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Biocarbon from olive pomace residue as a
sulfur host for carbonate-based lithium-
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Lithium-sulfur (Li-S) batteries are considered promising candidates for next-generation energy
storage due to their high theoretical energy density and the abundance of sulfur. However, challenges
such as poor compatibility with carbonate-based electrolytes and the need for excessive electrolyte
volumes limit their practical implementation. Here, we explore biocarbon derived from olive pomace,
an agricultural by-product, as a sulfur host for Li-S batteries operating in carbonate-based
electrolytes. We use two KOH activation methods — liquid and solid—to tailor the porosity and surface
properties of the biocarbon. The solid-activated biocarbon exhibits higher surface area, micropore
volume, and sp? carbon content, promoting efficient sulfur confinement and enabling solid-state sulfur
conversion. We find that electrochemical performance remains stable regardless of sulfur loading or
electrolyte volume. The resulting sulfur cathodes showed excellent electrochemical performance with
a discharge capacity of 850 mAh gs ' with a sulfur loading of 4 mgg cm~2 and an electrolyte-to-sulfur
ratio of 5 uL mgs~'. Remarkably, these electrodes also perform well at high current densities, delivering
a capacity of 620 mAh gs ' at 1 C and 360 mAhgs ' at 5 C.

The global energy landscape is undergoing a significant transformation as
the demand for sustainable and renewable energy sources increases'™.
However, renewable energy sources are inherently intermittent, creating
challenges in maintaining a consistent and reliable energy supply’. To
address these challenges, new energy storage systems are essential.
Advanced energy storage technologies can store excess energy generated
during periods of high production and release it during periods of low
production or high demand. Lithium-sulfur (Li-S) batteries and other
emerging storage technologies offer the potential to provide higher energy
densities, longer cycle life, and greater efficiency compared to conventional
Li-ion batteries"*.

Li-S cells are one of the most attractive batteries for next-generation
energy storage. Sulfur is non-toxic, abundant, and low-cost, and possesses a
theoretical specific capacity of 1672mAhg". Coupled with metallic
lithium, high gravimetric energy densities can be achieved, as lithium has a
high specific capacity of 3860 mAh g~' . However, Li-S batteries face

significant challenges, primarily related to the interaction between sulfur
and the electrolytes. Carbonate-based electrolytes interact with the dis-
charge products of sulfur (polysulfides) through a nucleophilic substitution
reaction, making the use of these electrolytes nearly impossible’. Conse-
quently, research over the last decade has mainly focused on ether-based
electrolytes’*. However, in these electrolytes, lithium polysulfides can easily
dissolve, causing the commonly known shuttle effect, which leads to
capacity fading and shortened cycle life. An alternative solution is to use
microporous carbons (pore width <2nm) as host materials for sulfur,
enabling the use of carbonate-based electrolytes'. This combination facil-
itates the in-situ formation of a cathode-electrolyte interphase (CEI) during
the first discharge, which enables the solid-state conversion of sulfur to Li,S
in the ultramicropores. This solid-state mechanism allows for long-term
cyclability™"'*'*"*, Hence, the electrolyte plays a crucial role in Li-S batteries,
affecting their overall performance, efficiency, and stability'°. Optimizing
the electrolyte quantity is also essential to achieve a balance between ionic
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conductivity and electrochemical performance. It has been stipulated that,
in order for Li-S batteries to compete with current Li-ion batteries, the
sulfur-electrolyte ratio should be less than 5 uL. mgS™""**. This requirement
is usually difficult to achieve because of the use of high surface area carbons
in the sulfur cathode, which makes them difficult to wet. Moreover, to
compete with state-of-the-art Li-ion batteries, the sulfur cathode should
have a loading greater than 5 mgs cm ™%,

Various types of microporous carbons, such as commercial carbons"
and biocarbon’, have been utilized for Li-S batteries in carbonate-based
electrolytes. Among these, biocarbon, derived from the pyrolysis of biomass,
can be produced from renewable sources and even from organic waste
materials. The properties of biocarbon are influenced by both the synthesis
method and the type of biomass precursor. Additionally, biocarbon can
exhibit tunable porosity and surface functional groups, making it suitable for
various applications such as water filtration", soil amendment™, and energy
storage systems’"*”. One way to tune the porosity of biocarbon materials is
to use KOH as a chemical activating agent. During the activation process,
KOH interacts with the carbonaceous material, enhancing the development
of a porous structure. The reaction between KOH and carbon triggers the
formation of gases that facilitate the development of pores, particularly small
mesopores and micropores. During this activation process, carbon is oxi-
dized, resulting in the formation of water, carbon dioxide, hydrogen,
potassium carbonate, and metallic potassium’’.

