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Molten salt assisted synthesis of a lignin derived
porous carbon host for lithium–sulfur battery
cathodes

Juhana Jämsén, *a Pauliina Nevalainen,b Kirill Murashkoa and Anna Lähdea

Lithium–sulfur batteries offer high theoretical energy density and low cost. However, challenges such as

the polysulfide shuttle effect and poor conductivity of sulfur have hindered their commercial application.

In this work, porous nitrogen-doped carbon materials were synthesized from Kraft lignin using a molten

salt method combined with urea and K2CO3 for pore generation in a single synthesis step. The use of a

KCl/NaCl salt mixture as the reaction medium allowed for control over product morphology and

increased yield by retaining volatiles. The effects of varying lignin/urea/K2CO3 mass ratios on the

characteristics of the produced materials were analyzed. The carbon-based host materials were then

combined with sulfur through chemical deposition and melt diffusion. The properties of the host

materials and composites were characterized using TGA, SEM, EDS, BET, XPS, and Raman analyses.

Electrochemical tests were conducted to study the impact on the electrochemical properties of the

lithium–sulfur battery cathode. The analysis revealed that the controlled porosity and functionalization

of the host materials significantly influence the distribution and utilization of sulfur during electrochemi-

cal testing. By analyzing the effects of host material porosity and nitrogen doping, we improved the

electrochemical properties of the cathode material. The best performing composite material exhibited a

high initial discharge capacity 1407 mAh per g-S (83% of the theoretical capacity of sulfur) and retained

825 mAh g�1 capacity (average fade of 0.105% per cycle) and 98.7% coulombic efficiency after 200

cycles. In addition, the material displayed good performance at commercially viable mass loading.

1. Introduction

Concerns over environmental change and the urgent need for
sustainable energy solutions have driven increased interest in
energy storage technologies. The intermittent nature of renew-
able energy sources requires wide-scale electrical energy sto-
rage, while lithium-ion batteries struggle to fulfill all the
demands of current society.1 In 2023, the total battery capacity
produced was 2.5 TWh, and it is estimated to exceed 9 TWh
by 2030. In the case of electric vehicle batteries, demand is
estimated to increase over tenfold by 2035 compared to 2023.2

The high cost of batteries remains a significant inhibitor to EV
adoption globally.3,4 Additionally, the availability of critical
elements causes economic, environmental, and geopolitical
concerns.5 Therefore, enhancing the environmental sustain-
ability of the battery value chain while reducing costs is crucial.

The lithium–sulfur battery, first introduced in the 1960s,
offers a high theoretical capacity of 1670 mAh g�1 and a
theoretical energy density of up to 2600 Wh kg�1.6,7 Other
benefits include the affordable price and wide availability of
sulfur, as well as excellent mechanical properties, safety, and
sustainability.8–10 Potential and current applications for
lithium–sulfur batteries include heavy electric vehicles, aero-
space, aviation, and maritime applications.10 However, several
challenges have impeded their commercial application, includ-
ing the lithium polysulfide (LiPS) shuttle effect, lithium den-
drite growth, low conductivity of sulfur and large volume
expansion upon formation of Li2S.9,11–13 The aforementioned
disadvantages were mitigated to a certain extent by the incor-
poration of mesoporous carbon as a sulfur host in 2009 result-
ing in a resurgence of research interest.6

Since then, a variety of carbon materials have been explored
as cathode composites with sulfur, including carbon nano-
tubes, graphene, carbon nanofibers, and porous carbon. Among
these, porous carbon is a popular choice due to its high conduc-
tivity, large surface area, and affordable price.10 Porous carbon can
suppress the shuttling effect and facilitate volume changes during
the cycle.14 Micropores prevent long-chain LiPS diffusion while
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mesopores provide room for sufficient sulfur loading, pathways for
Li-ion transport and adequate contact with the electrolyte.10

In order to combine these benefits, hierarchical porous carbons
containing both micro and mesopores have been investigated.14

In general, porous carbon is produced by one of two pathways:
physical activation by reactive gases or chemical activation with the
aid of pore-inducing reagents.15 Diverse biomass sources can be
used as feedstock for producing porous carbon, resulting in high
porosity, large specific surface area, high chemical stability, high
electrical conductivity, and desirable mechanical properties.16

Among all biomasses, lignin stands out as a suitable choice
for porous carbon creation as it is the second most abundant
biopolymer, making it renewable and cost-effective. Despite its
apparent potential, only 2% of the 70 million tons produced by
paper mills and biorefineries annually is utilized in high-value
use.17 Therefore, the use of lignin-based materials in energy
storage applications has been extensively reviewed in recent
years.18–22 Lignin use has been reported in cathode material,
binder, and separator coating in lithium–sulfur batteries.23–25

It has been demonstrated that type and source of lignin result
in varying multiscale and electrochemical properties in acti-
vated carbon.26–28 Use of Kraft lignin results in higher oxygen
content, while use of hardwood lignin results in higher specific
surface area (SSA) and porosity.29,30 In order to enhance the
performance of lignin-based carbon materials, the implemen-
tation of heteroatom doping has been proposed.31–34 Both N
and O doping notably enhance the interactions between the
carbon host and LiPs.31 Oxygen functional groups contribute to
cathode performance by sulfur adsorption and suppressing
migration and localization of S-species during cycling.35,36

