capacity (mAh-g™")
Capacity (mAh-cm™)
0 1 2 3 4 5 8
28{C/H10 p
e
28 J -
S o4 . 40
[0 h -
& 22 \\\ 6.5 mg,om®
o .ma.-!
2 L0 Y 7 uL-mg,
1.8 N
Lo E2.S8 N (e)
0 200 400 600 800 1000

Capacity (mAh-g™")

)

i

Dy (cm?

Nano Res. 2023, 16(6): 8433-8447

and S@SPC-73_E2_S9 cathodes reveal the highest D, that is,
1.9 x 107 and 2.3 x 107 cm®s™, respectively, whilst only the E2_S8
combination ensures a considerable final capacity of 725 mAh-g™
and a good retention of 68% with respect to the pristine value over
150 cycles (Fig. 8(b)). Moreover, the S@SPC-73_E2_S7 electrode
has a D, of 8.0 x 10® cm*s™ (Fig. 8(b)) which is far lower with
respect to S@SPC-73_E2_S8 and S@SPC-73_E2_S9, likely due to
the above mentioned excessive presence of FLG in the cathode
formulation that can slow down the lithium ions diffusion at the
electrode/electrolyte/interphase. Therefore, the S@SPC-73_E2_S8
cathode was selected among the various formulations for the
additional cycling tests in lithium cell with sulfur loading increased
to 5 mg-em™ and E/S ratio decreased to 10 pL-mg* at C/5 (Figs.
8(c) and 8(d)). A further test under more challenging condition is
performed using the same electrode in a lithium cell with sulfur
loading raised up to 6.5 mg-cm™ and E/S ratio limited to 7 uL-mg™
at C/10 (Figs. 8(e) and 8(f)). The related voltage profiles (Figs. 8(c)
and 8(e)) show for both the measurements a relevant slope of the
discharge plateaus evolving between 2.0 and 1.7 V at the first cycle,
and suggest a partially hindered kinetics that greatly improve in
the subsequent cycles by the ongoing of the activation [32].

Hence, the subsequent profiles display well defined double
discharge plateaus between 2.3 and 1.9 V and merged charge steps
evolving from 2.3 to 24 V ascribed to the reversible Li-S
conversion process [63]. The corresponding capacity trends (Figs.
8(d) and 8(f)) well highlight the progressive enhancement of the
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Figure8 ((a) and (b)) Comparison of the maximum D,,,, values (left y-axis) calculated by Randles-Sevcik equation (Eq. (1)) [57, 58] based on the data of Fig. 5 and
Table 5, and Figs. S3 and $4 in the ESM, and of the specific capacities (right y-axis) after 150 cycles at C/5 (see Figs. 6 and 7) of LiiDOL:DME, 1 m LiTFSI, and 1 m
LiNO,|S@SPC-73 cells with cathode formulations involving either (a) E1 or (b) E2 electron conductive agents and S7, S8, or S9 carbon-coated Al current collectors.
The used data are reported in Table S2 in the ESM. ((c) and (e)) Voltage profiles and ((d) and (f)) cycling trends of LiiDOL:DME, 1 m LiTFSI, 1 m LINO,|S@SPC-
73_E2_S8 cells cycled either ((c) and (d)) at C/5 with sulfur loading of 5 mg-cm™ and E/S ratio of 10 uL-mg™, or ((e) and (f)) at C/10 with sulfur loading of 6.5 mg:cm™
and E/S ratio of 7 pL-mg". Top x-axis in ((c) and (e)) and additional right y-axis in ((d) and (f)) display the areal capacity in mAh-cm™. Electrode geometric area: 1.54
cm’. Voltage range: 1.7-2.8 V. Tests performed at 30 °C. See the Experimental section and Table 1 for acronyms.
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cycling behavior during the first 5-10 cycles as the discharge
capacity increases from initial values of 380 mAh-gs" at C/5 (Fig.
8(d)) and 550 mAh-gs™ at C/10 (Fig. 8(f)) to maximum values of
720 and 760 mAh-gs™. At the end of the test, the cells cycled at C/5
and C/10 deliver capacities of 555 and 430 mAh-gs', with a
retention of 77% and 65%, respectively, with respect to the
maximum achieved values. It is worth mentioning that the
activation trend observed herein greatly differs from the one
observed in Figs. 6 and 7 for Li-S cells with sulfur loading
approaching 2 mg-cm™ and E/S ratio of 15 pL-mg™. This behavior
is likely associated with the slow kinetics of the conversion process
between Li and S during the initial stages of the test due to the
demanding cell setup adopted in Fig. 8. On the other hand, both
cells demonstrate a Coulombic efficiency approaching 99% after
the first cycles, despite sporadic falls possibly ascribed to small
dendrites or minor electrode detachment. Relevantly, the Li-S
systems deliver promising areal capacities (additional right y-axes
in Figs. 8(d) and 8(f)) referred to the geometric electrode area of
1.54 e’ Indeed, the cell cycled at C/5 has a maximum value of
3.6 mAh.cm™ and approaches 3 mAh-cm™ at the steady state,
while values of ~ 5 and ~ 4 mAh-cm™ are achieved at C/10,
respectively. Therefore, the above tests suggest the Li-S cells with
cathodes benefitting from FLG electron conductor and MWCNT's
current collector coating as suitable materials even under practical
operative conditions such as increased sulfur loading, limited E/S
ratio, and thin layer configuration, which are certainly requested
for boosting both the gravimetric and the volumetric energy
densities, and finally scaling-up the battery [37]. Li-S pouch-cells
can represent a scaled-up version of the system which can
however involve other parameters that influence the cell
performances rather than the ones investigated herein, mainly
dealing with the cell geometry and assembly procedure [70].
Instead, in this work we focus the attention on the fundamental
role of the current collector by comparing bare aluminum and a
thin three-dimensional (3D) carbon-coated aluminum, which
enhances the Li-S performance through increased porosity and
avoid, at the same time, excessive thickness, and weight of the
sulfur electrode [71, 72]. Practical aspects on scaled-up pouch cells
certainly require further work aimed to achieve a high-
performance battery [73], which is planned as future activity in
our laboratories.

