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Abstract

N-rich biochars were obtained via pyrolysis treatment of chitosan (a low-cost biopolymer from
natural biomasses) at mild conditions (in the 284 °C-540 °C range), thus offering an energy efficient
and low carbon footprint synthesis. These low surface area N-doped biochars were morphologically
and physicochemically characterized, and tested as hosting material in lithium-sulfur (Li-S) batteries.
Sulfur/biochars cathodes thus obtained showed good capacity retention and improved Coulombic
efficiency compared to a standard N-rich high surface area carbon and multiwalled carbon
nanotubes (MWCNT) reference substrates. Such enhanced electrochemical properties are
attributable to the better retention of Li polysulfides by means of the residual functionalities still
present in the biochars, thus making the valorization of chitosan potentially appealing even in the
industrial sector related to the development of energy storage devices.
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1. Introduction

The growing demand of sustainable feedstock to produce advanced materials, as alternative
technological solutions to more traditional fossil-derived chemicals, is rapidly increasing in the last
decades, becoming a mandatory target for the next future development [1-5]. In this context, the
valorization of biomasses and natural products to produce carbon-based materials attracted the
attention of the scientific community due to the positive integration of these carbonaceous
nanostructures into several challenging fields, very attractive from both the technological and
industrial viewpoint, such as: catalysis [6], sensing [7], environmental remediation and separation
science [8-11], CO, sequestration [12], agriculture [13], energetic development (e.g., batteries and
other energy storage devices) [14-16], engineering (e.g., reinforced/functional composites) [17—
20], and many others.

Moreover, the isolation of bio-based products from aquatic-derived biomasses is a very attractive
solution, considering that aquatic environments cover more than 70% of the planet surface [21,22].
According to the literature, chitosan (i.e., a natural polysaccharide derived from the shellfish
industry) is widely recognized being a very promising biopolymer due to its advanced properties
which allow its use in biomedicine/surgery [23—25], cosmetics [26], wastewater treatments [27-29],
food packaging [30], and agriculture industry [31]. Being a carbohydrate, chitosan can be easily
converted into chars by simply performing carbonization processes under controlled atmosphere



(i.e., pyrolysis) [32]. According to the International Biochar Initiative (IBl), the term “biochar” refers
to thermal decomposition processes performed at temperatures below 700 °C [33]. The literature
concerning the production of biochars from chitosan is quite large, but in the majority of the cases
pyrolysis conditions were set at temperatures higher than 700 °C [34-37], whereas milder
conditions were preferentially adopted in other processes (e.g., hydrothermal carbonization) [38].
However, according to literature [9,16,39-41], it is possible to successfully convert different
biomasses into functional N-doped biochars via pyrolysis treatments performed at low
temperatures (i.e., below 540 °C), and only in few cases performances of chitosan-derived biochars
at mild conditions were evaluated [32].

Among the possible industrial applications of biochars, their exploitation in next generation lithium-
sulfur (Li-S) batteries surely is widely recognized as striking [42]. These electrochemical devices show
high theoretical gravimetric capacity (1672 mAh g™) and specific energy density (expected value ca.
600Wh kg™) [43,44]. Electrochemical reactions in the Li-S batteries are multi-step reactions
involving different equilibrium states, namely: i) the conversion of S into long-chain Li polysulfides
in the high voltage plateau (2.4 V), ii) the reduction of long-chain polysulfides into short-chain
polysulfides in the transition state (2.3—2.1 V range) from high to low voltage plateau, and iii) the
lithium sulfide (Li»S) precipitation out from the electrolyte solution in the low voltage plateau (2.1
V) [45]. Since the main limitation of these devices relies on possible undesired phenomena occurring
during the battery life cycle (self-discharging, polysulfide shuttle and uncontrolled Li consumption
[46,47]), the literature pointed out several strategies to overcome these issues. The most commonly
adopted strategy is to confine S into host structures to limit the diffusion of Li polysulfides outside
the cathode [48]. In this context, carbonaceous materials are widely exploited to this purpose, and
the presence of doping heteroatoms further improves the battery life cycle by increasing both their
capacity stability and Coulombic efficiency [49,50]. For these reasons, suitable hosting
carbonaceous structures are continuously under consideration by experts in the field.