A promising source of biocarbon is olive pomace, a lignocellulosic by-
product of olive oil extraction, which poses environmental risks due to its
acidic pH, high organic content, and non-biodegradable phenolic
substances. Rich in cellulose, hemicellulose, lignin, and phenolic residues,
olive pomace undergoes significant chemical transformations during
pyrolysis™. At temperatures up to 500 °C, pyrolysis breaks down these
components, releasing volatile compounds such as acetic acid, furfural, and
phenols, while producing bio-oil and a carbon-rich residue known as char.
This char, primarily composed of aromatic carbon structures, can be further
enhanced through KOH activation at temperatures up to 900 °C. This
activation process etches the carbon structure, creating numerous micro-
pores that significantly increase the surface area and pore volume of the
resulting biocarbon™.

In this work, biocarbon was synthesized from olive pomace, a residue
from olive oil extraction, using two different KOH activation methods. The
resulting biocarbon features a microporous network with pore widths of ~1
and 2 nm. This porous structure was successfully infiltrated with sulfur and
tested as cathodes for Li-S batteries. A detailed electrochemical character-
ization using carbonate-based electrolytes revealed long-term cycling with
nearly 100% capacity retention over 300 cycles, and achieving 620 mAh gs
at 1C and 360 mAhgs™' at 5C. Notably, this performance remained
unchanged regardless of sulfur loading or electrolyte volume.

Results and discussion

Physicochemical characterization

The synthesized biocarbon exhibits a purely microporous structure, as
confirmed by N, adsorption/desorption isotherms (Fig. 1A). The activated
samples exhibit Type I isotherms™. This type of isotherm is characterized by
a significant increase in adsorbed volume at low-pressure regions
(p/p° < 0.05), indicating the presence of micropores. The isotherms show no
increase in adsorbed volume at high relative pressures and lack a significant
hysteresis loop, suggesting that the biocarbon possesses a purely micro-
porous structure. In contrast, the non-activated (A59) sample shows no
nitrogen adsorption throughout the experiment, indicating that this
material is either non-porous or that the pores are closed. This demonstrates
that the open porous structure of the biocarbon (A5AL9 and A5AS9) results
from the activation treatments. The calculated BET surface areas were 1520
and 1600 m* g~ for the A5AL9 and A5ASY, respectively. Table S1 sum-
marizes the contributions of the micro- and mesopore components to the
surface area and pore volume. It should be noted that almost all of the
samples’ surface area is attributed to micropores. The pore size distribution,
calculated using the DFT method with slit/cylindrical pores, is shown in

Fig. 1B. The calculation reveals the presence of pores of ~1.1 and 2.5 nm in
size for both samples. For the infiltrated samples, the N, adsorption iso-
therms are flat, indicating that most of the pores were filled with sulfur
during infiltration (Fig. 1A).

The SEM images (Fig. S1) and EDX maps (Fig. S2) provide initial
insights into the shape, texture, and chemical composition of the particle
samples. SEM imaging shows that the particles have irregular shapes with
rough textures and uneven, sharp edges, indicating that the material may
have broken apart or formed clusters. The EDX elemental maps reveal an
uneven distribution of carbon (C), oxygen (O), and sulfur (S). Sulfur appears
to be well distributed across the carbon framework in both samples.

To gain a deeper understanding of the internal structure and nanoscale
morphology of the biocarbon, TEM imaging was performed. As shown in
Fig. S3A, B, both samples (A5AL9 and A5AS9) consist of heterogeneous
particles with no well-defined micro-geometry, ranging in size from 0.2 yum
to 1.8 pm. The images (Fig. 2A-C) also reveal that the biocarbon material is
composed of disordered graphitic layers with an interlayer distance of
approximately 0.33, 0.38, and 0.35 nm for the A59, A5AL9, and A5AS9
materials, respectively. The biocarbon samples exhibit a disordered, iso-
tropic structure characterized by tightly curled carbon layers enclosing
interconnected pores with a slit/cylindrical shape. These pores have a width
of ~1.5 nm, consistent with the analysis from the N, adsorption isotherms.
XRD measurements were also performed to further investigate the structure
of the biocarbon (Fig. $4 and Note 1 in the ESI). The three synthesized
carbons exhibit two broad peaks at 20 of 24° and 45°, corresponding to the
(002) and combined (100) and (101) crystal planes of a carbon structure,
respectively”’. The A59 sample displayed several diffraction signatures of
different inorganic materials present in olive pomace. These signatures
disappeared due to dissolution during the activation treatments with KOH.
The interlayer distance between carbon layers (d-spacing) was calculated
from the (002) reflection using Bragg’s equation®”. The (002) peak is slightly
shifted to a higher angle for the solid activated sample, indicating a decrease
in the interlayer spacing of the A5AS9 sample and a higher degree of
graphitization. The calculated d-spacings from the XRD are
(0.395 +0.002) nm for A5AL9 and (0.365 + 0.002) nm for A5AS9, respec-
tively. These values support the observation from TEM and are slightly
larger than that of highly crystalline graphite (0.335 nm).

