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ABSTRACT

Hard carbons (HCs) prepared from renewable precursors are promising cost-effective electrode-
material candidates for the application in Na-ion battery. Usually these materials are derived from
cellulose. Here, however, we demonstrate that other polysaccharides, such as chitin and chitosan,
can be as well up-and-coming parent materials of HCs. Despite structural similarities, thermal
decomposition of these two biopolymers proceeds differently, contributing to the discrepancies in
physicochemical properties of resulting HCs. Although chitin- and chitosan-derived HCs have
comparable d-spacings and crystallite sizes, solid state pyrolysis of the former biopolymer leads
to micro-mesoporous material with significant specific surface area, while that of chitosan yields
non-porous carbon. Despite that, both materials deliver similar initial specific charge of
280 mAh g (at C/10 rate) and their electrochemical performance starts to diverge only upon
longer cycling at higher rate. With time, inorganic contaminants present in chitosan-derived HC
presumably delay the diffusion of Na-ions to and within the electrode, and slow down the rate of
electrochemical reactions, eventually triggering polarization build-up. Further optimization of the
chitosan-derived HC through acid-treatment enables unblocking some of the micropores and
increasing the carbon content in this material, therefore enhancing its active surface area and

suppressing continuous fading of the specific charge.
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1. INTRODUCTION

Antibacterial, biodegradable, easy to functionalize and modify, naturally abundant, and nontoxic®
2 _the list of chitin and chitosan properties is almost endless as is the number of applications for
which these two linear polysaccharides are being extensively explored and in which they are
already implemented. They serve as efficient drug delivery systems, coagulants and sludge
dewatering aid,* and finishing agents for textiles with specific properties® (mosquito- and water-
repellent fabrics).* In addition, chitosan, the N-deacetylated form of chitin known for its
hemostasis-stimulating properties,® is tested in combination with a silk protein for the preparation
of implantable films and scaffolds for surgical closure and wound healing.> © In the latter case,
chitosan-laden bandages have already proved invaluable in hastening blood clotting in fresh
wounds of US soldiers.” These results encouraged researchers to test the healing properties of this
shrimp-shell derived biopolymer in conditions even more conductive to bacteria growth, namely
in space. Contrary to chitosan, chitin did not “conquer the space”, mainly because of its very low,
if any, solubility in common organic solvents. Instead, it was investigated in more “earthbound”
applications, often related to energy storage. In supercapacitors, for example, chitin was studied
as an alternative to “standard” polytetrafluoroethylene (PTFE) binder.® The use of this linear
polysaccharide naturally doped with nitrogen in place of PTFE significantly enhanced the affinity
of the electrolyte to the electrode surface, thereby shortening its wetting time. It also improved
the charge propagation at the electrode/electrolyte interface and, thus, the reversibility of the
charge — discharge processes. Despite that, the use of chitin as binder for supercapacitor
electrodes did not attract great attention at industrial scale and the fault of this lay again in its

scarce solubility in organic solvents. Recently, the interest in chitin for energy-storage



applications has shifted towards the preparation of nitrogen-doped (porous) carbons, e.g. porous
carbon fibers® and nanofibrous microspheres with hierarchical porosity.'® This is because the
presence of nitrogen in carbon network alters the wettability and polarity of its surface, as well as
its electronic properties, and, thus, may trigger Faradaic redox reactions with electrolyte ions. The
latter, especially important for electrochemical capacitors (supercapacitors), largely depends on
the amount of the dopant and its bonding with carbon atoms.® Because high temperature favors
the decomposition of acetamido groups in chitin chains, direct pyrolysis of this polysaccharide
often results in carbon hardly doped with nitrogen. Attempts to overcome this issue include,
among others, stabilizing nitrogen in carbon at low temperature through hydrothermal
carbonization prior to its further processing.!' The struggle to preserve nitrogen in carbon
structure after pyrolysis also concerns chitosan. Perhaps this is the reason why this deacetylated
form of chitin was so far mostly tested as a binder'? ' and less often as a main electrode
component, the active material.** This trend may, however, start to change given the recent (re-
Jemergence of non-lithium battery chemistries and growing interest in asymmetric and hybrid
supercapacitors. As carbohydrate polymers, chitin and chitosan are predisposed to convert into
non-graphitizable or hard carbons upon thermal treatment and, thus, to be successfully
implemented as negative-electrode materials in Na-ion battery. Therein, they are expected to
deliver a specific charge comparable to HCs derived from cellulose (> 300 mAh g?), their
structural analogue. Unfortunately, very low carbon yield (C-yield) of the heat-treated cellulose
(less than 20%) and the necessity of controlling dehydration and cross-linking degree continue to
outweigh the use of the HC derived from this sustainable polymer as negative electrode material
for Na-ion batteries.’® Besides cellulose, glucose,'® lignin,'” pitch-lignin mixture,*® phenolic