Doping cathode material with nitrogen at suitable levels
(4–8%) can improve cycle life, sulfur utilization, conductivity
and assist in combating the polysulfide shuttle.37,38 Nitrogen-
doping of mesoporous carbon cathode material has been
shown to improve electrochemical performance, with pyridinic
nitrogen providing the most pronounced effect.39,40 Nitrogen
doping of the carbon material is typically achieved by either the
use of a nitrogen-containing precursor in pyrolysis or post-
treatment with a nitrogen-containing agent.41

Using a mixture of urea and potassium carbonate for the
activation of lignin has been found to greatly increase the
surface area and volume of the produced material compared
to using only potassium carbonate. This approach has enabled
the synthesis of nitrogen-doped micro-mesoporous carbon with
BET surface area of up to 3400 m2 g�1 and a total pore volume
of up to 2.3 cm3 g�1.42 Similar results have been achieved by
using KOH and melamine.43,44 This approach has been
reported for use in lithium sulfur battery utilizing several
different precursors. For example, using a mechanochemical
approach and wood biomass with a mixture of melamine
and urea along K2CO3 resulted in a high initial capacity of
1300 mAh g�1.45 In turn, using sugar cane bagasse as carbon
source yielded initial specific capacity of 815 mAh g�1 and a
capacity fading rate of 0.067% per cycle after 500 cycles, while
demonstrating synergistic benefit of controlling the porous
structure and doping with nitrogen.46

Wet chemistry synthesis is often favored for superior reac-
tion and heat control compared to solid state synthesis, but
commonly the used solvents restrict reaction temperatures to
around 200 1C. As an alternative, use of molten inorganic salts
as reaction medium can allow operation at temperatures over
1000 1C.47 Molten salt synthesis has gained some popularity for
producing functional carbons from biomass. At its simplest it
consists of mixing the precursor with the selected salt, heating
and finally removing the salt by washing.48 Previously widely
used for oxide ceramics production, it offers multiple benefits
for synthesis of porous carbons, such as promotion of self-
activation by the reactive gases formed in the reaction,
increased yields and control of the product properties by
changing the used salts, ratios and temperatures.49 Simulta-
neous activation with LiCl/KCl molten salt system has been
demonstrated to produce high surface area carbons with variety
of morphologies depending on the selected activation agent.50

Despite the evidence indicating the feasibility of synthesiz-
ing high-porous micro- and mesoporous carbon with a desir-
able morphology from lignin, significant challenges persist in
the utilization of biomass-based carbons in LiS batteries. The
presence of a variety of structures in the carbon sources
complicates the production of precisely controllable porous
materials, and the chemical activation process often necessi-
tates complex procedures and costly, highly corrosive reagents
to yield high SSA materials. In order to address the aforemen-
tioned challenges, the present study proposes a novel approach
that integrates the molten salt synthesis method with the
activation of lignin by urea and potassium carbonate. This
innovative method involves optimizing the porosity of the
activated carbon and its morphology to enhance characteristics
of synthesized material in LiS batteries. In this study, the
softwood Kraft lignin was used as the carbon source to produce
nitrogen doped oxygen containing porous carbon by combining
eutectic KCl/NaCl molten salt (mp. 658 1C47) and urea/K2CO3

activation in a simple one-step process using affordable and
environmentally benign raw materials. Molten salt was selected
as the reaction medium as it has been found to function as a
hard template below the melting point and the increased
retention of volatiles, resulting in improved activation and
yield.49 In addition, KCl and K2CO3 also form eutectic solution
further increasing activation.51 Produced materials were exten-
sively characterized, and sulfur composites and coin cells were
prepared to assess electrochemical performance. Obtained in
this study, desirable pore structure containing both micro- and
mesopores combined with nitrogen and oxygen functional
groups led to a high initial discharge capacity of 1407 mAh
per g-S and capacity fade of 0.11%/cycle after 200 cycles at
0.2C rate.

2. Experimental
2.1. Synthesis of porous carbon materials

The eutectic salt mixture was prepared by carefully mixing
potassium chloride (KCl, VWR Chemicals, analytical reagent
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grade) and sodium chloride (NaCl, J.T. Baker, analytical reagent
grade) together with a mass ratio of 44 to 56. In turn, softwood
Kraft lignin (UPM Kymmene Oyj), urea (CO(NH2)2, ACS Merck,
analytical reagent grade) and potassium carbonate (K2CO3,
anhydrous, Fischer Chemicals, analytical reagent grade) were
added to the salt mixture and carefully mixed until a homo-
geneous powder was obtained. For mixing the reagents, a
mortar was used, and each sample was mixed for 10 minutes.
Eight different carbon materials (CM) were prepared by altering
the lignin to salt ratio, amounts of urea and K2CO3. Samples are
denoted as CM x-y-z where x, y and z stand for mass of salt
mixture, urea and potassium carbonate, compared to the mass
of lignin, respectively. The amount of potassium carbonate was
calculated based on the amount of urea according to eqn (1),
with increases of 0.5 and 2 times the mass of lignin for samples
with higher concentration. Table 1 presents a comprehensive
overview of the utilized quantities of diverse components in the
synthesis of mesoporous carbon from kraft lignin.