X-ray photoelectron spectroscopy (XPS) was used to study the surface
properties of the biocarbons. XPS analysis included extended survey spectra
to determine the quantitative composition (Table S2), the S 2p region
(Fig. S5), and a detailed examination of the C 1 spectra (Fig. 3). Addi-
tionally, the D-parameter was also employed, derived from the first deri-
vative of the C KVV Auger peak, to accurately assess the C-sp” content.
Elemental composition analysis revealed that, in addition to Cand O (and S
in the infiltrated samples A5AL9-S and A5AS9-S), the non-activated sample
(A59) contains trace elements such as Si, Cl, P, Ca, and a significant amount
of K. These elements likely originate from the raw material and persist
despite thermal treatments and washing procedures. Samples subjected to
liquid activation exhibit a substantial increase in carbon surface content
(~85 at.%) and a reduction in oxygen content by approximately one-third
(~11.5 at.%). The concentrations of other elements found in the A59 sample
decrease sharply or, in the case of K, disappear entirely. A similar trend is
observed in samples prepared with solid activation, where elements such as
K, Cl, P, and Ca are absent. However, N atoms are detected in these solid-
activated samples, potentially due to superficial adsorption of N, molecules
during treatment, which may be displaced following sulfur infiltration
(A5AS9-S). As shown in Table S2, the A59 sample has the highest O/C ratio,
which decreases drastically in the activated samples. Furthermore, the
relative amount of infiltrated sulfur is higher in the solid-activated sample
compared to the liquid-activated one (S/Cpsasos=0.14 vs. S/
Casaro-s = 0.09).

To identify the chemical environment of the samples, the C 1 s (Fig. 3)
and S 2p (Fig. S5) spectra were carefully examined. In the non-activated
sample (A59, Fig. 3A), a significant presence of oxidized carbon species and
an overlap with the K 2p doublet is observed. In contrast, the C 1 s regions of
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the activated samples are closely comparable, featuring a predominant peak
at 284.4 + 0.1 eV, attributed to sp” carbon atoms in highly delocalized C-C
bonds. Between 284.8 eV and ~289 eV, sp3 carbon atoms are detected, either
singly bound to carbon and hydrogen (such as in edge or defective graphitic
carbons at 284.8 V) or bonded to oxygen, along with expected features
from 7-7* excitation energy losses. Detailed data from the deconvoluted
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Fig. 1 | N, physisorption measurements and textural properties. A N, physi-
sorption isotherms of biocarbon (and infiltrated samples) at 77 K, along with cor-
responding. B differential cumulative QSDFT pore size distribution.

peaks are provided in Table S3, along with the percentage content of each
species. The table shows a significant increase in graphitic carbon content
after activation (liquid or solid), increasing from ~51% to ~70-80%. It also
reveals a decrease in oxygenated carbon species following sulfur infiltration.
The S 2p spectra of the ASAL9-S and A5AS9-S samples (Fig. S5) exhibit a
dominant doublet at 164.0 €V, corresponding to Sg species from the sulfur
infiltration process.

Deconvoluting sp’ spectra from the C 1s regions can introduce
uncertainties, largely due to the fitting parameters used for asymmetry and
full width at half maximum (FWHM). Selecting appropriate baseline
parameters is a complex process that must also consider the particle size of
the sample being analyzed. For example, parameters suitable for highly
ordered pyrolytic graphite are not applicable to porous carbonaceous
samples because of the significant differences in hydrogenated carbon
content, which results in an increase in FWHM (from 0.5 to 0.7 eV in our
case). While XPS is primarily a surface-sensitive technique, typically
probing only the top few nanometers of a material, its application in
quantifying sp*/sp> carbon ratios in bulk materials may seem counter-
intuitive. However, alternative analytical approaches within XPS, such as the
use of the D-parameter, can help mitigate this limitation. The D-parameter,
derived from the first derivative of the C KVV Auger peak, is particularly
useful in distinguishing between sp® (graphitic) and sp® (diamond-like)
hybridizations due to their distinct Auger spectral shapes. Lascovich et al. **
demonstrated that the D-parameter could effectively differentiate sp” and sp’
carbon states by analyzing the first derivative of the carbon Auger peak. The
separation (D-parameter) of the differential maxima and minima varies
significantly depending on the relative concentrations of sp’ and sp’
carbon™. Fig. 4A shows the first derivative of the C KVV C-Auger peaks for
the activated samples, while Fig. 4B presents the D-parameter values plotted
against the calculated pure sp’ content (%), with reference values included
for clarity. This method effectively distinguishes sp® content, as the trends
observed in the deconvoluted C 1 s spectra (Fig. 3) align with the D-para-
meter, consistently indicating approximately 10% lower sp’ content for the
liquid activated biocarbon. Therefore, the solid activation with KOH results
in an increased amount of sp>-hybridized carbon.