resin,!® pitch-phenolic resin mixture,?® and other organic polymers and biomass are often used as
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HC parent materials. Among them, HCs derived from lignin, phenolic resins, and their mixture
with pitch come to the fore owing to significantly higher C-yield than that of cellulose-derived
HC (> 40%) and decent electrochemical performance.'® Depending on the source of the organic
polymer / biomass, its preparation, and pyrolysis conditions, average reversible specific charge of
the Na-ion cells assembled with HCs obtained from these cellulose-competitors is between 250
and 370 mAh g?, while first-cycle Coulombic efficiency typically reaches 70-80%.%
Unfortunately, lignin-derived HCs are usually plagued with difficult-to-remove inorganic
impurities strongly affecting their performance, whereas high toxicity of phenolic resins does not
render them seeking-for HC precursors, unless these formaldehyde derivatives are prepared via
“green” synthetic routes.??

Here, we present a study of both biopolymers, chitin and chitosan, as precursors of hard carbons
(HC) for Na-ion battery. We attempt to correlate the electrochemical performance of the obtained
HCs with the morphology, structure, surface chemistry, and texture of these materials, often
missing in the literature. We search not only for a cause of low first-cycle Coulombic efficiency
and fading specific charge but also for a cure for undesired HC characteristics, such as the

presence of inorganic impurities.

2. EXPERIMENTAL

2.1 Biopolymers characterization. Elemental composition of chitin (chitin from shrimp shells,
Sigma-Aldrich, a polymer of acetyl glucosamine of varying lengths) and chitosan (Sigma-
Aldrich, My between 190’000 and 310’000 Da) was determined by means of Thermo Electron
Flash EA 1112 analyzer. Thermal decomposition of these two biopolymers was studied by

thermogravimetric analysis (TGA) and temperature-programmed desorption coupled to mass
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spectroscopy (TPD-MS). In the former analysis, both carbon precursors were heated from 30 to
900°C at a heating rate of 5°C min* under the flow of nitrogen and the weight loss was
continuously monitored by METTLER-TOLEDO TGA 851e. Similar temperature range was
used during the heat treatment of chitin and chitosan in the latter analysis, TPD-MS, which was
performed under vacuum at a slower heating rate of 1°C min* to avoid saturation of the MS
detector. Prior to the analysis the samples were outgassed overnight under dynamic vacuum at
room temperature. The concentration of the gases desorbing from the surface of the chitin and
chitosan was monitored as a function of temperature and analyzed with the mass spectrometer
calibrated to N2, Hz, CO, COg, and H20.

2.2 Preparation and modification of hard carbon. A series of hard carbons (HCs) was
prepared from either chitin or chitosan by heating up to 1300°C (dwell time of 2h) (Figure 1).
The thermal treatment was performed under argon at a moderate heating rate of 5°C min*. The
annealing temperature was chosen based on the previous studies from our group®, as a good
compromise between the concentration of defects, the d-spacing, and the porosity. The obtained
carbons, chitin- and chitosan-derived HC, thereafter denoted as HC-cht-1300 and HC-chs-1300,

respectively, were subsequently characterized by multiple surface and bulk techniques.
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Figure 1 Schematics illustrating preparation of hard carbons from chitin and chitosan. The

shrimp graphics was designed by Freepik.?*

To study the impact of the impurities, mainly Ca and some alkali metals inherited from the parent
material, on the structure and properties of the chitosan-derived carbon one batch of HC-chs-
1300 was washed with 20% hydrochloric acid (HClag) solution in water. It was subsequently
neutralized with sequential water washes to remove residual chloride species from carbon
pores,?® and dried for few hours at 80°C to reduce the content of moisture. The properties of the
acid-treated HC-chs-1300 were also systematically examined by multiple characterization

techniques described in the next section.