A mixture of urea and potassium carbonate was used for the
activation of lignin to yield a high surface area and volume
carbon host material. Urea reacts with potassium carbonate
forming potassium cyanate and ammonium carbonate as
described in reaction (1).42 With heating, urea decomposes
releasing ammonia and forming cyanuric acid, part of which
in turn to CN radicals and NHx that react with the carbon
materials edge sites, resulting in nitrogen being incorporated
into the material in heterocyclic structures.42,52 Potassium
carbonate then reacts with these nitrogen sites, producing
KOCN and –CO2K as described in reaction (2). In turn, the
–CO2K reacts, forming KOCN as described in reaction (3).45,53

As the temperature rises, KOCN reacts with carbon, producing
KCN and CO as described in reaction (4). The side products are
easily removed with a simple washing step.42

CH4N2O + 0.5 K2CO3 - KOCN + 0.5 (CH8N2O3) (1)

K2CO3 + C–N - KOCN + –CO2K (2)

–CO2K + C–N - KOCN + CO (3)

KOCN + C - KCN + CO (4)

Mixed reagents in an alumina crucible (Alsint) were heated
in vertical tubular furnace under a nitrogen flow rate of
1 L min�1 to 800 1C using heating rate of 5 1C min�1 with 1 h
holding time at 800 1C. Prior to heating the tube was flushed with

nitrogen flow rate of 1 L min�1 for 20 min. After the heating, the
sample was allowed to cool back down to room temperature
before further processing. It should be noted that during the
synthesis, a toxic side product KCN is formed in accordance with
eqn (4).42,54 To remove the remaining salt and synthesis bypro-
ducts, prepared material was washed with 1 M HCl (solution
prepared from 37% HCl, Fisher chemicals, analytical reagent
grade) for 2 h. This will lead to formation of toxic HCN gas, which
can be collected by bubbling through NaOH solution to avoid its
release.55,56 The bubbling results in conversion to NaCN which
can be further oxidized by addition of H2O2 to produce less
harmful compounds.57,58 The suspension was then vacuum fil-
trated, and the material was washed with ample amounts of
deionized water (18.2 MO, Elga Maxima water purifier) until the
pH of the filtrate was confirmed to be neutral. Afterwards, the
material was dried at 80 1C overnight before further analysis.

2.2. Preparation of the sulfur composite

For the preparation of porous carbon sulfur composite, a
combination of chemical deposition and melt diffusion was
selected to achieve even distribution of sulfur in the porous
material. For the deposition, the produced carbon material and
sodium thiosulfate (Na2S2O3�(H2O)5, Sigma-Aldrich, analytical
reagent grade) were mixed in deionized water. Then, in a typical
process, 1 M HCl was added dropwise to the solution under
magnetic stirring to form sulfur particles. The sulfur mass
percentage was calculated to be 70%. After 2 hours of mixing
the active material composite was vacuum filtrated and washed
with water several times until the filtrate was confirmed to have
neutral pH value. The composite material was consequently
dried at 80 1C overnight. For the following melt diffusion, the
dried composite material was heated in nitrogen atmosphere at
155 1C overnight; this temperature allows sulfur to infiltrate the
pores due to capillary action.

2.3. Characterization of materials

Thermogravimetric analysis (TGA) was conducted on TA Instru-
ments Q50 TGA. Approximately 10 mg of the C/S composite
material was weighed in a platinum pan. A ramp of 5 1C min�1

to maximum heating temperature of 450 1C was used with a
N2 purge flow of 90 mL min�1 for the sample and 10 mL min�1

for the balance.
N2 adsorption and desorption for BET surface area analysis

was conducted with MicroTrac BELSORP MAX X instrument at
77.35 K adsorption temperature. Samples were pretreated at
150 1C for 3 hours prior to the measurement. Pore volumes and
size distributions were calculated based on the results in the
following manner: for micropore (o2 nm) volume, the MP-
method was used and for mesopore (2–50 nm) volume, NLDFT-
calculation was used. For the NLDFT-calculation pores were
assumed slit shaped, adsorbent selected to be graphitic carbon,
Tikhonov regulation fitting was used, and solid and fluid pore
width definition was selected. Average pore size was calculated
with the BJH-method.

Scanning electron microscope (SEM) images were taken with
a Zeiss SigmaHD VP FE-SEM, using a type II secondary electron

Table 1 Parameters applied during synthesis of different sample: Mass
ratios of molten salt, urea and K2CO3 to lignin

Sample name
Salt/Lignin
(m m�1)

Urea/Lignin
(m m�1)

K2CO3/Lignin
(m m�1)

CM 0-4-5.1 0 4 5.1
CM 20-0-0 20 0 0
CM 20-1-1.7 20 1 1.7
CM 20-4-5.1 20 4 5.1
CM 20-4-4.6 20 4 4.6
CM 20-4-6.6 20 4 6.6
CM 10-4-5.1 10 4 5.1
CM 40-4-5.1 40 4 5.1
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detector (SE2) detector and accelerating voltage of 10 keV.
Energy-dispersive X-ray spectroscopy (EDS) analysis was con-
ducted using Thermo Dual 60 mm2 EDS SDD-detectors and
accelerating voltages of 5 and 10 keV. Samples were prepared by
mixing small amounts of carbon material in ethanol, applying
the suspension to an aluminum stub (Agar Scientific), and
allowing the solvent to evaporate prior to analysis.

