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ABSTRACT: The increasing demand for electrical energy storage
makes it essential to explore alternative battery chemistries that
overcome the energy-density limitations of the current state-of-the-art
lithium-ion batteries. In this scenario, lithium—sulfur batteries (LSBs)
stand out due to the low cost, high theoretical capacity, and
sustainability of sulfur. However, this battery technology presents
several intrinsic limitations that need to be addressed in order to
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definitively achieve its commercialization. Herein, we report the

fruitfulness of three different formulations using well-selected s “““‘@4,3 mAh cm-2
functional carbonaceous additives for sulfur cathode development, ~

an in-house synthesized graphene-based porous carbon (ResFArGO), ™

and a mixture of commercially available conductive carbons (CAs), as @ 90 mAh

a facile and scalable strategy for the development of high-performing

LSBs. The additives clearly improve the electrochemical properties of the sulfur electrodes due to an electronic conductivity
enhancement, leading to an outstanding C-rate response with a remarkable capacity of 2 mA h cm™ at 1C and superb capacities of
4.3, 4.0, and 3.6 mA h cm™2 at C/10 for ResFArGO,,, ResFArGOs, and CAs, respectively. Moreover, in the case of ResFArGO, the
presence of oxygen functional groups enables the development of compact high sulfur loading cathodes (>4 mgg cm™) with a great
ability to trap the soluble lithium polysulfides. Notably, the scalability of our system was further demonstrated by the assembly of
prototype pouch cells delivering excellent capacities of 90 mA h (ResFArGO, cell) and 70 mA h (ResFArGO; and CAs cell) at C/
10.
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1. INTRODUCTION applications, e.g,, high-altitude pseudo-satellites or unmanned

; 67 .
The development of renewable energy sources and electrifica- aircrafts.”” Moreover, as a result of the current uncertain

tion of transport vehicles are considered indispensable geopolitical situation, the availability and price of essential

strategies nowadays, not only to combat climate change and materials currently used in high energy density batteries (like
reduce pollution but also to tackle the current energy crisis due Ni or Co) are a clear threat to the long-term viability of battery
to geopolitical situations. In this scenario, although lithium-ion production. Therefore, sulfur is envisioned as a promising
batteries have dominated the energy storage market since their alternative solution for the cathode material of future batteries.
breakthrough in the 1990s by Sony Company,"” this However, to become a reality, this technology still needs to
technology is reaching its theoretical limits. In order to meet overcome several challenges associated with the intricate Li—S
the high energy density requirements for electric vehicles with chemistry on both metallic lithium anode and sulfur cathode.”

a long driving range and/or cheaper grid/utility energy storage
applications,” alternative battery technologies have been
extensively explored. Among them, lithium—sulfur batteries
(LSBs) have attracted the attention of both academia and
industry mainly due to the properties of sulfur, such as its g
abundance (immense stockpiles already exist as a by-product Acce_pted: February 28, 2023

of fossil fuel refining), low-cost, environmental friendliness, Published: March 16, 2023 R
high theoretical specific capacity (1675 mA h g™'), and high Susss
theoretical energy density (2500 W h kg_l).4’5 These == i—
properties make LSBs potential candidates for lightweight

On the anode side, the most common issues are related to the
lithium dendrite/mossy growth that can lead to cell short-
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circuiting resulting in safety concerns.”” On the cathode side,
several challenges are arising: (i) the insulating nature of both
sulfur (Sg, #107%° S m™") and its final discharge products (e.g,
Li,S with ~#107'* S m™); (ii) the large volume expansion from
pristine Sg to Li,S (~80%), which can compromise the
structural integrity of the cathode; (iii) the high solubility of
long-chain lithium polysulfides (LiPS corresponding to Li,S,,
where 4 < n < 8) intermediates and their diffusion through the
electrolyte from the cathode to anode inducing the so-called
“shuttle effect”, resulting in the capacity fading and cell
degradation due to the loss of active materials and possible
poisoning of the lithium anode.'”""

With the aim of tackling these challenges, several strategies
including innovative anode architectures and protection
techniques,'>~"* functionalized separators,>~"* liquid electro-
lyte design,'”>* the use of all-solid-state polymer electro-
lytes,”>™*° or novel cathode materials®*~*" have been recently
explored. Among them, the sulfur cathode design has been
under high scrutiny as it could solve many of the above-
mentioned issues. LSB cathodes usually comprise sulfur as the
active material, a polymeric binder that agglutinates all the
electrode components and ensures their adhesion to the
aluminum current collector, and a conductive carbon to allow
electron transport through the surface of the insulating sulfur
and initiate the redox reactions. Furthermore, the carbona-
ceous source is not only limited to the role of electronic
conductor but can also help to host large amounts of sulfur,
buffer the volume changes of sulfur, and act as a polysulfide
anchor to reduce its diffusion in the media due to its porous
properties. These properties make carbonaceous materials
extremely relevant to circumvent the drawbacks derived from
the Li—S technology.