4 Conclusions

Current collectors using FLG, MWCNTs, or a mixture of them on
aluminum were studied for application in Li-S battery. The
morphology of the carbon-coated aluminum substrates was
analyzed by SEM-EDS and TEM, which revealed an ordered flat
surface for FLG, a rough and macroporous shape for MWCNTs,
and an intermediate combination of these features for the
FLGMWCNTs mixture. Furthermore, XRD measurements
suggested a relevant graphitic crystallinity, in particular for the
support using the FLG as the only coating on Al Electrodes were
prepared using the carbon-coated current collectors, a sulfur-
carbon black composite, and either SPC or FLG electron
conductive agent to achieve six formulations with remarkable
differences in terms of morphology. The electrodes using SPC
conductive agent were characterized by a surface marked by
micrometric cracks, strongly mitigated in the ones using FLG that
guarantees enhanced mechanical stability of the film. CV tests
performed on Li-S cells have shown fast and reversible conversion
process for all the electrodes. Moreover, an activation of the
electrode/electrolyte interphase, leading to the shift of the
reduction peaks towards higher potential with consequent
decrease of polarization, was observed upon the first CV and
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ascribed to the structural reorganization of the sulfur-carbon
cathode and the formation of a suitable SEL The EIS
measurements performed upon CV confirmed the enhancement
of the interphase properties, and displayed remarkable decrease of
the associated resistance after the initial CV to low and stable
values between 14 and 30 (), thus suggesting remarkable
conductivity improvement of the Li-S systems. CV at increasing
scan rate was used to estimate the D at various SOC. The data
highlighted higher coefficients for the electrodes using FLG
conductive agent compared to SPC, in particular in combination
with MWCNTs in the Al-coating with a maximum D value as
high as2.3 x 107 cm*s™. On the other hand, the cathodes using
FLG both as conductive agent and in the carbon coating exhibited
the lowest capacity retention of 62% upon 150 cycles. Among the
various electrodes, the one using FLG conductive agent and
MWCNTs Al-coating has shown an initial capacity of ~ 1070
mAh-gg” retained for over 68% at the end of the test, and a final
Coulombic efficiency of 98%. Therefore, the electrode was selected
for additional cycling tests with increased sulfur loading and
limited E/S ratio to achieve practical values suitable for battery
applications. The cells exhibited satisfactory capacity with
maximum values of 720 mAh-gs* at C/5 (5 mgem™ and 10
pL-mg”) and 760 mAh-gs" at C/10 (6.5 mg:cm™ and 7 uL-mg™),
corresponding to areal capacities of 3.6 and 5 mAh-cm?
respectively, retained for the 77% and 65% at the end of the tests.
Therefore, the proper combination of FLG and MWCNTs in the
sulfur electrode formulation may lead to stable and efficient
cathodes suitable for achieving Li-S batteries of practical interest.
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