The Raman spectra were measured using Thermo DxRzxi
Raman Microscope using l 532 nm laser, 10� objective, 50 mm
confocal pinhole aperture, 2.5 mV laser power, 100 scans and
exposure time of 0.25 s. For measurement the carbon material
powders were applied to a microscope glass and slightly
pressed to ensure sufficient adhesion.

Surface analysis of synthesized kraft lignin-based carbon
samples was performed with X-Ray photoelectron spectrometer
Thermo Fischer Nexsa G2 XPS, source gun X-Ray002 400 mm –
FG ON. Survey scans were performed from –10 to 1350 eV with
pass energy of 200 eV, 3 scans and 10 ms dwell time. Scans for
C, N, O and S were performed from 279 to 298 eV, 392 to 410 eV,
525 to 545 eV and 157 to 175 eV respectively, with pass energy
off 20 eV, 10 scans and 50 ms dwell time.

2.4. Electrochemical studies

Sulfur composites were used as active material for electrode
creation. Prior to slurry preparation, the active material
was sieved to 45 mm. Firstly, carboxymethyl cellulose (CMC)
(Xiamen Tob New Energy Technology, purity 99.5%, viscosity
7000–10 000 mPa s (2% aqueous solution)) was dissolved in
water, followed by the conductive material C65 (IMERYS, Ash
content 0.025%, BET 62 m2 g�1) and the active material.
Finally, styrene butadiene rubber (SBR) binder (Xiamen Tob
New Energy Technology, B48–53 wt% total solid, viscosity
B50–250 mPa s) was added. The weight ratio of AM/C65/
CMC/SBR was 80/15/2/3, respectively. After thorough mixing
using both high speed magnetic stirring and ultrasound, the
slurry was applied on a current collector (Xiamen Tob New
Energy Technology, 16 mm aluminum foil) using doctor blade
set to 130 mm wet coating thickness, if not specified otherwise,
and then allowed to dry in room temperature. Prior to slurry
application, the foil surface was cleaned of oxidation using
acetone and ethanol. The electrodes were then cut into 14 mm
diameter discs and further dried in a vacuum at 50 1C overnight
prior to cell assembly, except for CM 20-0-0, for which
no vacuum was used, as notable evaporation of sulfur was
observed. The sulfur mass loading of the working electrodes,
if not specified otherwise, was approximately 1 mg cm�2 with a
total electrode mass of app. 8 mg.

For evaluation of electrochemical performance CR2016 coin
cells were assembled in an argon filled glovebox with lithium
foil as the anode, polypropylene separator (Celgard 2400,
thickness 25 � 2 mm, porosity 40 � 5%) and electrolyte (1 M
lithium bis(trifluoromethanesulfonyl) imide (LiTFSi) with
2 wt% lithium nitrate (LiNO3) (Sigma-Aldrich) in 1.3-dioxolane
(DOL) and dimethoxyethane (DME) (1 : 1 by volume) (Sigma-
Aldrich)), in ratio 15 mL of per 1 mg of sulfur.

All electrochemical tests were performed using Arbin BTS
battery test system. The formation cycling was performed at
0.1C discharge and charge rates, with 30 min dwell time in
voltage window of 1.7 V to 2.8 V for 5 cycles. Cyclic voltammetry
(CV) was carried out at a scan rate of 0.05 mV s�1 in voltage
window of 1.7 to 2.8 V. Rate performance test was done by using
5 cycles at 0.1C, 0.2C, 0.5C, 1C and 2C for discharge currents
and 0.2C charge current. Cycle life was tested for 200 cycles at
0.2C charge and discharge currents.

3. Results and discussion
3.1. Material properties

Scanning electron microscopy was utilized to assess the particle
morphology of the created carbon materials. Images of materials
CM 0-4-5.1, CM 20-0-0, CM 20-1-1.7 and CM 20-4-5.1 are presented
in Fig. 1 showing a clear effect of molten salt and activation agents
on the particle morphologies. The material CM 0-4-5.1, prepared
only with urea and K2CO3 without molten salt, displays an
irregular particle shape. Addition of molten salt clearly increases
the size of the flakes (Fig. 1c), but without activation agents the
molten salt (CM 20-0-0) results almost exclusively in thicker
carbon flakes. The activated samples are more so a mixture of

Fig. 1 SEM images at 3000� and 20 000�magnifications of the materials
CM 0-4-5.1 (A and B), CM 20-0-0 (C and D), CM 20-1-1.7 (E and F) and
and CM 20-4-5.1 (G and H). SE2 detector and 10 keV accelerating voltage
were used.
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morphologies in varying portions. CM 20-1-1.7 partially retains
morphology like that of the non-activated sample, CM 20-4-5.1 in
turn displays a more distorted particle shape, but upon closer
inspection, thin, and sheetlike structures are observed. For the
rest of the materials, no major differences were observed based on
the SEM images (presented in the SI Fig. S1).