Porous carbons with a high specific surface area are the most
popular choice for LSBs.”> Among them, Ketjenblack EC-
600JD (KJ600) has been widely used as a carbonaceous
compound for Li—S cathode preparation.*}’3 However, its
moderate electronic conductivity and unsuitable porous
structure for LiPS retention have pushed researchers to
explore novel porous carbon nanostructures with tailored
properties.”* Nevertheless, most of the advanced cathodes
involve complex synthetic approaches or sophisticated
comRounds which would increase the cost of the electro-
des.”” %’ In addition, despite the remarkable efficiency
provided by these novel materials, it is worth noticing that
they may not be scalable for industrial applications, keeping the
gap between lab-scale cells and prototyping cells unclosed.”®
Therefore, a facile, scalable, and cheap strategy to improve the
electrochemical performance of positive electrodes for LSBs
could be the combination of the low-cost KJ600 with some
other functional carbonaceous additives. In this regard, our
team recently developed a graphene-based activated carbon
which was used as the main carbon in the Li—S cathode,
allowing the processing of high sulfur loading cathodes with
high capacity and high energy density even at the pouch
level.” Despite the outstanding electrochemical performance,
the high production cost is still one of their main limitations.
However, its use as an additive in small amounts could
effectively reduce the cost of electrode production and make it
profitable for LSB manufacturing.

Herein, in this work, we investigate the effect of the
incorporation of two different carbonaceous cathode additives
in order to obtain high energy density and low-cost LSBs. In
the first case, a mixture of commercial additives (CA)
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containing carbon black (C-65), graphene nanoplatelets
(GNP), and multi-walled carbon nanotubes (MWCNTs) is
employed. In the second case, an in-house graphene-based
activated carbon (ResFArGO) using two different percentages
is evaluated as an additive. The electrochemical behavior of
these two additive-based cathode formulations is assessed by
their C-rate response and long-cycling test under realistic
conditions. Finally, the scalability of the strategy is further
demonstrated through the assembly of three high-performing
20 cm” prototype cells with an active material loading of 4 mg
cm™>

2. EXPERIMENTAL SECTION

2.1. Materials. For the preparation of ResFArGO, the same
synthesis route detailed in our previous work™ was followed. Briefly,
resorcinol (99 wt %, Sigma-Aldrich) was first dissolved in water and
ethanol, and subsequently, commercial graphene oxide (4 mg mL™’,
Graphenea) was added under vigorous stirring until complete
homogenization. Then, formaldehyde (37 wt %, Sigma-Aldrich) and
phosphoric acid were added, and the suspension was swiftly moved to
closed recipients into an oven at 85 °C for 70 h to achieve the
hydrothermal condensation. After heating the obtained resins at 800
°C in a tubular oven for 1 h under Ar atmosphere, the ResFArGO
carbon was obtained. Finally, the carbon was chemically activated,
washed, and dried to obtain the final textural properties.

2.2. Electrode Preparation. The sulfur-positive electrodes were
prepared according to the following formulation: 64 wt % of sulfur
(>99.0% Sigma-Aldrich), 26 wt % of carbon materials, and 10 wt % of
binder based on S wt % sodium carboxymethyl cellulose (Sigma-
Aldrich)/S wt % styrene butadiene rubber (Jingrui). In the case of the
slurry containing ResFArGO, the 26 wt % of carbon was divided into
16 wt % Ketjenblack EC-600JD (KJ600) and 10 wt % ResFArGO
called ResFArGO, or 21 wt % KJ600 and S wt % ResFArGO called
ResFArGO; depending on the cathode formulation. On the other
hand, the carbon mix in the case of the CA cathode consisted of 16 wt
% KJ600, S wt % C-65 conductive carbon, 2.5 wt % of MWCNT, and
2.5 wt % of GNP. In all cases, sulfur/carbon composites were
prepared via the melt diffusion process of 12 h at 155 °C under argon
atmosphere. The main difference is that while in the case of the
ResFArGO, this process was performed over the carbon mixture, in
the case of the cathode with CAs, the melt diffusion was only done
with KJ600, and the carbon additives were subsequently added. For
the positive electrode preparation, the procedure detailed in our
previous work was followed.*

Two positive electrodes with different sulfur loadings were
prepared depending on their final application: medium mass loading
electrodes (~3 mgg cm™) used for the C-rate test and high mass
loading electrodes (~4 mgg cm™) used for the long-cycling test.
Electrodes of different sizes were used depending on the battery cell
used for the testing: 13 mm in diameter for coin cell and 37.5 X 54
mm electrodes for pouch cell assembly.