Thermogravimetric analysis (TGA) in an Ar atmosphere (Fig. S6)
shows that elemental sulfur evaporates completely at 350 °C. For the infil-
trated samples, there is a loss of 30 wt.% and 40-45 wt.% at ~300-500 °C for
the ASAL9-S and A5AS9-S, respectively. The higher temperature needed for
the removal of sulfur is due to the allocation of sulfur in the micropores of
the host carbon material, which requires more energy to be completely
desorbed’". The solid activated material can accommodate more sulfur due
to its higher micropore volume of 0.61 cm’g " (Table S1). Meanwhile, the
sample without activation (A59-S) exhibits a weight loss (~15 wt.%) at lower
temperatures (~200-300 °C), indicating the presence of sulfur, but we
speculate that the sulfur is only on the surface. Hence, we successfully
infiltrated up to 45 wt.% of sulfur into the micropores of the synthesized

Fig. 2 | TEM images. High-resolution TEM images of A A59, B A5AL9, and C A5AS9 samples.
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activated biocarbon, with no appreciable amount of sulfur outside the pores.
The sulfur contents determined by TGA (~30wt.% for A5AL9-S and
~40-45 wt.% for A5AS9-S) are consistent with those measured by CHNS
elemental analysis (31.2 wt.% for A5AL9-S and 46.3 wt.% for A5AS9-S) in
Table S4, confirming effective sulfur infiltration into the micropores. It
should be noted that, based on the pore volume, the A5AS9 sample can
accommodate up to 54 wt.% of sulfur, while the A5AL9 sample can hold up
to 45 wt.%. Considering this and the fact that the TGA isotherms for the
infiltrated samples are flat (Fig. 1A), we can conclude that most of the pores
in the solid-activated samples were fully saturated with sulfur. In contrast,
for the liquid-activated samples, part of the pore structure appears to have
been blocked, preventing full sulfur infiltration.

These findings suggest that the activation method plays a critical role in
determining the material’s suitability for sulfur hosting. The XPS analysis, in
particular, reveals that the increased sp® carbon content and enhanced
graphitization in the solid-activated biocarbon contribute significantly to
improved electronic conductivity. Next, a detailed electrochemical analysis
is carried out using the A5AL9-S and A5AS9-S samples as active cathode
material in Li-S batteries with carbonate-based electrolyte.

Electrochemistry

The electrochemical properties of Li-S cells using synthesized microporous
biocarbons as host materials for sulfur were studied by galvanostatic dis-
charge/charge tests at C/10. First, cells with a low sulfur loading of
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9-S and B A5AS9-S cathodes; C cycling stability at 0.1 C; and D rate capability.

1 mgs cm” and a high electrolyte to sulfur ratio (20 pl mgs™) were examined.
This ensures that the limiting electrochemical process originates from the S/
C material. The discharge/charge profiles of the two C/S composites are
shown in Fig. 5A, B. Both display the same electrochemical features. In the
first discharge, there is a short initial plateau at 2.2V vs. Li/Li* (less than
120 mAh gg'), possibly due to the reduction of residual sulfur outside the
pores to Li,Sg and/or the interaction of the electrolyte with the carbon free
surface area'>”. The first discharge continues with a long plateau at 1.7 V vs.
Li/Li* for both cells. According to literature", two processes occur simul-
taneously in this region: a) the reduction of sulfur in the micropores to Li,S,/
Li,S, and b) the formation of the CEI"™. In other to observe the con-
tribution of bare biocarbon in the CEI formation, tests without sulfur were
performed and can be found in Note 2 and Fig. S7 in SI. The occurrence of
these two processes together explains why the cells deliver higher capacities
than the theoretical capacity of sulfur (1672 mAh gg™). As a result, the
capacity during the first reduction process for the first cycle is 2160 and
1940 mAh gg™' for the ASAL9-S and A5AS9-S, respectively. From the
second discharge onward, only one plateau is distinguished at 1.8 V vs. Li/
Li*, consistent with the solid-state conversion of sulfur to lithium disulfide/
sulfide’. The charge profile consistently shows a single plateau at 2.1 V' vs. Li/
Li*, representing the oxidation of Li,S/Li,S; to Sg. Upon cycling, a small
increase in the overpotential of the charge plateau is observed, which may be
related to the passivation of the lithium metal anode surface after many
discharge/charge cycles, likely due to the formation of dead lithium on the
surface™.

The cycle stability is shown in Fig. 5C. Both materials exhibit notable
electrochemical stability. After the initial five stabilization cycles, both cells
delivered a specific capacity of 870 mAhgs™". The cell with A5SAL9-S
exhibits a capacity fading of only 50 mAh gg ™" after 200 cycles, representing
a capacity retention of 94%. However, at cycle 240, the capacity began to

fade, possibly due to the depletion of FEC and passivation of the lithium
anode”*. Consequently, at this point, the lithium metal anode was replaced,
and fresh electrolyte was added, resulting in the cell stabilizing again at
750 mAh gg~' for more than 100 cycles. The stabilization after the anode
replacement indicates that the capacity fading was due to issues with the
lithium anode rather than the cathode material. Furthermore, Fig. S8A-C
presents the lithium anode after cycling in the ASAL9-S cell. It is evident that
a significant portion of the electrode is covered in inactive (‘dead’) lithium,
and the SEI layer appears highly uneven. These observations strongly
indicate that lithium loss and SEI instability are key contributors to the
observed capacity degradation.