2.3 Physicochemical characterization. The pore structure of the HCs was investigated by gas

adsorption. N2 and CO, were both used as adsorbing gas molecules to probe the meso- and



microporosity of these materials. The isotherms were measured with ASAP 2420 and 2020
porosity analyzers (Micrometrics) at 77 and 273 K, respectively, on previously outgassed
samples (300°C, overnight, under primary vacuum). Specific surface area, SBET, was calculated
based on the data acquired in the low relative pressure (P/Po) range between 0.05 and 0.3. Total
pore volume, Vi was estimated from the amount of N. adsorbed at P/Po of 0.99, whereas
micropore and ultra-micropore volumes were determined using the Dubinin-Radushkevich
equation. Finally, the meso- and micropore size distributions were obtained from the adsorption
branch of the N2 and CO: isotherms, respectively, using NLDFT standard slit models
implemented in a SAIEUS software supplied by Micrometrics.?® The volume ratio (in %) of

closed, Rcp, and open pores, Rop, was estimated from the following equations:

Ren (%) = ((é - g3)/ (Vor %D 0 0

Rop (%) = (VOP/ (Vor + %)) 100 o
by taking into account apparent density of graphite (2.32 g cm3) and respective HC (measured by
means of helium pycnometer; detailed experimental protocol can be found in Supporting
Information), and V; obtained from N adsorption measurements.?’

All HCs were characterized structurally by X-ray diffraction (XRD). The diffraction patterns
were collected with a D8 ADVANCE A25 powder diffractometer (Bruker) in Bragg-Bretano

reflection geometry using Cu Kay > radiation. The crystallite size, L¢, was calculated from (002)

graphite peak according to the Scherrer equation:

_ 091
¢ B cos® (3)

where 4 is the X-ray wavelength, £ is the full-width at half-maximum corrected for instrument

broadening, and @ is the Bragg angle.?®*° The morphology of the HCs was examined by scanning
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and transmission electron microscopies (SEM, TEM). SEM analysis was performed at 10 kV
with Ultra 55, Carl Zeiss instrument and coupled to energy dispersive X-ray spectroscopy (EDX,
EDAX TSL, AMETEK, Ultra 55, Carl Zeiss). TEM images were recorded using a JEOL ARM-
200F instrument operated at 200 kV.

Chemical analysis of the extreme surface of HCs (first 10 nm) was carried out by means of X-ray
photoelectron spectroscopy (XPS, VG SCIENTA Model SES-2002 Spectrometer). Bulk surface
chemistry of chitin- and chitosan-derived HCs was studied by TPD-MS using a measurement
protocol similar to that described previously for their respective precursors (Section 2.1, heating
up to 950°C under vacuum). The only difference was the heating rate, which in the case of the
HCs was set to 5°C min™. Having removed the oxygen-containing groups from the surface of the
HC, it was possible to calculate the number of active sites. For this purpose, after the TPD, the
“clean” HC was heated up to 300°C at which it was exposed to Oz for 10 h. The remaining non-
chemisorbed O was removed from the system and the HC was heated again to 950°C (10°C min"
1 under vacuum) to recover its surface. The amount of the desorbed CO and CO, was converted
to equivalent oxygen concentration and used to calculate the active surface area (ASA). The latter
was determined assuming that the chemisorption takes place only on the prismatic planes (edge
carbons) and the formation of the C-O complex involves only one atom of oxygen and only one
atom of carbon 3% 2

2.4 Electrode formulation. HC derived from chitin and chitosan were formulated into electrodes
with carbon black (superC, Imerys) and polyvinylidene fluoride (PVDF, HSV-900, Arkema)
binder suspended in N-methyl-2-pyrrolidone (NMP, Alfa Aesar), in a weight ratio of 80:10:10,
respectively. Slurries were mixed using a turbo stirrer and subsequently doctor-bladed onto

aluminum foil. After 12 h of vacuum-drying at 80°C, the doctor-bladed sheets were calendared to
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a thickness of 100 um. The electrodes were punched out and dried overnight under dynamic
vacuum (at 80°C) prior to the insertion into an Ar-filled glovebox. On average, the loading of the
HC-based electrodes was in the range of 4.5 to 6.0 mg.