2.3. Carbon Characterization. To assess the textural properties
of the carbon mixtures, nitrogen adsorption/desorption isotherms at
—196 °C were registered with an ASAP2460 instrument from
Micromeritics. The specific surface area (Sgpy) was determined
according to the Brunauer—Emmett—Teller equation in the relative
pressure range between 0.05 and 0.25, and the pore size distribution
(PSD) was obtained using the 2D-NLDFT model and the SAIEUS
software. Morphological characterization was performed on a Thermo
Fisher Quanta 200 FEG high-resolution scanning electron micro-
scope. The SEM was coupled with an energy dispersive X-ray
spectrophotometer from EDAX (Apollo 10) which enables us to solve
a wide variety of elemental composition analyses. X-ray photoelectron
spectroscopy (XPS) using a Phoibos 150 XPS spectrometer and a
non-monochromatic Mg Ka source (hv = 1253.6 eV) was performed,
aiming to analyze the existing functional groups of the analyzed
carbonaceous materials. The spectra were calibrated by assigning
graphitic carbon (reference peak) at a binding energy of 285 eV. In

https://doi.org/10.1021/acsaem.3c00177
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Figure 1. O 1s regions corresponding to XPS spectra of (a) KJ600 and (b) ResFArGO carbonaceous materials.

this case, O 1s and C 1s peaks were fitted using Voigt functions (70%
Gaussian and 30% Lorentzian) using the CasaXPS$ software.

For the LiPS adsorption test, Li,S4 solution was prepared by mixing
stoichiometric amounts of Sg and Li,S in 1,2-dimethoxyethane
(DME) to obtain a final concentration of S mM. Once the solution
was achieved, 10 mg of carbon mixtures was added to 2 mL of Li,S¢
solution. Subsequently, the different solutions were filtered to
eliminate the presence of any solid. The measurements of optical
adsorption for the different supernatant solutions were performed on
a Cary 5000 UV—vis spectrophotometer (Varian).

2.4. Kinetic Study. In order to fully characterize the kinetic
properties of the different carbon mixtures, Li,S nucleation and
dissolution tests were done. The Li,Sg solution (0.2 mol L") was
prepared by stoichiometrically mixing Sg and Li,S powder in
tetraglyme under vigorous stirring for 3 days. KJ600 reference, CAs,
and ResFArGO containing sulfur-free free-standing cathodes with
different ratios were prepared following the procedure described
above, which were employed as working cathodes coupled with the
Li® as the anode and Celgard 2500 as the separator. To finally
assemble the coin cell, 20 uL of the Li,Sg solution was dropped into
the cathode part as a catholyte, and then, 20 uL of control anolyte
without Li,Sg was dropped on the anode side. To carry out the
nucleation test, the cells were discharged to 2.06 V under a constant
current of 0.112 mA to consume most of the high-order polysulfides
and were later maintained at 2.05 V until the current was below 107
A to induce the nucleation and growth of Li,S. In the case of the
dissolution test, the cells were first discharged to 1.7 V employing a
constant current of 0.112 mA to produce Li,S and then potentiostati-
cally charged at 2.4 V until the current was below 107 A, looking for
the dissolution of Li,S into higher order LiPS. In both tests, based on
Faraday’s law, the whole displayed current was used to determine the
Li,S nucleation and dissolution process.

2.5. Electrochemical Performance. The coin cells were
assembled in an argon-filled glovebox using the above-outlined S@
C electrodes, 16 pm Celgard 1208 as the separator, and Li® disk
(China Energy Lithium, S00 ym) as the anode. For the pouch cell
tests, Celgard 2500 and 39 X 55 mm Li® anode were used. In both
coin and pouch cells, the employed liquid electrolyte was a 0.5 M
lithium bis-(triftuoromethanesulfonyl)imide (99.9 wt %, Solvionic)
and 0.5 M lithium nitrate (LiNO; 99.99 wt %, Sigma-Aldrich)
solution in DME/1,3 dioxolane (1:1 in vol), keeping an electrolyte-to-
sulfur ratio (E/S) of 7 yuL mg™'. As mentioned above, 3 mgs cm™>
loading electrodes was used to carry out the C-rate test, being cycled
at C/20, C/10, C/5, C/2, 1C, and C/10. In the case of 4 mgg cm™>
electrodes, the cells were cycled under the long-cycling test at C/10
with 2 preconditioning cycles at C/20. All the battery cycling tests
were conducted in a Maccor battery tester, using a cut-off voltage
range between 2.6 and 1.7 V. Cyclic voltammetry analyses were
performed on a BioLogic VMP3 electrochemical potentiostat making
use of the three-electrode setup. The Li® disk was used as both a
counter and a reference electrode.
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3. RESULTS AND DISCUSSION