Therefore, this study aims at investigating the possible exploitation of chitosan-derived biochars as
sustainable alternative hosting structures in new generation Li-S batteries. To do this, N-doped
biochars were obtained by performing pyrolysis treatments (which are processes easily scalable at
the industry level) directly on chitosan powders by choosing “particularly mild” experimental
conditions (pyrolysis temperatures were set in the 284-540 °C range).

2. Materials and methods
2.1. Materials

Commercially-available partially N-deacetylated chitosan powder isolated from crab shells (DD =
75-85%, Mv = 190-310 kDa, CAS 9012-76-4, Aldrich) was selected as precursor. Other reagents used
were: sodium hydroxide solution (NaOH, purity >98.0%, CAS 1310-73-2, Sigma-Aldrich),
hydrochloric acid solution (HCI, conc. 37 wt%, CAS 7647-01-0, Fluka), potassium chloride (KCl, purity
>99.0%, CAS 7447-40-7, Fluka), potassium bromide (KBr, FTIR grade, purity 299%, CAS 7758-02-3,
Fluka), sulfur (S, CAS 7704-34-9, Sigma-Aldrich), N-methyl-2-pyrrolidone (NMP, CAS 872-50-4,
Sigma-Aldrich), polyvinylidene fluoride (PVdF, average Mw 534000, CAS 24937-79-9, Sigma-Aldrich),
N-doped high surface area carbon (NC_15, BET surface area 880 m? g%, as in [51]), multi-walled
carbon nanotubes (MWCNT, purity >98.0%, CAS 308068-56-6, Sigma-Aldrich), and LiTFSI in



TEGME:Diox (conc. 1 M, purity 99.9%, E057, Solvionic). All reagents were used without any further
purification.

2.2. Biochar preparation

Pyrolysis treatments were performed following a consolidated procedure from the literature
[9,16,39,40], by using a quartz tube reactor LTF 12/38/500 Lenton (tube i.d.: 38mm, heated length:
500mm, quartz cell i.d.: 25 mm, quartz cell length: 750 mm) under inert atmosphere (N2 flux: 250
mL min~!). Chitosan samples (ca. 2 g) were processed with the following thermal program: heating
ramp at 10 °C min~! from room temperature (RT) up to the selected pyrolysis temperature (i.e.,
either 284 °C, 440 °C or 540 °C), and isothermal step at the pyrolysis temperature for 1 h. Resulting
chars were manually crumbled in an agate mortar prior to perform characterization and testing.
Samples were labeled with the following acronyms: C284, C440 and C540, according to the pyrolysis
temperature, whereas chitosan precursor was labeled as C.

2.3. Physicochemical characterization

Thermo-gravimetric analysis (TGA) on chitosan precursor was performed by means of a TGA Q600
(TA Instruments) under nitrogen flow (flow rate: 100 mL min~!). Measurements (two replicas) were
performed by weighting ca. 10 mg of chitosan powder in an open pan of alumina and following the
thermal program: heating from RT to 800 °C (heating ramp: 10 °C min™?).

Elemental analysis (in terms of %C, %H, %N, and C/N ratio) of both chitosan and its biochars was
determined by means of a Thermo FlashEA 1112 CHNS—O analyzer. Measurements (average values
of two replicas) were performed avoiding the presence of water for the calculation, and values
presented (expressed as wt% mean value).

Fourier transform infrared (FTIR) spectra of chitosan and its biochars were registered in transmission
mode by means of a Bruker Vector 22 spectrophotometer (equipped with Globar source and DTGS
detector) working with 128 scans in the 4000-400 cm™ range (resolution: 4 cm™). Meaurements
(three replicas) were performed on KBr pellets (samples:KBr wt. ratio: 1:20).

X-ray diffraction (XRD) patterns were obtained directly on powders by means of PW3040/60 X'Pert
PRO MPD diffractometer (PANalytical) with Cu anode, working with Bragg-Brentano geometry (flat
sample-holder) at 45 kV and 40 mA. The pattern analysis has been realised by means of the X'Pert
High Score instrument database XRD-PDF2-2004.