For the A5AS9-S material, the cell maintained its initial capacity over
300 cycles. Both cells exhibited a Coulombic efficiency (CE) of 99.99%,
consistent with solid-state conversion behavior in Li-S batteries. The
remarkable cycling stability observed here underscores the potential of olive
pomace-derived biocarbon as a cost-effective and sustainable solution for
next-generation energy storage systems. In addition, the materials were
compared with ether-based electrolytes to illustrate the exceptional per-
formance of olive pomace-derived biocarbon in carbonate-based electro-
lytes (see Note 3 and Fig. S9 in SI).

C-rate tests were performed by varying the current density during both
the discharging and charging of the cells. As shown in Fig. 5D, both A5AL9-
S and A5AS9-S materials exhibited similar behavior, delivering average
capacities of 1000, 880, 710, 620, and 510 mAh gs’l at C/20, C/10, C/2, C,
and 2 C, respectively. The difference becomes noticeable at 5 C, where the
cell with A5AS9-S delivered a capacity of 285 mAh gg ", while the cell with
A5AL9-S achieved 360 mAh g . Additionally, the cathodes regained their
original capacities when the current density was reduced back to C/10,
indicating that the materials do not exhibit a memory effect. This demon-
strates the robustness and stability of the materials under varying
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operational conditions. The discharge/charge profiles for the different rates
are shown in Fig. S10, where no other plateaus besides those previously
described can be observed. As the current density increases, an increment in
overpotential is observed for both charge and discharge processes, likely due
to mass transport limitations and/or the fast kinetics of the electrochemical
reactions involved (charge transfer). For further analysis, the potential dif-
ference (AE) was defined as the difference between the voltage of the charge
plateau and the discharge plateau (considering the potential at half the total
capacity). The AE for both cathodes as a function of current density is shown
in Fig. S11. From C/2 onwards, the A5AS9-S cell exhibits a greater AE than
the A5AL9-S cell. This difference can be attributed to the higher carbon-to-
sulfur ratio in the A5AS9-S cathode, where the S/C atomic ratio is 0.14
compared to 0.09 for the ASAL9-S (Table S2). These results suggest that the
increase in AE is likely due to charge transfer limitations. These properties
will be analyzed in more detail below.

Li* diffusion was studied by varying the sweep rates (v) of the cyclic
voltammetry (CV). The CV curves are displayed in Fig. 6A, B, where
only one oxidation and one reduction peak can be distinguished. As the
sweep rate increases, the reduction peak shifts to a lower potential and
the oxidation peak shifts to a higher potential, in accordance with the
trend observed in the C-rate analysis. According to the Randles-Sevcik
equation (see Note 4 of SI), the peak current (I,,) has a linear dependency
on the square root of the sweep rate (Fig. 6C), allowing the estimation of
the diffusion coefficient for lithium ions (Dy;,). The Dy;, values cal-
culated were 1.8 x 10~ cm’s™ and 3.7 x 10~ cm®s™" for the A5AL9-S
and A5AS9-S cathodes, respectively. The reported order of magnitude
for this parameter varies from 10~° to 10> cm”s™" for solid-state con-
version Li-S batteries”.
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Galvanostatic intermittent titration technique (GITT) measurements
were also performed to determine the diffusion coefficient of the Li-S bat-
teries (Fig. S12). We performed a formation cycle at C/20, after which GITT
measurements were performed. Experimental details are given in the sup-
port information section (see Note 5 of SI). Unlike CVs, GITT allows cal-
culation of how diffusivity changes with the state of discharge/charge
(SoD(C)) of the cell’*”. In Fig. S13, the diffusion coefficient as a function of
SoD(C) is presented. The values are in agreement (order of magnitude) with
those measured using CVs. From the analysis of both experiments, it was
observed that the diffusion is slower when the Li-S batteries are being
delithiated. This analysis of the diffusion mechanism aligns with the findings
of Para et al. °, who demonstrated that the charging rate is significantly
more limiting than the discharging rate.