Product yields calculated as a percentage of the mass of
lignin are presented in Table 2. Activation reduced the product
yield notably as did further increasing potassium carbonate.
The yield of the sample with molten salt was twice as much as
the sample without molten salt. While the difference indicates
less reaction takes place in the more dilute conditions, some of
it could be attributed to the confining effect of the salt helping
retain the volatile components. Previously, lower mass loss has
been reported through the heating range when using molten
salt.59 Lowering the amount of salt resulted in lower yield,
suggesting higher reactivity, but additionally, the amount may
not have been enough to benefit from the possible retaining
effect. Further increase of salt did not result in further increase
in yield.

Surface analysis revealed that the activated materials had
high specific surface areas, up to 3422 m2 g�1 with the total
pore volumes exceeding 2 cm3 g�1. The results obtained are
comparable to previous reports.42 Sample CM 20-0-0 could not
be successfully stabilized for measurement; however, surface
area and pore volume are assumed to be low due to no
activation and higher yield. Sample CM 20-1-1.7 was deter-
mined to be solely microporous, while others displayed type H4
hysteresis loop indicative of micro-mesoporous carbons.60

Hysteresis and pore size distribution figures (both MP and
NLDFT) are presented in SI (Fig. S2–S4). Reaction medium of
molten salt appears to increase reactivity, as CM 0-4-5.1 exhibits
the smallest surface area and porosity among the materials
prepared with similar level of activation agents. This is in
agreement with previous reports of KCl increasing reactivity
between the carbon and K2CO3.51,61 When no molten salt was
used (sample CM 0-4-5.1), the lowest values for porosity and
surface area among the materials with similar level of activa-
tion were obtained. The highest porosity was observed in
sample CM 10-4-5.1, using the lowest amount of salt. Increas-
ing the amount of molten salt led to decrease in pore volume
and average pore diameter and increase in specific surface area.
This can be explained by more dilute conditions leading to less

activation taking place. Increasing the amount of potassium
carbonate first slightly increased the total pore volume but
further increases led to a slight decrease in SSA while the total
pore volume remained the same. This is explained by further
activation causing pores to combine to form larger pores. This
is likewise demonstrated in CM 20-1-1.7 being almost entirely
microporous, while an increase in the activating agents resulted
in both higher microporosity and emergence of meso-porosity in
CM 20-4-5.1.

For estimating graphitic content of the carbon materials,
measured Raman spectra were deconvoluted in a typical fitting
with four Gaussian curves.62,63 Normalized spectra and exam-
ple of deconvolution are presented in SI (Fig. S5). Deconvolu-
tion consists of D and G carbon peaks at 1350 and 1580 cm�1,
corresponding to sp2 carbon, and peaks D3 and D4 at 1200 and
1500 cm�1, respectively, corresponding to sp3 carbon. The ratio
of intensities for D/G peaks (ID/IG) was calculated based on the
deconvolution, and the values are presented in Table 2, with
higher value indicating more disordered structure and vice
versa. The determination of values was achieved through the
utilization of an average of ten points of measurement. The
sample prepared without activation (CM 20-0-0) displayed
higher ID/IG compared to activated materials. This is in part
assumed to result from the higher amount of remaining sur-
face oxygen functional groups. Molten salt appears to increase
the formation of graphitic nanocrystals, as sample prepared
without salt shows the most disordered structure. Molten salt
systems have been shown to exhibit catalytic activity towards
graphitization.35 An increase in K2CO3 resulted in more gra-
phitic structure. Potassium compounds have been reported to
lower the graphitization temperature.64 Additionally, this could
be explained by the higher reactivity of amorphous carbon
compared to graphitic carbon: despite K2CO3 activation produ-
cing defects, preferential consumption of amorphous regions
results in remaining material displaying increased order.

Electron dispersive X-ray spectroscopy was applied to esti-
mate the elemental composition of the prepared carbon mate-
rials. Estimates of the relative contents of carbon, oxygen, and
sulfur are displayed in Table 3. Material appears to retain most
sulfur when no activation agents are added. All samples display
notable oxygen content, with activation slightly decreasing the
weight percentage. As large carbon and oxygen peaks obstruct
reliable determination of nitrogen via EDS analysis, samples

Table 2 Yield of the carbon material, the ratio of intensities of disordered and graphitic Raman peaks (ID/IG), BET surface areas and micro and mesopore
volumes and average pore diameters of the carbon materials. (*Type I (ISO 99277) used for determining BET)

Sample
name

Yield
(%) ID/IG

BET surface
area (m2 g�1)

Mesopore volume
(cm3 g�1)

Micropore
volume (cm3 g�1)

Average pore
diameter (nm)

CM 0-4-5.1 10 1.49 2564 0.840 1.396 2.33
CM 20-0-0 45 1.41 n.a. n.a. n.a. n.a.
CM 20-1-1.7 42 1.37 2456* 0.183 1.154 1.58
CM 20-4-5.1 21 1.39 3125 1.003 1.697 2.28
CM 20-4-4.6 24 1.42 3122 0.984 1.690 2.25
CM 20-4-6.6 13 1.30 3081 1.011 1.667 2.29
CM 10-4-5.1 14 1.33 3249 1.238 1.815 2.51
CM 40-4-5.1 21 1.38 3423 0.946 1.786 2.12
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CM 0-4-5.1, CM 20-0-0, CM 20-1-1.7 and CM 20-4-5.1 were
selected for more detailed surface analysis using XPS. The
spectrograms are presented in Fig. 2 and deconvolution of
the peaks for sample CM 20-4-5.1 in Fig. 3. (Rest of element
specific scans and deconvolutions are presented in the SI
Fig. S6–S8). Surface compositions as mass percentage are
presented in Table 3. Three main peaks are observed in the
survey scans, C 1s at B285 eV, N 1s at B400 eV and O 1s at
B533 eV. Narrow scan C 1s spectra shows shoulder peaks
indicating presence of C–O, CQO and C–OQC bonds and
p–p* satellite peak in addition to the carbon bonds C–C and
CQC.65 Narrow scan of O 1s spectra shows peaks consistent
with C–O and CQO bonds.66 Additionally peak of chemisorbed
oxygen or adsorbed water is observed.67 Narrow scan of N 1s