Scanning electron microscopy (SEM) micrographs of materials' surfaces were registered after
sputtering powders with a conductive Au layer (thickness: ca. 15 nm) to avoid charging effects by
means of a Bal-tec SCDO50 sputter-coater. SEM analysis was performed by means of a ZEISS EVO 50
XVP microscope (equipped with LaBe source, secondary electrons collection detector, and EDS
probe detector). Measurements were performed by randomly analyzing the samples surface at
different magnifications, and the most representative micrographs collected.

Gas-volumetric Kr adsorption experiments at 77 K were performed by means of an ASAP2020
instrument (Micromeritics) to determine the specific surface area (BET model) of biochars [52].
Powders (ca. 0.5-1.0 g) were previously outgassed at 150 °C for 24 h (residual pressure: 1072 mbar)
to remove contaminants derived from surface-atmosphere interaction.



Surface charge values of biochars were determined measuring the T potential (applying the
Smoluchowski equation) [53] by means of electrophoretic light scattering (ELS) (Zetasizer Nano—ZS),
with equilibration time 120 s, and 5 replicas per specimen. Measurements (average values of two
replicas) were performed by dispersing a fixed amount of each biochar (ca. 10 mg) in a saline
solution containing KCl (concentration: 0.01 M, volume: 5 mL) for 1 day and maintaining constant
pH (circumneutral, ca. 6) and temperature (ca. 25 °C, indicated in the following as RT). Acid (HClI)
and alkaline (NaOH) aqueous solutions were added drop-wise to suspensions for pH correction.
Average values were presented (expressed as mean value + standard deviation, SD in the following)
[54].

2.4. Electrochemical characterization

Chitosan-derived biochars were ball milled for 30 min at 300 rpm with 60 wt% of sulfur.
Subsequently, the S/biochar mixtures were pretreated with the following thermal program:

a) Heating step from RT to 155 °C (ramp: 0.2 °C min™?).
b) Isothermal step at 155 °C for 5 h.
c) Cooling step from 155 °C to RT (ramp: 0.5 °C min™).

Electrodes were prepared by mixing the S/biochars mixture with polyvinylidene fluoride (PVdF, as
binder) and conductive multiwalled carbon nanotubes (MWCNT, as additive) in an 80:10:10 wt.
ratio. The slurry was prepared in N-methyl-2-pyrrolidone (NMP) and casted on a carbon coated Al
foil (S loading on carbon-coated Al foil: ca. 1.5 mg cm™). The two electrode cells were prepared in a
pouch type cell inside an Ar filled glovebox. The sulfur cathode (2 cm? electrode) was separated
from the metallic Li (FMC, 500 um) anode with Celgard 2400 separator. The electrolyte (1IMLIiTFSI in
TEGDME:Diox (vol% 1:1)) quantity was normalized to 20 puL mgS™. The batteries were cycled by
using Biologic VMP3 galvanostat/potentiostat at a current density of C/10 (167.2 mA g™1) in the 1.5—
3.0 V potential range [16].

3. Results and discussion

In order to evaluate the behaviors of the chitosan precursor during the pyrolysis treatment, TGA
analysis under nitrogen (inert) atmosphere was performed. Basing on the TG profile reported in Fig.
1, the thermogram of chitosan shows two main weight losses mainly due to: i) the release of
physisorbed water molecules (at ca. 100 °C), and ii) the polysaccharide skeletal degradation
(principally evolving in the 280-400 °C range but continuing up to 800 °C), thus leaving a
carbonaceous residue at 800 °C of ca. 23.18 + 0.50 wt%. The derivative curve profile evidences both
the chitosan's degradation onset temperature (i.e., the temperature at which the degradation
phenomena starts) experimentally measured at 284 °C and the maximum rate of decomposition at
ca. 300 °C. According to the literature (see [55] and references therein), the thermal degradation of
chitosan under inert atmosphere results in a very complex pattern, characterized by formation of a
multitude of evolved volatile species, such as H,0, CO, CO,, CH3COOH, CH4 (the last one released at
temperatures higher than 450 °C), NHs3, and pyrazines (mostly including partially-substituted
pyridines, pyrroles, and furans). Therefore, based on these results and in analogy to our previous
studies [9,16], three different pyrolysis conditions were explored for the chitosan-to-biochar
conversion, namely: the experimentally measured onset temperature (284 °C), and two



temperatures set after the chitosan's main degradation phenomenon (respectively at 440 °C and
540 °C, i.e., before and after the release of CH4 as detected in [55]).
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Fig. 1. TG (black solid) and derivative (red dashed) curves of chitosan thermally-treated under nitrogen
atmosphere. The black dotted lines refer to the three temperatures investigated for the pyrolysis treatments
(namely, the onset 284 °C, 440°Cand 540 °C).