As previously mentioned, this work aims to evaluate the effect
of two well-selected carbonaceous cathode additives on the
electrochemical performance of LSBs. The first parameter to
be studied was the compatibility of the additives with KJ600.
Therefore, the characterization of the carbon mixture in the
absence of sulfur was carried out by scanning electron
microscopy as can be seen in Figure S1. In both cases, a
homogeneous distribution of all the components is observed,
due to their good compatibility and high affinity. In the case of
CAs (Figure Sla), two significant details can be observed in
the SEM images. On the one hand, there is good integration of
the GNPs within the carbon black, while on the other hand, it
is observed how the MWCNTSs act as interconnectors, thus
generating an electronic pathway between the different
particles. In the case of ResFArGO (Figure S1b), SEM images
show a uniform flat-shaped structure, well coated by the
carbon black particles, which is expected to not only enhance
its conductivity but also ensure a smooth lithium-ion diffusion
along the surface of the carbonaceous composite.

Moreover, the textural properties of the as-prepared carbon
mixtures were studied through an N, adsorption/desorption
isotherm measured at —196 °C. As displayed in Figure S2, all
the carbonaceous samples exhibit a type IV isotherm,
according to IUPAC classification,” which is ascribed to
mesoporous materials. This can be correlated to the
mesoporous nature of KJ600 (see Figure S2a). Specific surface
areas of 1324, 799, and 1365 m?> g_1 were calculated for KJ600,
CA mixture, and ResFArGO mixture, respectively. The
decrease in the specific surface area of CAs when compared
to the pristine KJ600 is related to the presence of
microporous/non-porous materials (GNPs, C-65, and
MWCNTs) on its composition. Furthermore, the PSD in
Figure S3 shows a heterogenous distribution with pores
ranging from 0.6 to 20 nm for all the carbonaceous materials.
However, it is worth mentioning that the ResFArGO mixture
presents a larger portion of micropores. In addition to the
textural characterization, the surface chemistry of the carbon
mixture was analyzed by XPS. Figure 1 shows the O 1s spectra
of KJ600 and ResFArGO.

The O 1s spectrum of KJ600 shows a bimodal distribution
with two peaks centered at 534 and 532 eV, which can be
assigned to C—O and C=O0 groups present on the surface of
the main carbon, respectively. On the other hand, the
distribution of peaks in the case of ResFArGO is totally
different. In this case, an additional peak is observed at 530 eV,
in addition to the C=0 peak at 532 eV, which is the most
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Figure 2. (a) SEM images of the studied high sulfur loading cathode under column (i) low and (ii) high magnifications, and column (iii) EDS
sulfur mapping. (b) LiPS adsorption visual test of the analyzed carbon mixtures. (c) UV—vis spectra of the remaining Li,S¢ solutions after the

adsorption test.

predominant peak in this carbon, and the C—O peak centered
at 534 eV. This new peak could be assigned to carboxylic acids
or esters (O—C=0) present on the carbon surface due to the
synthesis process of ResFArGO. As Wasalathilake et al.*!
determined through a computational analysis and as has been
experimentally confirmed by several studies,”” ™ the remain-
ing surface groups become particularly important since they
can play a key role in the development of the cathode owing to
its anchoring properties for LiPS and, with that, preventing the
subsequently formed LiPS from dissolving in the electrolyte
during cycling. The results obtained for the carbon mixtures,
shown in Figure S4a,b, follow the same trend as that obtained
by the main carbon previously discussed. Furthermore, the
oxygen content was also determined from the atomic
concentration of the XPS analysis, showing a significant
increase in the ResFArGO sample (Figure S4c). The
combination of the oxygen content and the type of chemical
functional groups present on the surface of ResFArGO could
promote a stronger interaction with LiPS in this sample
compared to in KJ600."'~>°