reveals amine and imine groups with some oxidized nitrogen.68

This is consistent with the use of urea as a nitrogen source. The
results show that the addition of urea results in nitrogen
doping of the material. An increase in urea resulted in a higher
amount of nitrogen in the final product. Doping level can
therefore be controlled to some extent using this synthesis
method. While some sulfur is detected by the elemental scan
for samples CM 0-4-5.1 and CM 20-0-0 the peak intensity is not
high enough for chemically meaningful peak fitting.

Compared to EDS, XPS measurement shows higher oxygen
content for sample CM 20-0-0 but lower oxygen content for the
other samples. Differences between the EDS and XPS results are
mainly explained by two factors: XPS scan observes only the
material surface while EDS penetrates deeper into the bulk of

Table 3 Amounts of carbon, oxygen and sulfur as weight % based on the EDS spectral mapping and surface composition and weight percentages based
on XPS measurement

EDS XPS

Sample C (w%) O (w%) S (w%) C (w%) O (w%) N (w%) Cl (w%) S (w%)

CM 0-4-5.1 89.6 9.9 0.6 87.05 8.76 4.19 — —
CM 20-0-0 87.7 10.2 2.1 83.31 13.74 0.67 1.35 0.94
CM 20-1-1.7 89.2 10.4 0.4 90.42 7.67 1.91 — —
CM 20-4-5.1 88.6 9.8 1.5 87.94 8.8 3.26 — —
CM 20-4-4.6 89.5 9.4 1.0
CM 20-4-6.6 90.3 8.8 0.9
CM 10-4-5.1 90.3 8.6 1.1
CM 40-4-5.1 90.1 8.5 1.4

Fig. 2 XPS survey scans of samples (a) CM 0-4-5.1, (b) CM 20-0-0, (c) CM 20-1-1.7 and (d) CM 20-4-5.1. Scan range of –10 to 1350 eV, pass energy
200 eV and 3 scans with 10 ms dwell were used.
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the material and secondly, overlap of the oxygen and nitrogen
peaks in EDS leads to some inaccuracy. Moreover, no sulfur was
detected in the XPS scan, as seen in the figure of elemental
scans of sample CM 20-4-5.1, except for a low amount of 0.9%
in the sample CM 20-0-0. This means possible sulfur remaining
in the other materials is in the bulk of the material and
therefore does not affect the electrochemical performance.
In sample CM 20-0-0, some Cl is also observed on the surface
indicating the washing could not remove the salt completely in

this case. Slightly higher amount of nitrogen is observed in case
of no molten salt being used. This might be explained by better
contact between urea and lignin when no salt is present.

3.2. Sulfur loading

TGA was performed on the prepared carbon sulfur composite
materials to measure the actual sulfur content, and the data are
presented in Fig. 4. The amount of sulfur in the composite
is indicated by the mass loss (S% presented in Table 4).

Fig. 3 Deconvoluted elemental scans of C, O, N and S for sample CM 20-4-5.1. Pass energy 20 eV, 10 scans and 50 ms dwell time were used.

Fig. 4 TGA of the sulfur composites of materials prepared with different amounts of urea, (a) normalized weight as a function of the temperature and
(b) the rate of weight change as a function of the temperature. Ramp rate of 5 1C min�1 under N2 purge flow of 90 mL min�1.
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Composite sulfur loading varied from 56.8% of CM 20-0-0 to
63.7% of CM 20-4-4.6, variation in loading can be attributed to
the structure of the carbon as the same amount of sulfur was used
in all instances. Sulfur on the surface evaporates at a lower
temperature while sulfur from the micropores requires a higher
temperature to evaporate; therefore, a quick TGA measurement
allows estimation of where the sulfur is in the composite. Plotting
the derivate of mass as a function of temperature allows visualiza-
tion of the position of sulfur after composite material creation.

The primary differences are observed when investigating
materials prepared with different amounts of activation agents,
as illustrated in Fig. 4. The sample without activation (CM
20-0-0) released sulfur at the lowest temperature, with a rate of
mass loss peaking at 243 1C. The material with the mostly
microporous structure, as observed by the BET measurement,
(CM 20-1-1.7) required the highest temperature, reaching the
greatest rate of mass loss at 336 1C.

When investigating materials prepared with different
amounts of potassium carbonate, a slight shift in the peak
temperature for mass loss is observed, with higher loading
resulting in lower temperatures. Curves are presented in Fig. 5.
The mass loss rate peaks at 296 1C for CM 20-4-6.6, while it
peaks at 308 1C for CM 20-4-5.1.