Table 1 reports the elemental composition of chitosan and its chars obtained at the three selected
pyrolysis temperatures. The analysis revealed that the thermal treatments caused a general
increment of C and N content, and a reduction of H, sign of an overall carbonization of the
carbohydrate structure of bare chitosan. Depending on the pyrolysis conditions, the higher the
temperature of biochars, the higher the content in C (from 63.3 wt% for C284 to 73.4 wt% for C540),
and the lower the H (from ca. 4.7 wt% for C284 to 2.5 wt% for C540). On the contrary, the N content
in the chars remained almost constant in the 9.5-10.7 wt% range, thus confirming the formation of
N-doped biochars at all pyrolysis conditions here investigated.



Table 1. Elemental composition, BET surface area (measured by Kr adsorption at 77 K), and { potential values
of bare chitosan (C) and its relative biochars (C284, C440, and C540).

Samples C (wt%) H (wt%) N (wt%) C/N BET surface | { potential
area (mV +SD)
(m*g™)

C 40.2 6.3 5.9 6.8 - -

C284 63.3 4.7 10.2 6.2 0.83 -31.6+1.2

C440 72.9 3.3 10.7 6.8 0.76 -29.5+1.8

C540 73.4 2.5 9.5 7.7 0.84 -19.1+0.9
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Fig. 2. Absorbance FTIR spectra in the 4000-400 cm-1 range (A) and XRD patterns (B) of chitosan (C, black
solid curve), and its biochars C284 (black dotted curve), C440 (red dotted curve), and C540 (red solid curve).
The main signals are highlighted and labeled.

In order to better unveil the chemical functionalities present in the biochars, FTIR spectra were
registered before (i.e., bare precursor) and after pyrolysis (chitosan-derived biochars) and reported
in Fig. 2A. The FTIR spectrum of bare chitosan revealed the main signals, namely: the O-H stretching
modes at ca. 3440 cm %, comprehensive of the spectral components due to N-H vibrations at 3200
cmL, and the aliphatic C-H stretching modes at ca. 2900 cm ™ (Fig. 2A, green box), the characteristic
C=0 stretching mode of the acetamido moieties (or amide 1) at 1660 cm™2, the N-H bending vibration
of the amino groups (or amide II) at 1580 cm™ (Fig. 2A, red box), the C-O and C-O-C stretching modes
of the glycosidic rings centered at ca. 1000 cm™ (Fig. 2A, blue box) [55,56].

As evidenced by the progressive reduction of the IR signals associated to the hydroxo and amino
groups, aliphatic C chains, and glycosidic rings, pyrolysis treatments induced a progressive loss of
chemical functionalities, already at the onset condition (i.e., C284). It is interesting to note that the
disappearance of OH groups in the hydrated layer of chitosan in sample C284, allows evidencing the
presence of N-H stretching bands at about 3200 cm™ of the amino groups present in large amount
in chitosan macromolecules. In parallel, increasing the thermal treatment temperature, it is
registered the gradual growth of a very broad IR signal in the 1600—1000 cm™ range due to the
formation of C-C and C=C bonds of a carbonaceous structure (Fig. 2A, violet box) [32]. In the case of
biochars obtained at the higher pyrolysis temperatures, a further reduction of the IR signals was
observed.



Biochars surface charge values were determined by performing zeta potential measurements in
saline solutions at fixed ionic strength (0.01 M KCl), pH (circumneutral, ca. 6), and temperature (ca.
25 °C, RT). Zeta potential values are reported in Table 1. The analysis revealed that all chitosan-
derived biochars show negatively charged surfaces, following the order C540>C440>C284 in
absolute values, thus higher the pyrolysis temperature, more negative the zeta potential values, as
a consequence of the progressive lack of chitosan functional groups during pyrolysis process.