2.5 Cell assembly and electrochemical characterization. HC-based electrodes were assembled
into coin-type cells with sodium metal and glass fiber separator (1 mm, EUJ116, Hollingsworth
& Vose) soaked with 250 ul of commercial electrolyte, 1 M sodium hexafluorophosphate
(NaPFe) in 1:1 v/v% mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) (Kishida
Chemical, battery grade). The Na-foil was prepared as described previously®® by a simple two-
step procedure comprising of removal of the native oxide layer from the surface of Na followed
by its calendaring.

The Na-ion half-cells were first galvanostatically discharged to 5mV vs. Na‘/Na and
subsequently charged to 1.1 V vs. Na*/Na at a C/10 rate for two cycles. Thereafter, the current
was increased leading to a rate of C/5. Each half cycle (charge or discharge) was followed by 1 h
potentiostatic step. From this point onwards, all the potentials are expressed with reference to Na

metal (vs. Na*/Na).

3. RESULTS AND DISCUSSION

3.1 From chitin and chitosan to hard carbons

Just like “the apple does not fall far from the tree”, the HC does not fall far from its precursor,
meaning that the chemistry and the physicochemical properties of this kind of materials are
always a consequence of the selection of a parent material, its annealing conditions, and post-
processing, if the latter is applied. Moreover, even if the HC-precursors are structurally related

(e.g. belong to the same family of polymers) and their elemental composition is almost identical,
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they do not necessary convert into similar carbons during the thermal treatment as we
demonstrate herein.

At first glance it seems that both biopolymers, chitin and chitosan, undergo similar thermal
decomposition with few percent mass loss between 30 and 100°C due to the evaporation of the
physisorbed water followed by a major mass loss between 200 to 400°C caused by

decomposition, depolymerization (Figure 2a and b), and formation of char (with an average yield

of 25%).
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Figure 2 Thermal decomposition of (a) chitin and (b) chitosan studied by TGA. Elemental
composition of both bioprecursors and quantities of different gases desorbing from the surface of
(c) chitin and (d) chitosan upon heating, analyzed by TPD-MS. The mass spectra collected during

the latter experiments can be found in Supporting Information in Figure S1.
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A closer look at both materials reveals, however, that although the decomposition of chitin and
chitosan takes place in a similar temperature range, the kinetics of this process is dissimilar.
While chitin decomposes in one step at around 360°C (Supporting Information, Figure S1a) with
the simultaneous release of relatively high amount of CO and H.O (9.4 and 8.0 mmol g,
respectively, Figure 2c), and smaller quantities of CO2, Hz, NO, and Oz (< 3.0 mmol g}), its
deacetylated counterpart, chitosan, requires two stages to be converted into char. Moreover, its
TPD-MS spectrum is mostly dominated by a broad peak of H>O centered at 280°C (Supporting
Information, Figure S1b). Besides the physisorbed water, it might be also the signature of the
H-O originating from the reaction of the two adjacent —OH groups (polycondensation) in
chitosan’s repeat unit and/or from the dehydration of the two neighboring carboxylic groups.®* %
Given the chemical formula of this biopolymer, however, the latter is thought to contribute only
to a very small extent to the total amount of released H.O (16 mmol g, Figure 2d). The
desorption of other gasses, hidden underneath the peak of H.O, starts at around 240°C with the
release of CO, NO, and Oz (< 1.0 mmol g2). It goes through a maximum at around 300°C when
CO», H2, H20, and N simultaneously desorb from the surface of already partially dehydrated and
deaminated chitosan,*® and continues up to 400-500°C, until the desorption rates of most of the
gases decrease to almost zero. The last modification of the char occurs between 500 and 850°C
(Supporting Information, Figure S1b).%” %8 Therein, the carbonization is being completed, the C—