When investigating materials prepared with different amounts
of molten salt, it does not appear to exert a significant influence
on the deposition of sulfur, as evidenced by Fig. 6. A higher peak

mass loss temperature of 313 1C is observed for CM 0-4-5.1.
For the remaining materials, only negligible variation is observed.
The mass loss rate attains its maximum value at approximately
305 1C, suggesting comparable sulfur placement.

3.3. Electrochemical performances

The electrochemical performance of the different composites is
presented in Table 4 and in Fig. 7–9. Initial coulombic effi-
ciency was calculated as first de-lithiation/first lithiation, as
lithium–sulfur cell is constructed in charged state and the first
discharge commonly shows higher capacity than the first
charge. Values exceeding 100% for samples CM 20-0-0 and
CM 20-1-1.7 can likely be explained by self-discharging of the
cells, as these materials also exhibit the fastest capacity decay
indicating polysulfide shuttle is not adequately suppressed.
Average capacity fade was calculated based on the cycling test;
formation cycles were excluded.

When investigating materials prepared with different
amounts of urea, as illustrated in Fig. 7, the greatest difference
in performance is observed in samples CM 20-0-0 and CM 20-1-
1.7, with no activation and lower level of activation, resulting in
notably lower specific capacity attributable to poor sulfur
utilization due to insufficient surface area and poor porosity.
CM 20-0-0 and CM 20-1-1.7 display shifts in the observed peak
locations compared to the other materials as well as lower
peak currents. The shifts could be attributed to slower reaction

Table 4 Sulfur loading of the composites, mass loading of the electrodes and electrochemical performance of the LiS-coin cells

Sample name

Sulfur
loading
(wt%)

Mass loading
(mg cm�2)

Initial coulombic
efficiency (%)

Initial discharge
capacity (mAh g�1)

Initial charge
capacity (mAh g�1)

Average capacity
fade after 200 cycles
(%/cycle)

CM 0-4-5.1 60.6 1.37 92.6 1313 1215 0.173
CM 20-0-0 56.8 0.91 102.9 783 805 0.196
CM 20-1-1.7 59.2 0.99 101.5 830 841 0.267
CM 20-4-5.1 63.7 1.29 95.3 1220 1163 0.160
CM 20-4-4.6 63.6 1.34 92.9 1237 1149 0.164
CM 20-4-6.6 59.7 0.94 90.7 1407 1276 0.105
CM 10-4-5.1 61.3 1.21 92.5 1163 1075 0.095
CM 40-4-5.1 61.9 1.01 93.5 1232 1152 0.140

Fig. 5 TGA of the sulfur composites of materials prepared with different amounts of potassium carbonate, (a) normalized weight as a function of the
temperature and (b) the rate of weight change as a function of the temperature. Ramp rate of 5 1C min�1 under N2 purge flow of 90 mL min�1.
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kinetics on the discharge and oxidation resistance in the
charging caused for example by insufficient reaction surface.

The material with solely microporous structure displayed the
fastest capacity decay, maintaining only 48% of capacity after

Fig. 6 TGA of the sulfur composites of materials prepared with different amounts of molten salt, (a) normalized weight as a function of the temperature
and (b) the rate of weight change as a function of the temperature. Ramp rate of 5 1C min�1 under N2 purge flow of 90 mL min�1.

Fig. 7 Electrochemical test of the samples CM 20-0-0, CM 20-1-1.7 and CM 20-4-5.1, investigating materials prepared with different amounts of urea.
(a) Formation at 0.1C, (b) cyclic voltammetry at 0.05 mV s�1, (c) current rate (0.2C charge current) and (d) cycle life tests at 0.2C. Electrolyte: 1 M LiTFSi
with 2 wt% (LiNO3) in 1 : 1 DOL/DME, 15 mL/1 mg of sulfur.
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200 cycles. Previously, both too high and too low micropore
content have been reported to reduce stability and initial
specific capacity, mostly due to poor sulfur utilization and the
shuttle effect.69 Additionally, small pore size has also been
reported to limit the electrolyte penetration leading to slower
kinetics.70 Another explanation for the poor cycling stability
using microporous material suggested in the literature is that
the pores can get blocked by lithium sulfide and the expansion
can cause fractures in the material.71

When investigating materials prepared with different amounts
of potassium carbonate, increasing the amount resulted in nota-
bly improved electrochemical performance as shown in Fig. 8.
Mesoporous carbons have been reported to offer more ion trans-
port pathways and to ensure good contact with the electrolyte.10

Sample CM 20-4-6.6 displays the highest specific capacity of
1407 mAh per g-S, 83% of the theoretical capacity of sulfur. This
performance is attributed to the favorable pore structure con-
tributing to higher sulfur utilization. Notable increase in initial
specific capacity, enhanced rate performance and improved
capacity retention compared to CM 20-4-5.1 and CM 20-4-4.6
are observed. Based on the CV curve, the increase of K2CO3

also slightly improved kinetics, evidenced by lower oxidation
potential.