The XRD analysis in Fig. 2B revealed the structural modifications associated to the crystalline
organization of chitosan before and after pyrolysis. As highlighted by the figure, bare chitosan
possesses two crystalline reflections, respectively at ca. 26=9.7° for the (020) planes and at ca. 19.9°
for the (110) planes, as documented in the literature [57]. In accordance to the previously discussed
data concerning elemental analysis and FTIR spectroscopy, pyrolysis treatments causes a drastic
change in the material structure, with disappearance of the chitosan main signals and formation of
a broad amorphous signal at 20 = 20° at the onset temperature (see the C284 XRD pattern). This
should be related to the initial transformation of chitosan which starts losing functional groups, and
consequently the large range order towards a more disordered conformation. At higher pyrolysis
conditions (namely, 440 °C and 540 °C, i.e., after the main degradation step documented by the TGA
profile in Fig. 1), the formation of a new signal at ca. 26=25° is observed: this is assignable to the
formation of small crystalline domains associated to the organization of (002) graphitic basal plans
within the biochars structure [58].
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Fig. 3. SEM micrographs at low (left) and high (right) magnification of chitosan-derived biochars C284 (a, b),
C440 (c, d), and C540 (e, f).

The morphological analysis of chitosan-derived biochars reported in Fig. 3 revealed in all cases
surfaces showing a certain level of roughness, with presence of defects and cracks. Micrographs of
C440 and C540 biochars collected at high magnification also demonstrate the formation of some
sub-micrometric particles dispersed on the materials' surface. Furthermore, the BET analysis (whose
data are summarized in Table 1) revealed in all cases very low values of surface area (ca. 0.76—0.84
m2 g1), measured by means of Kr adsorption tests at 77 K.

Chitosan-derived N-doped biochars (C284, C440, and C540) were electrochemically tested as sulfur
host materials in Li-S batteries. Biochars were impregnated with 60 wt% of sulfur, and samples
labeled with the acronym S/biochars (i.e., S/C284, S/C440, and S/C540, respectively). The
conductivity of the cathode is achieved through MWCNT wrapping of the S/biochars materials. SEM
micrographs of the electrode surface confirmed that the materials are homogeneously distributed



over the cathode surface with absence of cracks and macroscopic defects (data not shown for the
sake of brevity). The electrochemical performance of biochars was compared to a reference
electrode prepared by using an N-doped high surface area carbon (NC_15, BET surface area 880 m?
g™1), prepared from glucosamine precursor [51], and impregnated with 60 wt% of sulfur. According
to the data reported in Fig. 4, the reference S/NC_15 reached a quite high initial discharge capacity
of ca. 1330 mAh g5, which dropped down to 1234 mAh gS~t in the 2nd cycle and to 1110 mAh g5
in the 10th cycle. Concerning the Coulombic efficiency, the reference material S/NC_15 exhibits
value below 80% in the initial cycles (a consequence of over-charging due to the polysulfide shuttle
phenomena). This undesired phenomenon could be associated to side reactions between
electrolyte and high surface area N-doped carbon NC_15, thus resulting in solid-electrolyte
interphase (SEI) film formation and consequent electrolyte consumption [59]. Compared to the
reference S/NC_15, chitosan-derived N-doped biochars show lower discharge capacity in the initial
40 cycles, but also exhibit lower capacity decay per cycle. After 100 cycles, the retained capacity is
higher compared to the S/NC_15. Furthermore, if we compare the three biochars, S/C440 shows
the highest first discharge capacity of 874 mAh gS™%, dropping to 828mAh gS~1 in the 2" cycle, and
the average Coulombic efficiency during cycling was around 92%.
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Fig. 4. Discharge capacities (circle symbols, left y axis) and Coulombic efficiency (diamond symbols, right y
axis) for the S/biochars: reference material S/NC_15 (black), S/C284 (blue), S/C440 (red) and S/C540 (green).