H bonds are being cleaved and the structure of carbon rearranges for the last time.
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3.2 Bulk and surface properties of hard carbons (HCs)

3.2.1 Porosity and structure

The difference in thermal decomposition of chitin and chitosan has its further consequence in
pore formation. As can be seen in Figure 3a and b, processing these two polysaccharides under
the same pyrolysis conditions (1300°C, 5°C min™, under argon) leads to two dissimilar HCs.
Significantly larger quantity of N2 is adsorbed on the surface of HC-cht-1300 than onto its
counterpart prepared from chitosan, which, in turn, results in high, as for the application in Na-
ion battery, specific surface area (Seger, 110 m?g?l). Moreover, the shape of the isotherm
measured for this material (type V) suggests the presence of both micro- and mesopores. The
latter seems not to be the case for the other carbon, HC-chs-1300, the isotherm of which
resembles that characteristic for non-porous materials with low Sger (here below 10 m? g1). Low
Seet holds a promise of reduced electrolyte decomposition and, thus, smaller irreversible loss of
specific charge, especially during the first cycle.® It is not, however, the one and only
performance-defining parameter because HCs with Sger exceeding 10 m? gt have been also
identified as strong candidates for negative electrodes for Na-ion batteries.*® Their
electrochemical success in enhancing the performance of this electrochemical system lies, among
others, in interconnected network of micro- and mesopores. This network, also referred to as
nanoporous, seems to be an important prerequisite for any HC electrode material for Na-ion
battery, wherein a part of the charge is stored through pore-filling.23 4% 42

Despite significant difference in total pore volume, V: (Table 1), the pore size distribution (Figure
3b) is rather similar for both HCs, which besides small mesopores (between 3 to 5 nm) also
comprise some micropores (of around 1 nm). In the case of HC-cht-1300, the formation of

micropores occupying nearly 30% of the Vi (Table 1) might be related to partial activation of the
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char during its annealing, caused by alkali and alkaline metal impurities (mostly Ca) present in

the parent material. Possible activation of the HC is believed to involve following reactions:

3Ca(0H),+2C - 2CaCOs + Ca+ 3 H, )
CaCOs;+ C - Ca0 + 2 CO (5)
Ca0 + C - Ca+ CO (6)

similar to those presumably taking place during the classical chemical activation of the carbon-
based materials (with KOH).*> 44 Besides micropores, the pore structure of the chitin-derived HC
is also built from ultra-micropores, that is, micropores smaller than 0.7 nm. The volume of the
ultra-micropores, Vuitra-micro, €Stimated based on the amount of adsorbed CO, is approximately
30% higher than that obtained through N2 adsorption, indicating significant contribution of these
narrow pores to the total Sget of the HC-cht-1300. At the same time, once again it confirms the

inability of N, to access pores smaller than 1 nm, often mentioned in the literature.?® 4
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Figure 3 (a) Nitrogen adsorption/desorption isotherms of HC-chs-1300 and HC-cht-1300 and (b)
the corresponding NLDFT pore size distributions obtained from the adsorption branches of the
N2 and CO2 (shown in inset) isotherms. CO> adsorption isotherm of HC-cht-1300 can be found in

Supporting Information in Figure S2a.
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Table 1 Comparison of calculated BET surface areas, total and (ultra-)micropore volumes for the

chitin- and chitosan-derived HCs.

doo2 (R) ASA
Lc (nm) (m?g™?)

Sger N \%

BET " 2 t Vmicro

Sger €O,V

ultra-micro

(m*gh)  (emPg"’) (em*gh) (m?gh)  (cmg?)

HC-cht-1300 110 0.156 0.0450 72 0.059 igi 11
Non-washed 1) 1) 3.65
HC-chs-1300 2.6 0.005 0.0009 — — 112 1.8
Acid-treated 3.62
HC-chs-1300 3.9 0.007 0.0015 24 0.061 115 5.2

D neither Sger CO2 nor Vuwamicro could have been determined for this material.
Presumably the number of pores smaller than < 0.7 nm was below the detection limit of

the machine, even upon increasing the mass of the sample.