The overall overpotential of the cell (considering charge transfer, mass
transfer, adsorption, etc.) can also be investigated using GITT (see Note 6 of
SI). Two different behaviors can be observed during the lithiation and
delithiation of the cell for both A5AL9-S and A5AS9-S (Fig. 6D, E). At the
beginning of the discharge (2% SoD), the overpotential is 0.18 V. As the cell
becomes more lithiated, the overpotential decreases, reaching a minimum of
0.11V and 0.09 V for the A5AL9-S and A5AS9-S cells, respectively. This
minimum occurs at the same potential as the discharge plateau and lasts
from 10% SoD to 70% SoD. This is reasonable because, during the plateau,
the system is in a steady state of thermodynamic equilibrium, and therefore,
the overpotential becomes minimal. At the end of the discharge (SoD >

70%), the overpotential increases again. The mechanism can be explained
as follows: initially, a higher overpotential is required to initiate the reaction.
Once it starts, it operates in a quasi-equilibrium state. As the cell becomes
more lithiated, the overpotential increases again, indicating that lithiation
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becomes increasingly difficult at higher SoD. The lower overpotential
required for the A5AS9-S cell can be attributed to the properties of the
biocarbon. As explained in the physicochemical characterization section,
the XPS and XRD results indicate that the solid activation treatment
increased the sp® carbon content and the degree of graphitization. The
higher sp® content directly enhances electronic conductivity and may also
improve Li' transport by creating more ordered graphite layers and a more
uniform electron distribution. These improved conductivities facilitate
more efficient electrochemical processes within the cathode. Although the
delithiation process is kinetically more favorable than lithiation at early SoC,
extreme overpotentials, as high as 0.5 V, are required to fully delithiate the
material at high SoC (>80%). This indicates that the charging process
becomes increasingly unfavorable, necessitating strategies to improve its
efficiency at later stages. The variation in the overpotential can also be
explained in terms of diffusivity: if diffusion is slower during delithiation, as
mentioned before, a greater overpotential is needed to counteract this effect.

Electrolyte and high sulfurloading tests. To investigate the effect of the
electrolyte on the A5AS9-S cathode, galvanostatic discharge/charge
experiments were performed under the same conditions as those studied
above, but varying the electrolyte amount (5, 10, and 20 pL. mgs™"). For
these experiments, the sulfur loading was increased to 2 mgg cm™. The
results are shown in Fig. 7A, B. Remarkably, the discharge/charge profiles
are indistinguishable across the three different ratios tested; the plateau
length and voltage remain the same (1000 mAh g~ and 1.8 V vs Li/Li").
Furthermore, the cells exhibit the same cycling stability (Fig. 7B) as the
tests conducted with electrolyte excess and low sulfur loading
(1 mgs cm™?). The fact that such a low amount of electrolyte can be used
without changes in capacity or overpotential is attributed to the carbon
structure. As was explained in the physicochemical characterization
section, carbon contains micropores, and these pores account for the
entire surface area. After sulfur infiltration into the micropores, the
surface area of these powders drastically diminishes (Table S1), thus
enabling the use of a lower amount of electrolyte. The results confirm that
the electrolyte amount does not affect the capacity of the cathode
materials and suggest that sulfur loading also does not affect the cycling
stability at C/10 rate for at least 30 cycles.

As varying the electrolyte amount had no noticeable effect on the
cathode, the sulfur loading was increased to 4 mggcm™ while using
5uL mgs " of electrolyte (Fig. S14). Once again, the A5AS9-S cathode
material demonstrated reversible capacities of 850 mAh gs™" for almost
80 cycles, maintaining the same discharge/charge profiles. Com-
plementary results and discussion can be found in the supplementary
information section (see Note 7 of SI and Fig.S15). The main difficulty
encountered at this stage was the formation of dendrites on the lithium
anode every few cycles (Figs. S14 and S15), due to the high stress on the
Li surface. The current needed for cycling at 1 C for this loading is
52mA cm” and at 5C is 25 mA cm™. We want to emphasize that the
sulfur loading was increased fourfold, which means that the lithjum
needed for the electrochemical reaction is eight times higher, while at the
same time reducing the amount of FEC by four times, yet achieving the
same specific capacities. Moreover, the N/P ratios for these experiments
were calculated (see note 8 of SI), where the N/P ratio for the 4 mgg cm™>
cathodes is slightly larger than one. It is well established that dendrite
formation leads to lithium consumption and loss of active lithium, which
compromises long-term cycling stability. This is precisely why FEC is
commonly used—as a key additive to stabilize the lithium metal surface.
In this case, when the N/P ratio approaches unity, the role of FEC
becomes even more critical. This analysis reinforces our previous con-
clusions, highlighting the importance of electrolyte composition—par-
ticularly fluorinated solvents like FEC—in maintaining cell stability and
enabling high-performance Li-S batteries under lean electrolyte and
high-loading conditions. In this regard, further research should focus on
electrolyte optimization and lithium metal anode protection to achieve
long-term cycling with high sulfur loading cathodes.