The S/C284material has cycling behavior similar to S/C440, with approximately 100 mAh gS™* lower
discharge capacity, whereas S/C540 exhibits the lowest first discharge capacity of 667 mAh gS3,
dropping to 605 mAh g5t in the 2nd cycle. Interestingly, S/C540 shows the best capacity retention
over cycling (i.e., after 100 cycles, capacity fading only 13%), but the Coulombic efficiency is lower
if compared to S/C440 (ca. 90%). The worse performance of the S/C540 compared to the other two



chitosan-derived biochars can be explained by considering the loss of functionalities and
heteroatoms doping (nitrogen content) due to higher temperature pyrolysis. However, the three
biochars have similar cycling behavior with little differences between each other, with better
electrochemical performance (low capacity decay and high Coulombic efficiency) compared to the
high surface area N-doped carbon. This result suggests that low surface area carbonaceous
substrates prepared at mild conditions might offer an attractive and low-cost alternative for the
preparation of energy storage materials.
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The MWCNT additive, which is present inside the cathodes as conductive additive, has a high surface
area (280 m2 g™1). In order to test its electrochemical contribution, the electrochemical performance
of S/C440 material was further compared against the S/MWCNT material. The cathode with this
material was prepared following the same procedure applied to chitosan-derived biochars, namely



by keeping constant the ratio of sulfur to carbon and the sulfur loading on the cathode. Experimental
data demonstrate that S/MWCNT delivered an initial specific capacity of 766 mAh g5 in discharge
and 1236 mAh gS* in charge (Fig. 5a). Such over-charging in Li-S battery system means that the
MWCNT material cannot retain and prevent the lithium polysulfides (Li»Sx) shuttle. The prolonged
cycling of this material reveals poor Coulombic efficiency (ca. 70%, a value in good agreement with
the presence of Li,Sx shuttling). Moreover, with the use of C440 carbon an average improvement in
discharge capacity of 100 mAh gS! is observed if compared to the S/MWCNT system. The average
Coulombic efficiency during cycling was around 92%, which is significantly better than the
Coulombic efficiency of S/MWCNT (as in Fig. 5a). Usually, this trend can be explained by considering
the encapsulation of S within the porous carbonaceous cathode [60], but in this case it cannot be a
possible explanation as the chitosan-derived biochars host materials did not present a porous
system. Such enhanced Coulombic efficiency for the S/C440 system can be explained with a possible
better retention of the soluble Li polysulfides by means of the residual polar (O- and N-containing)
functional groups of the C440 [61]. Moreover, the capacity fade observed for both S/MWCNT and
S/CA440 systems is similar. Lastly, Fig. 5b shows that the ratio between the capacities of the high and
low voltage plateaus are 30:70 in both materials (i.e., S/MWCNT and S/C440). This behavior suggests
that such capacity difference is due to equal loss of all active species in the S/MWCNT, a capacity
fade mechanism stemming from Li polysulfides shuttling and loss of cathode active mass material,
thus proving the best behaviors of the prepared chitosan-derived biochars as host materials in Li-S
batteries.

4. Conclusions

Chitosan, a biopolymer derived from natural biomasses, was selected as low-cost and sustainable
precursor for biochar production via pyrolysis treatments performed at very mild conditions, namely
at 284 °C (the onset temperature at which the chemical modification of chitosan starts), 440 °C and
540 °C. The produced biochars possess high N-content in the range of 9.5-10.7 wt%, very low BET
surface area, and appear as flake-like particles with irregular surface. These carbonaceous
substrates were used as sulfur hosting materials in Li-S batteries. The electrodes produced with
chitosan-derived biochars present a good homogeneity, good capacity retention and improved
Coulombic efficiency if compared to the more conventional high surface area carbon-based and
MW(CNTs-based systems. Such improved properties are typically due to the encapsulation of sulfur
into the hosting material (inside a porous system). However, this cannot be the case of the system
here presented since the chitosan-derived biochars here described show no pores. Therefore, the
possible explanation of this improved Coulombic efficiency can be associated to a better retention
of Li polysulfides due to the presence of residual functionalities in the biochars. This mechanism is
an interesting alternative solution respect to the production of porous carbonaceous materials. The
good electrochemical performance, associated with low capacity decay and high Coulombic
efficiency, pointed out that low surface area carbonaceous substrates prepared at very mild
conditions might offer an attractive and low-cost alternative in the preparation of energy storage
materials.
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