Besides the open pores, chitin- and chitosan-derived HCs also contain pores which are
isolated from the external surface and, thus, hardly accessible to electrolyte or any other
solvent. The volume of these so-called closed pores, Rcp (%), is usually estimated from
apparent density (equation (1)). In the case of the chitin-derived HC closed pores account
only for 6.4% of the entire volume of the material. The rest of it is composed of open
pores (25%) and solid phase (68%). Opposite trend is observed for HC-chs-1300, in which
closed and open pores occupy, respectively, nearly 32 and less than 1.0%. These latter
values are in line with the recommendation given by Panasonic,?’ according to which the
volume ratio of open to closed pores (constituting together with the solid phase sites of Na

occlusion and release) should be 30% (or more) to 7% (or less).
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Surface area, pore size and its distribution are among the most important factors for the design of

the electrode materials.*® While highly-developed pore-network carries a risk of excessive

electrolyte decomposition and substantial loss of charge during the first cycle of the Na-ion cell,**

reduced porosity may limit the number of available diffusion pathways and adversely affect the

wetting of the electrode.*®
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Figure 4 HRTEM images of a) chitin- and b) chitosan-derived HCs. ¢) XRD patterns of the two

hard carbons together with the calculated interlayer spacing, doo2, and crystallite size, Lc. d)

Possible signatures of the impurities identified in the ICSD database for the HC-chs-1300.
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Moreover, because sodiation (and de-sodiation) of HC is not a single-stage process,*! diffusion of
Na-ions into the bulk of the electrode material is only a half of the energy-storage battle. Therein,
the “organization” of inherently disordered and irregular microstructure of HC*" will either
promote or impede the insertion of Na-ions between the carbon layers in graphitic domains. To
facilitate the sodiation of HC the distance between these layers (referred to as doo2) should be
higher than that in graphite (3.4 A),*® #! ideally close to 3.7 A,* and the degree of structural
disorder should exceed 1, if calculated as an intensity ratio of the disorder (D) and graphitic (G)
Raman bands.*

As can be seen in Figure 4, these requirements seem to be fulfilled for both biopolymer-derived
HCs, HC-cht-1300 and HC-chs-1300, in the overall amorphous structure of which one can
distinguish short-range spatially organized nanodomains with the average dooz2 of 3.63 A, curved
graphene nanosheets, and empty voids between them.*® However, while the honeycomb-like
features can be well-seen in the TEM image of HC-cht-1300 (and resemble those reported in ref
%0), they cannot be found in the microstructure of chitosan-derived HC. Instead, lower-
magnification TEM pictures reveal dual microstructure of this HC (Supporting Information,
Figure S4), in which disordered-like regions, typically observed for HCs, interwind with graphitic
layers linked with closed pores.

3.2.2 Impurities

Successful reversible storage of Na-ions in HC depends very much not only on its structure and
texture, but also on the presence of impurities. According to the XPS analysis (Table 2), chitosan-
derived HC contains calcium, presumably in the form of CaCO3, (Figure 4d), sodium, and sulfur
(bonded together in NaS and/or its derivatives (NaxSs or NaSs, Figure 4d), all of which

significantly reduce the carbon-content of this material. While the amount of Na and S detected
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by this surface-sensitive technique is below 1.0 at%, that of Ca reaches almost 4.4 at%. Given the

average depth of the XPS analysis (typically not exceeding 10 nm), one could expect different

amount (and distribution) of CaCOs in the bulk of the HC-chs-1300. The latter cannot be,

however, quantitatively confirmed by means of SEM-EDX because of the non-homogenous

distribution of CaCOs in the material causing local sample charging followed by a sharp decrease

in the number of counts (Figure 5). It seems, however, that the CaCOs3 impurities are mainly

located at the edges of the carbon particles (inset in Figure 5b) and to lower extent on their

surfaces. The presence of this electrically insulating carbonate onto chitosan-derived HC may

lead to a decrease in the overall conductivity of this material as well as partially or entirely block

some of the Na-ion pathways inside the electrode, therefore altering the local and macroscopic

transport properties.
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Figure 5 EDX spectra of HC-chs-1300 recorded (a) at the surface (on top of the carbon sheet)

and (b) at the edge of the carbon particle (in between the carbon sheets) as marked in the inset

SEM image in (b).
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Table 2 Overview of the chemical composition of the surfaces of non-washed and acid-treated

chitosan-derived HCs and the surface of chitin-derived HC analyzed by XPS.