When investigating materials prepared with different
amounts of molten salt, in Fig. 9, CM 0-4-5.1 with no molten
salt displays the highest initial capacity and improved rate
performance reaching 838 mAh per g-S at 2C current, which
can likely be partly attributed to the higher level of nitrogen
doping revealed by the XPS analysis. Suitable nitrogen content
has been previously reported to greatly improve conductivity of
the carbon material and better adsorption of the polysulfides
can also contribute to greater sulfur utilization.37 Cycling
performance in turn is not so favorable as only 66% of capacity
is retained after 200 cycles compared to 81% of CM 10-4-5.1.
The improved stability in the case of CM 10-4-5.1 can likely
be attributed to higher pore volume as revealed by the BET
analysis. Electrochemical performance has been reported to
benefit from partial sulfur loading as it improves contact
between sulfur and the carbon host.72 In the case of CM 10-4-
5.1 rate performance test was terminated prematurely due to
cell malfunction, measured values are presented, and perfor-
mance can be estimated as most cycles were completed.

The effect of the sulfur mass loading on electrochemical
performances was investigated of the example of the material
possessing the best performances. Two more electrodes were
prepared from CM 20-4-6.6 with sulfur loading ratios 2.62 and

Fig. 8 Electrochemical test of the samples CM 20-4-5.1, CM 20-4-4.6 and CM 20-4-6.6, investigating materials prepared with different amounts of
potassium carbonate. (a) Formation at 0.1C, (b) cyclic voltammetry at 0.05 mV s�1, (c) current rate (0.2C charge current) and (d) cycle life tests at 0.2C.
Electrolyte: 1 M LiTFSi with 2 wt% (LiNO3) in 1 : 1 DOL/DME, 15 mL/1 mg of sulfur.
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5.15 mg cm�2, using same electrolyte to sulfur ratio (E/S) of
15 mL mg�1 to obtain comparable results. While mass loading

of approximately 1–2 mg cm�2 is generally recommended
to enable comparisons between different studies, for practical

Fig. 9 Electrochemical test of the samples CM 0-4-5.1, CM 20-4-5.1, CM 10-4-5.1 and CM 40-4-5.1, investigating materials prepared with different
amounts of molten salt. (a) Formation at 0.1C, (b) cyclic voltammetry at 0.05 mV s�1, (c) current rate (0.2C charge current) and (d) cycle life tests at 0.2C.
Electrolyte: 1 M LiTFSi with 2 wt% (LiNO3) in 1 : 1 DOL/DME, 15 mL/1 mg of sulfur.

Fig. 10 Formation cycle and cycle life testing of material CM 20-4-6.6 with sulfur loading ratios of 0.94, 2.62 and 5.15 mg cm�2. (a) Formation at 0.1C,
(b) cycle life tests at 0.2C, (0.1C for the 5,15 mg cm�2). Electrolyte: 1 M LiTFSi with 2 wt% (LiNO3) in 1 : 1 DOL/DME, 15 mL/1 mg of sulfur.
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results sulfur loading of 5 mg cm�2 should be exceeded.73,74

Ideally host material would be highly conductive, catalytically
active and display good performance at a high sulfur content
(470%) and low E/S ratio (o5 mL mg�1).75 Formation cycle and
cycle life testing displaying the development of areal capacity
are presented in Fig. 10. For the 5.15 mg cm�2 cell the charging
rate for cycle life testing was reduced to 0.1C to avoid issues
with the lithium foil. A slight decline in electrochemical per-
formance was observed with increasing sulfur mass loading
ratio. This decline could likely be attributable to a reduction in
electrode wettability. However, the 5.15 mg cm�2 electrode
demonstrated a high initial specific capacity and, more notably,
an area-specific capacity initially exceeding 4 mAh cm�2 and
maintaining 3.25 mAh cm�2 after 50 cycles. The areal capacity
is comparable to ultra-high mass loading commercial lithium-
ion cathodes (typically 3–4 mAh cm�2).72 The results obtained
from this study indicate that proper optimization of the porosity
together with nitrogen doping is a viable method for creating
an electrode for Li–Sulfur batteries that exhibits commercially
attractive properties.

4. Conclusions

In this study, porous nitrogen-doped carbon materials were
produced from Kraft lignin by utilizing NaCl/KCl mixture
molten salt synthesis and urea/K2CO3 activation in a simple,
single synthesis step. Increasing the level of activation had a
notable effect on the carbon yield, porosity, and the electro-
chemical properties. At lower level of activation microporous
material was produced, but this material displayed poor cycling
stability. Increasing the amount of activation agents introduced
mesopores to the material resulting in improved sulfur utiliza-
tion and electrochemical performance. The molten salt med-
ium was demonstrated to have a positive effect on product
yield, porosity, and graphitization. As a result, materials with
comparable level of activation prepared using molten salt
displayed improved cycling stability compared to the material
prepared without the molten salt. Increasing the amount of
K2CO3 increased both meso-porosity and graphitization in the
material. This, in turn, enhanced electrochemical performance.
Nitrogen doping and variations in oxygen content were con-
firmed in the produced materials; it is acknowledged that
optimization of the levels ought to be conducted to further
increase performance. Material with highest detected nitrogen
content showed the best rate performance. The overall best
created composite material showed good initial specific capa-
city (1407 mAh per g-S), high coulombic efficiency, relatively
good rate performance and cycling stability. In addition, the
material exhibited satisfactory performance at commercially
viable mass loading levels.
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