Conclusions

In this work, we successfully synthesized biocarbon from olive oil residue
using two different KOH activation methods: liquid and solid activation.
These biocarbon materials were employed in Li-S batteries as host materials
for sulfur. The synthesized materials, both with and without sulfur, were
thoroughly characterized in terms of morphology, structure, and atomic
composition. N, adsorption/desorption isotherm measurements confirmed
the presence of micropores in the biocarbon materials obtained by the KOH
activation, with solid activation proving to be more efficient by generating a
higher micropore volume. This, in turn, allowed for a higher sulfur ratio.
XPS, TEM, and XRD analyses further revealed that solid activation
enhanced the level of graphitization and increased the sp® carbon content.

Electrochemical analysis of the sulfur cathodes demonstrated excep-
tional stability, with both cathodes maintaining their initial capacities for
~300 cycles with Coulombic efficiencies of 99.99%. The cathodes also
delivered reversible capacities of 360 mAh g at a high current density of
5 C. We demonstrated that the capacities delivered at C/10 were indepen-
dent of sulfur loading in the cathode and the amount of electrolyte,
achieving capacities of 850 mAhg™"' for cathodes with a loading of
4 mgs cm” and electrolyte quantity of 5 pl mgs ™.

However, we observed challenges in the lithiation and delithiation
processes. The lithiation process required higher overpotentials as the cell
became more lithiated, indicating increasing difficulty in the gradient of
lithiation. Conversely, the delithiation process, while kinetically more
favorable at early stages, required extreme overpotentials to fully delithiate
the material at high states of charge (SoC>80%). Additionally, dendrite
formation on thelithium anode was observed, particularly under high sulfur
loading conditions. Addressing these challenges through improved elec-
trolyte formulations and anode protection strategies will be crucial for
further enhancing the practicality of these systems.

Methods

Synthesis of biocarbon and sulfur infiltration

Olive pomace was collected from Olium (https://www.olium.com.ar), a
company specializing in olive oil production, located in Cérdoba, Argen-
tina. First, the residue was directly pyrolyzed in an alumina tube furnace at
500 °C for 30 min with a heating ramp of 5 °C min™ in N, atmosphere. The
sample obtained by the pyrolysis was denoted as A5. After this, three sets of
samples were prepared.

Liquid activation process. A5 was mixed with KOH (Sigma-Aldrich) in
a 1:1 weight ratio under magnetic stirring in distilled water. Once the
solvent was evaporated, the activated A5 was carbonized at 900 °C for 1 h
in N, atmosphere. The resultant carbon was then washed with 7 wt.%
HCI (Sigma-Aldrich) and milli-Q water until neutral pH was reached.
This sample is labeled A5AL9.Solid activation processA5 and KOH were
mixed in a 1:1 weight ratio and directly carbonized at 900 °C for 1 hin N,
atmosphere. The same washing procedure as for the A5AL9 was carried
out. This sample was labeled A5AS9.Non-activated sampleA5 was car-
bonized at 900 °C for 1 h in N, atmosphere without any activation pro-
cess. This sample was denoted as A59.Before sulfur infiltration, the
samples were milled using a Fritsch Planetary Micro Mill (Pulverisette 7),
with 10 mm diameter stainless steel balls to reduce the particle’s size. The
protocol consisted of milling the carbons for 1h at 600 rpm, with a
10 min rest every 15 min. The ball-to-carbon volume ratio was keptat 1:1.
Then, the powders were mixed with elemental sulfur (Sigma-Aldrich) in
a 1:2 weight ratio and ball milled at 300 rpm for 30 min. Each mixture was
then placed in a borosilicate glass vial for thermal treatment, which was
carried out in a Biichi Glass Oven. The mixtures were heated to 100 °C
under a dynamic vacuum for 3 h to fully unblock the pores of the car-
bonaceous structure. Then, they were heated to 155 °C under a static
vacuum for 5h, and finally heated to 300 °C for 30 min to remove all
sulfur not infiltrated into the micropores. This last step is intended to
completely avoid undesired reactions between polysulfides formed out-
side the carbon structure with the electrolyte, thus ensuring the integrity
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B cycling stability for ASAS9-S-Li cell with different amounts of electrolyte.

of the electrolyte in the cells *°. The resultant C/S composites were labeled
as A5AL9-S, A5AS9-S, and A59-S, and were used as the active material
for Li-S batteries with carbonate-based electrolytes. All chemicals are
battery grade and are from Sigma-Aldrich.