Atomic % C1ls Ca2p N 1s Na 1s O 1s S2p Cl2p
HC-cht-1300 96.2 1.0 — — 2.8 — —
Non-washed
HC-chs1300 78.9 4.3 0.7 0.7 14.9 0.3 —
Acid-treated
HC-chs-1300 92.4 0.3 0.3 — 6.0 0.2 0.3

Unlike NazS (and its derivatives), CaCOs has a very low solubility in water (0.015 g L™ at room
temperature), unless it is saturated with CO2 and/or its pH approaches (or exceeds) ~ 5.6. In the
latter case, CaCOs forms bicarbonate, which is more soluble in water (160 gL at room
temperature) and, thus, easier to be washed away. Besides CO»-saturated water, hydrochloric
acid, HCI can be used as well to purify chitosan-derived HC. In general, the efficiency of Ca
removal from the carbon is estimated between 80 and 95%, depending on the amount and
distribution of this impurity in the material, the duration of the acid washing, and the efficiency
of carbon-acid mixing (dissolution rate of Ca salt within carbon pores).? 4 at% of Ca found only
on the surface of HC-chs-1300 (Table 2) is already considered as high Ca loading and, thus,
requires the use of HCI with the concentration exceeding 5%.

Washing HC-chs-1300 with a fairly concentrated HCI resulted in significant decrease of the
amount of Ca and O on the surface (and in the bulk, Supporting Information, Figure S5) of the
HC-chs-1300 (from 4.3 to almost 0 at% and from 14.9 to 6 at%, respectively, Table 2), and the
disappearance of the Bragg peaks at 29.3, 35.6, 39.4, 47.2, and at 48.3° (Supporting Information,
Figure S6). Moreover, the small quantity of Na also initially present on the surface of this HC

most probably in the form of sulfide(s) is no longer detected after the acid-treatment.
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Unfortunately, the use of this inorganic acid leaves behind some residual chloride ions in the
pores of carbon (Table 2), which might be released into the electrolyte during cycling and
obscure the true electrochemical performance of this material.

The removal of both CaCO3z and NaS, and/or its derivatives, has its further consequence on the
N, BET surface area, Sger N2, which increases from 2.6 m? g for the non-washed sample to
3.9m?g? for the sample treated with HCI (Supporting Information Figure S3 and Table 1).
Based on the pore volume analysis (and measured Sger CO2, Supporting Information Figure S2
and Table 1), we assume that the observed increase in Sgetr might be either due to i) the
development of some additional micropores and/or opening of the pores previously clogged by
inorganic contaminants,® or ii) the etching of the hard carbon with fairly concentrated acid, or
both.

Contrary to the chitosan-derived HC, the carbon prepared from chitin is mostly free from
impurities (less than 1 at% of Ca detected by XPS, and no traces of Na and S, Table 2) and
contains significantly less oxygen (2.8 versus 14.9 at% for the non-washed HC-chs-1300, Table
2), at least on its surface. The difference in chemical composition of the chitin- and chitosan-
derived HC may stem from the difference in the amount and distribution of Ca and other
inorganic residuals in respective parent material. While the amount of CaCOs, a crustacean shell
stiffening agent, in chitin varies with species, season and environmental growth conditions,>? its
residual amount in HC might be linked to migration of this impurity towards the surface of
carbon forming during the thermal treatment. Once the melting point of Ca is exceeded (842°C),
some of the Ca “sitting” at and/or near the surface of the material might be removed, while others
originally located more in the bulk may remain therein and be oxidized to carbonates upon

contact with air (while being taken out from the furnace). Moreover, although HC-cht-1300 has
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been prepared from the precursor rich in nitrogen (Figure 2c), it seems not to be doped with this
heteroatom, which might be related to the temperature of the thermal treatment (1300°C)
favoring the removal of nitrogen and other dopants from the structure of carbon.®® Lowering this
temperature could result in N-doped HC, as it was the case of the materials prepared by Hao et
al.,> however, with the sacrifice of most of the important physicochemical properties, such as for
example Sget and electrical conductivity.