Subsequently, as described in the Experimental Section,
composite cathodes were prepared by the sulfur infiltration
within the carbon structures by a well-established melt
diftusion process at 155 °C for 12 h. Figure 2a presents the
SEM images of the three different composite cathodes with 4
mgg cm > loading before cycling. Under lower magnification
(Figure 2a(i)), large cracks are observed in the surface of the
electrode consisting exclusively of KJ600. This phenomenon
has been previously reported and analyzed, which is ascribed to
the shrinkage during the drying process, due to the large
amount of solvent held by the KJ600@S nanocomposite
during the electrode slurry preparation.”’ Moreover, the
cracking associated with capillary stresses is expected to be
more aggressive for aqueous slurries due to the higher surface
tension of water.”® In the case of the CAs electrode, the
presence of cracks is greatly reduced, possibly due to the lower
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amount of KJ600 in the formulation and reduction of the
specific surface area after incorporating the conductive
additives. It is worth noting that the ResFArGO-containing
electrodes shows greater homogeneity, compaction, and
adhesion to the current collector despite its high sulfur loading
(4 mg cm™?). These outstanding processable features could be
ascribed to the amphophilic nature of ResFArGO due to the
presence of functional groups on its surface, as previously
shown in the XPS data, which improves its dispersion in water,
reducing the formation of agglomerates. Images at higher
magnification (Figure 2a(ii)) show highly agglomerated
particles within the KJ600 reference electrode. On the other
hand, in the CAs electrode, some agglomerates can still be
observed but are well packed and interconnected between
them. Furthermore, MWCNTSs can act as electron conductive
bridges between the agglomerates, providing the highly
pursued electron pathway along the whole electrode. More-
over, in the case of graphene-based activated carbon cathodes,
the uniform and 2D flat-shaped structures of ResFArGO are in
close contact with KJ600@S agglomerates, providing a high
electrical conductivity typically found in graphene-based
activated materials. These SEM images confirm the packing
properties depending on the selected additives, highlighting
the composition containing ResFArGO in which the
mechanical properties found for the purely graphene-
containing cathodes™ are also observed when it is combined
with KJ600. Finally, as displayed in Figure 2a(iii), energy-
dispersive spectrometry (EDS) elemental mapping of S of the
all-prepared electrodes reveals the excellent distribution of the
active material within the cathode without the presence of any
S clusters, confirming the suitability of the selected S
infiltration technique.

LiPS dissolution and the consequent corrosion of the
lithium anode is one of the major operational challenges faced
by LSBs. Generally, the non-polar nature of electrode materials
like carbon materials or binders leads to poor interaction with
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Figure 3. Kinetic study of the KJ600 reference, KJ600 + CAs, and KJ600 + ResFArGO,, electrode-based cells: (a) CV in a potential window from
1.7 to 2.8 V at a scan rate of 0.2 mV s~ (b,c) Tafel plots for the cathodic and anodic conversion reaction, respectively. (d—f) CV curves at different
scan rates from 0.1 to 0.4 mV s™'. (g—i) Li* diffusion behavior analysis.

the polar LiPS, thus failing in their anchoring and
compromising the long-term cycling of the battery due to
the shuttle effect. In consequence, to analyze the LiPS trapping
ability of the all-studied carbon mixtures, a visual test related to
the change of the coloration associated with the Li,Sg
adsorption was performed. In Figure 2b, clear differences in
the LiPS trapping ability are observed between each carbon
mixture. In the case of the ResFArGO-based mixture, a
reduction in the coloration of the solution can be clearly
noticed. In the remaining mixtures, although to a less extent, a
reduction in the coloration is also detected, indicating that the
commercial KJ600 can trap a certain concentration of LiPS.
These visual observations were furtherly confirmed by
ultraviolet—visual spectroscopy (UV—vis) tests (Figure 2c),
in which the same trend is reflected. The expanded UV—vis
spectra of all samples are shown in Figure SS.