Materials characterization

The synthesized activated biocarbon and sulfur-activated biocarbon com-
posites were characterized using different techniques. The textural para-
meters were obtained from nitrogen gas adsorption isotherms using a
NOVA 1000e porosimeter at 77 K (Quantachrome, Boynton Beach, FL,
USA). The total pore volume and surface area, along with meso and
micropore characteristics, were determined using Gurvich’s rule, Brunauer-
Emmett-Teller (BET), and the a-plot method with an NPC standard iso-
therm, respectively. Pore size distribution was calculated using the DFT
method, specifically applying the QSDFT adsorption branch kernel for slit/
cylindrical pores. The morphology and particle size distribution of the
samples were examined with a scanning electron microscope (SEM)
equipped with EDX from Zeiss Oberkochen, Germany; and with a trans-
mission electron microscope (TEM) from JEOL, Tokyo, Japan. The cycled
Li metal electrodes were used in a field-emission scanning electron micro-
scope (FE-SEM) Apreo 2 S (Thermo Fisher Scientific, Netherlands),
equipped with a Clean Connect vacuum transfer system (Thermo Fisher
Scientific, Netherlands) and an energy dispersive spectrometer Ultim Max
100 (Oxford, UK). TEM samples were prepared by dispersing 0.1 mg of each
powder in 4 ml of ethanol in an ultrasonic bath for 1 h, then placing 20 ul of

the suspension on a copper TEM grid. The XPS analysis was conducted
using a Thermo Scientific K-Alpha+ X-ray Photoelectron Spectrometer.
Measurements were performed at room temperature under a high vacuum
pressure of 10° mbar. For excitation, non-monochromatized Al-Ka
radiation (1200 W) was employed, with a 180° double-focusing hemi-
spherical analyzer and a sampling area diameter of 200 um. Each sample
was mounted in duplicate: one on copper tape (to prevent interference from
carbon signals commonly associated with carbon tape) and the other on a
specialized powder plate. Due to the conductive nature of the samples, a
charge neutralization system was unnecessary. Survey spectra, along with
core-level spectra for carbon (C 1 s), oxygen (O 1 s), sulfur (S 2p), and the X-
ray-induced C KVV Auger spectra, were collected for detailed analysis. The
pass energy and energy resolution were set to 100 eV and 0.5 eV, respec-
tively, for survey scans, and to 20 eV and 0.05 eV for the C15,0 1 s,and S 2p
core levels. Spectral deconvolution was performed using Voigt functions,
utilizing Avantage and Igor software. The asymmetric parameters for the C
1 5 peak from sp” C-C were derived from commercial C-superP conductive
powder. In order to investigate the crystal structure of the samples, a
PANalytical X’Pert PRO high-resolution diffractometer was used with Cu
Ka, radiation (A = 1.5406 A). Sulfur content was determined by TGA was
performed on an STA 449 F3 Jupiter using an argon atmosphere and a
heating rate of 10°C min” until reaching a maximum temperature of
900 °C. For an elemental analysis, a Perkin-Elmer EA 2400 Series I CHNS/
O, coupled with an automatic ultra-microbalance AD-6 Autobalance, was
used. For oxidation, pure oxygen (>99.999%) was used. The combustion
temperature was >1800°C, for the gases separation, frontal chromato-
graphy was used and thermal conductivity for the quantification.

Electrochemical characterization

Cathodes were prepared using the as-prepared sulfur-activated biocarbon
composites, PVAF as a binder, and C65 as a conductive agent in an 8:1:1
weight ratio, with N-methyl-2-pyrrolidone as the solvent. The slurries were
mixed in a planetary ball mill at 300 rpm for 30 min. After that, the slurry
was immediately spread over carbon-coated aluminum foil and dried at
80 °C overnight. Electrodes were punched into circular disks of 2 cm® and
dried for 48h at 50°C to remove all traces of water. Pouch-type two-
electrode cells were assembled in an argon-filled glovebox (MBraun, O,, and
H,0 < 0.1 ppm) using the sulfur cathodes, lithium metal (0.35 mm thick-
ness) as the counter and reference electrode, and a Celgard 2320 separator.
The electrolyte used was 1 M LiPF¢ in dimethyl carbonate: fluoroethylene
carbonate (FEC) = 4:1 v/v'>**"!, with the amount set according to the sulfur
content in the cathode. The sulfur loading in the cathodes varied from 1 to
4 mgs cm?, and the electrolyte volume from 5 to 20 ul mgg™. All chemicals
are battery grade and are from Sigma- Aldrich, except FEC and LiPFg, which
are from Alfa-Aesar.

For long-term galvanostatic discharge/charge experiments, cells
were cycled at C/20 (C=1.672 A g?) for the first 5 cycles for stabiliza-
tion, then at C/10 between 1 and 3 V vs. Li/Li*. Coulombic efficiencies
were calculated as the ratio between the discharge capacity of cycle n + 1
and the charge capacity of cycle n, where # is greater than 1. C-rate
experiments were also performed in the same voltage window, varying
the current density from C/20 to 5 C. CyV was recorded at scan rates
from 0.1 to 2.5mV s™. The GITT was performed with the following
steps: a current (C/30) was applied for 15 min, followed by a relaxation
time of 4 h. All tests were conducted at room temperature. The GITT and
CV experiments were performed using a Biologic VMP3, while galva-
nostatic discharge/charge was done with a Maccor 4200 potentiostat/
galvanostat (Maccor, Inc.).

Data availability
The data that support the findings of this study are available from the
corresponding authors upon reasonable request.
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