In order to straighten out the electrocatalytic properties of
the studied carbon additives over LSB performance, a wide
range of electroanalytical measurements were carried out. First,
cyclic voltammetry (CV) profiles of the as-prepared cathodes
were performed with a scan rate of 0.2 mV s~ to study the
effect of the additives on the redox kinetics. As displayed in
Figure 3a, two cathodic peaks can be observed in all cases, the
first one around 2.5-2.3 V, which corresponds to the
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reduction of Sg to soluble long-chain LiPS (Li,S,; where 4 <
n < 8) and the second one around 2.1—2.0 V ascribed to their
successive conversion to insoluble short-chain LiPS (Li,S,/
Li,S).>> Furthermore, in the anodic part, two peaks
corresponding to the multistage oxidation from insoluble
short-chain LiPS to Sg with the intermediate formation of the
soluble species are also observed.”® Interestingly, the CV
curves show that the addition of either ResFArGO or CAs
leads to sharper and higher intensity cathodic peaks, anodic
peaks, and reduced polarization (a smaller gap between
cathodic and anodic peaks) when compared to the reference
KJ600 cathode, which presents broader and lower intensity
peaks. These differences in the CV shape can be ascribed to a
significant improvement of the kinetics with the presence of
the additive. In more detail, the ResFArGO additive cathode
presents the sharpest peaks in both cathodic and anodic parts,
indicating the fastest reaction kinetics during the redox process
compared to the rest of the cathodes. This is in good
agreement with the Tafel plots of reduction and oxidation
peaks (Figure 3b,c respectively) which were constructed from
Figure 3a. The Tafel slopes of both ResFArGO (34.6 and
30.35 mV dec™") and CA cathodes (39.7 and 34.1 mV dec™")
are considerably lower than the reference cathode (57.8 and
55.7 mV dec™"). These gentle slopes prove the fast Li—S redox
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constant charge rate of C/2. (d) Battery performance of the three studied carbon mixtures and the reference KJ600 in the long cycling test.

reaction, ie., fast kinetics owing to the enhanced electronic
conductive network provided by the additives. Moreover, the
superior electrocatalytic properties are also attributed to the
improved LiPS anchoring ability provided by the ResFArGO
additive. To further analyze the reaction kinetic behavior of the
cathodes, CV measurements under different scan rates from
0.1 to 0.4 mV s™! were carried out, as shown in Figure 3d—f.
As expected, all intensity values of the anodic and cathodic
peaks show a linear correlation with the square root of the scan
rate (see Figure 3g—i), and the steepness of the slope illustrates
the lithium-ion diffusion coefficient. In each of the analyzed
peaks, the additive cathodes present a steeper slope than the
reference KJ600 cathode, which corresponds to higher lithium-
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ion diffusion values, with the ResFArGO additive cathode
standing out above all others.

Aiming to complete the work and trying to get a deeper
insight into the catalytic activities undergone by the different
cathodes, a detailed study on the Li,S nucleation and
dissolution was also performed. Figure 4 presents the kinetic
studies of the different cathodes studied through Li,S
nucleation and dissolution tests. Noteworthy, 75% of the
theoretical capacity of LSBs arises from the deposition/
nucleation processes of the Li,S from the Li,S, intermediate.
Therefore, as shown in Figure 4a—c, potentiostatic nucleation
measurements were performed in order to analyze this
essential process. The initial monotonically decreasing current
is related to the reduction from the remaining higher-order
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LiPSs to Li,S,. The following current peak could be assigned to
the nucleation and growth of solid Li,$>** In all cases, a
sharp and well-defined peak is observed. However, the sample
containing ResFArGO exhibits a sharper current peak
appearing in a shorter time than the rest of the samples,
indicating a faster Li,S nucleation process. In addition, in
Figure 4a—c the integrated area of the current curves, which is
related to the nucleation capacity, can also be observed.
Notably, the ResFArGO cell delivers a higher Li,S nucleation
capacity of 142 mA h ¢! which is higher than the other
formulations, displaying a suitable and favored Li,S deposition
and nucleation. These results are in agreement with those
shown in Figure 3, which indicate the catalytic effect of
carbonaceous composite. Similarly, the potentiostatic charge
processes at 2.4 V are shown in Figure 4d—f. It can be noted
that the Li,S-oxidation capacities of additive-based cathodes
are much higher than those of the reference and also appear in
an early dissolution time, indicating the promoted dissolution
of solid Li,S.>® In the case of KJ600 + CAs, the Li,$ dissolution
peaks appear at shorter times than in the case of ResFArGO;
however, for both samples, the onset of dissolution occurs at
the same time. The difference in reaching the maximum is
more related to the higher dissolution capacity of the cathode
with KJ600 + ResFArGO,, than the one with KJ600 + CAs
(386 vs 300 mA h g™, respectively), which is in line with the
observations in Figure 3a. Therefore, in both kinetic studies
(see Figures 3 and 4), the cathode containing a mixture of
KJ600 and ResFArGO stands out from the rest, exhibiting
promoted Li,S nucleation and dissolution processes.

To further confirm the robustness of additives in the
cathodes, Li—S coin cells were assembled with an S loading of
around 3 mgg cm™ and tested at different C-rates (Figures Sa
and $6). In addition to the KJ600 reference cathode and taking
into account the good properties demonstrated by the
ResFArGO carbon composite, it was decided to go further
with this additive by reducing its quantity in the cathode
formulation. Thus, we fabricated three different cathode
formulations containing CAs (KJ600 + CAs), 10 wt %
ResFArGO (KJ600 + ResFArGO,,) and S wt % ResFArGO
(KJ600 + ResFArGOg). In comparison with the reported
works where S loadings are between 1 and 2 mgg cm™?, this
work presents a study with realistic conditions >3 mgg cm™>.
All cathodes containing additives in their formulation deliver
higher specific and areal capacities over the entire range of
analyzed C-rates compared to reference KJ600 cells (Figure
Sa). Furthermore, it is interesting to note the high-capacity
retention resulting from the incorporation of the additives
when increasing the cycling rate from C/10 to C/2, being 80%
in the case of ResFArGO,,, 79% for ResFArGOs, and 75% for
CAs. This improved capacity retention at high rates proves
again the fast kinetics of the cathode with the different
additives, highlighting the results obtained with ResFArGO for
the two different compositions. Strikingly, the cells exhibit
outstanding high capacities even at 1C, delivering 800, 680,
and 760 mA h ¢! for ResFArGO,, ResFArGO;, and CAs,
respectively. These obtained values represent an areal capacity
close to 2 mA h cm™, 4 times higher than that of the reference
cell (Figure S6). Galvanostatic charge/discharge profiles
represented in Figure Sb show the two typical discharge
plateaus corresponding to the multi-step sulfur reaction
mechanism. It can be noted that both additives allow the
reduction in the overpotential of the cell compared to the
reference KJ600 cathode, with the lowest polarization obtained
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for ResFArGO,, cells (as further seen in Figure S7). This
behavior could be ascribed to their LiPS trapping ability and
their enhanced catalytic properties, which are in accordance
with the results previously reported during the study. However,
if the amount of ResFArGO is reduced to S wt %, this effect is
less significant, surely due to the reduced anchoring ability of
the LiPS, which furtherly demonstrates this assumption.

Nevertheless, despite the high capacities obtained at 1C in
the cells containing any kind of carbonaceous additive, as
shown in Figure Sa, the Coulombic efficiency (CE) is
remarkably low at 1C. This is related to the instability issues
of the lithium anode side, especially during the charging
process, when Li deposition occurs. It is worth mentioning that
the current density applied to a 3 mgs cm™ loading cell at 1C
is S mA cm™?, which is a challenging harsh cycling condition
for the Li metal anode. Li stripping and plating tests confirm
that the instability issue is more pronounced with a current
density higher than 4 mA cm™ (Figure S8). In order to prove
this hypothesis and overcome the stability issues, C-rate
cycling tests keeping the charge rate constant at C/2 aiming for
a smooth Li deposition were performed for the different
cathode formulations, as displayed in Figure Sc. As expected,
the stability of the Li—S cell is improved significantly with a
high average CE of 99.2% even at a high discharge C-rate of 2
C and delivering remarkable capacities of 620 mA h g~' for
ResFArGO,;;, 390 mA h g_1 for FesFArGOg, and 230 mA h g_1
for CAs. In addition, the improvements in the properties
associated with the incorporation of ResFArGO when
compared to a reference sample exclusively formed by KJ600
or with CAs, even in such small amounts, is especially
evidenced in the high areal capacities.

In an attempt to confirm that the stability issues identified in
the C-rate tests at 1C are associated with the anode, a post-
mortem study was carried out. The anodes were studied by
SEM after charging at 1C and C/2 (Figure Sa,c, respectively).
As can be clearly seen in Figure S9, the deposition is more
homogeneous and uniformly distributed in the case of the
anode after the charge at C/2, without the presence of fibrillar
structures.

Therefore, to achieve the highly desired fast charging
operation in this system under realistic conditions, future
studies will necessarily need to focus on lithium metal anode
optimization by either tuning the electrolyte to facilitate a
suitable solid—electrolyte interface formation or employing ex
situ protection strategies.

In order to achieve higher energy density, Li—S cells with 4
mgs cm™* loading cathodes were prepared and tested at a
constant rate of C/10 to study their cycle life (Figures Sd and
S$10). In line with previous results, the additive-based cathodes
show a significant performance improvement in comparison
with the reference one. On the one hand, the inclusion of CAs
has yielded a high and constant capacity of 850 mA h g™
(around 3.6 mA h cm™2), which almost doubles the reference
cell based on KJ600, ie, 480 mA h g~' (around 1.9 mA h
cm™?). This performance improvement can be ascribed to a
suitable combination of the one-dimensional structure of
MWCNTs and the bi-dimensional structure of the GNPs,
which allows the creation of an outstanding electron pathway
that promotes redox kinetics. On the other hand, the
incorporation of 5 wt % of ResFArGO in the cathode
formulation improves the system stability by maintaining the
capacity of 840 mA h g™ during cycling. Finally, the increase
of the amount of ResFArGO from S to 10 wt % in the cathode
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Figure 6. (a) Total capacities of the pouch cells of the three different additive-based cathodes. Discharge/charge profiles of (b) CAs and (c,d)

ResFArGO-based pouch cells.

allows for achieving superior S utilization of 1070 mA h g™
(around 4.3 mA h cm™2), thus enabling to reach the areal
capacity target set out for Li—S cells to be competitive with
traditional Li-ion technologies.®*” Likewise, it shows practi-
cally stable discharge/charge profiles during the analyzed S0
cycles (Figure S11). Overall, ResFArGO,, combines the
tailored particle morphology, appropriate textural properties,
and surface chemistry that synergistically enhance its LiPS
trapping ability and processibility while offering improved
electrocatalytic features, with an appropriate cathode for-
mulation which finally benefits the Li—S cell performance.
Encouraged by the promising electrochemical performance
obtained at the coin cell level associated with the incorporation
of these new carbonaceous additives, the evaluation of their
performance in a scale-up 20 cm? pouch cell was assessed. This
step aims at facilitating the direct handover to practical devices
and to merge the huge gap between academic research and the
industry. As displayed in Figure 6a, it is worth noticing that the
obtained performances are quite comparable with the ones
obtained in coin cells, with smooth discharge and charge
profiles (Figure 6b,c), proving the successful scalability of the
system. Furthermore, ResFArGO ,-based cells stand out again,
delivering a remarkably high total capacity of 90 mA h
(around, 1100 mA h ¢! and 4.4 mA h cm™) at C/10, while
ResFArGOs-based or CAs-based cells reach a similarly notable
high capacity of 70 mA h (around, 900 mA h ¢! and 3.6 mA h
cm™?) at C/10. Although the results are promising in terms of
capacity, it should be pointed out that the long-term cyclability
at the pouch cell level is far from that required for their
deployment in a real application. As has been reported in many
of the Li—S pouch cells works,”**™ these cyclability issues
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are directly related to the lithium anode degradation. On the
one hand, the state-of-art liquid electrolyte chosen for battery
cycling induces poor long-term lithium anode protection, as
LiNO; is continuously consumed during cycling. On the other
hand, it is well known that the lithium anode instability is
exacerbated in larger area pouch cells due to the higher total
current passing through the electrode, which results in the
formation of dead/mossy lithium. Consequently, future works
to increase lithium anode stability will be undertaken to
guarantee long-term cyclability.

4. CONCLUSIONS

This study showcases and validates the feasibility of the
carbonaceous additive incorporation strategy, ie, CAs and
ResFArGO, to a low-cost commercial carbon, such as KJ600,
for manufacturing high-performing Li—S cathodes. Conse-
quently, the promising application of these proposed cathodes
for LSBs is confirmed by the outstanding electrochemical
performances achieved, showing featured reversible capacities
of 1070, 880, and 860 mA h g_1 for ResFArGO,y, ResFArGO;,
and CAs, respectively, for more than 50 cycles at C/10 with 4
mgs cm™> mass loading cathodes, and excellent power
capability (around, 800 mA h ¢! at 1C) in cathodes with a
notable S loading of 3 mg cm™*. Finally, due to its promising
performance at the lab scale, we demonstrate the scalability
and practical applications of these additive-based cathodes by
the preparation of a 20 cm” pouch cell, which provided in both
cases remarkable total capacities of around 90 mA h for
ResFArGO,;, and 70 mA h for ResFArGOg and CAs,
respectively. Both studied additives greatly enhance the S
redox kinetics compared to the reference KJ600 as a result, in
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part, of the improved electronic conductivity and catalysis of
the S—S bond cleavage/re-formation. Additionally, the
ResFArGO additive is highlighted due to its suitability to
trap LiPS ascribed to the functional groups present on its
surface together with its ability to develop homogeneous high
S loading cathodes even using small amounts of 5 wt %.
Finally, taking into account all the results obtained in this
work, it could be concluded that the cathode containing a 10
wt % of ResFArGO (ResFArGO,,) is a promising candidate
for the further development of high energy density LSBs.
Nevertheless, it has been noted that further work related to the
Li anode protection and electrolyte optimization should be
done in order to further improve the cycle life of Li—S cells.
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