3.2.3 Surface chemistry

In Na-ion battery, as in any other energy storage system, the surface chemistry of carbon is
equally, if not more, important that the bulk properties of this material. This is because sodium
storage mechanism in HC relies not only on its intercalation into graphitic nanodomains but also
on surface reactions and formation of Na clusters in the pores and at the edges of carbon.*
According to recent studies?® 5% 5 the two latter influence mostly the high-potential charge
storage behavior of HC and define its reactivity towards the electrolyte and, thus, the extent of
the electrolyte decomposition during the first cycle.

Based on the TPD-MS analysis (Figure 6) it seems that the surface of HC-cht-1300 is much
richer in functional groups than that of its chitosan-derived counterpart, which together with the
higher Sger may favor the electrolyte decomposition. Moreover, some of these groups, for
example carboxyl groups, have been previously reported as “electrochemically inactive”®® and,
thus, their presence on the surface of carbon may impede the charge transfer to and between the
particles. The electrochemical behavior of these and other available functional groups will,
however, depend on the environment (the electrolyte), the electrode engineering (selection of

binder and solvent for electrode formulation), and the applied testing conditions.
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Figure 6 TPD-MS spectra collected for (a, b) chitin- and (c, d) chitosan-derived HCs. For clarity
the spectrum of each HC was split into two graphs: (a and c¢) one showing only the evolution of
H>0, N2, and O, and (b and d) the second graph presenting the desorption profiles of CO. and

other detected gases.

At low temperature the TPD-MS spectra of chitin- and chitosan-derived HCs are mainly
dominated by H>O. The amount of water, O2 and N> desorbing from the surface of HC-cht-1300
at 140°C is, however, twice as high as that from HC-chs-1300 (0.10 mmol gt versus
0.04 mmol g2, respectively, Figure 7), most probably because of some moisture (and air) trapped
in the micropores of the former material. Given that the drying temperature of the carbon-based

slurry typically does not exceed 80°C, this water may remain in the pores of HC-cht-1300 and
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block their passage for Na-ions. It may also promote some undesired side reactions with the

electrolyte.
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Figure 7 Quantities of different gases desorbing from the surface of (a) chitin- and (b) chitosan-

derived HCs upon heating, analyzed by TPD-MS.

The H2O peak observed at around 470°C presumably originates from structurally bound water
(chemisorbed water) and perhaps also from some inorganic carbonates, decomposing at higher
temperatures to CO and CO> (Figure 6b). Moreover, the peak appearing in the TPD-MS spectrum
of HC-cht-1300 shortly before the temperature reaches 500°C originally assigned to N2 might be
in fact a signature of CO (Figure 6a). Given identical mass-to-charge ratio (m/z = 28) of these
two molecules, it is often difficult to differentiate between CO and N2 signals in the MS spectrum
and correctly assign their contributions.

The desorption of CO, from the surface of chitin-derived HC begins at 200°C and covers almost
entire experimental temperature range, suggesting a great variety of oxygen-containing functional

groups present onto this carbon. In addition, the TPD-MS profile of CO> can be divided into two
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regions, low and medium temperature regions, and analyzed based on the classification widely
accepted in the literature.>” One has to note, however, that the desorption profiles recorded for
HCs prepared either from biowastes (also biopolymers) or phenolic resins?? often differ from
those observed for (modified) commercial carbons and, thus, some of the peaks cannot be
assigned unequivocally to the specific oxygen-containing surface groups. Nevertheless, in the
case of HC-cht-1300 the broad CO- peak in the low temperature region between 100 and 300°C
without any apparent maximum could be associated with the decomposition of carboxyl groups.®’
Next, the peak centered at around 480°C presumably corresponds to carboxylic anhydrides
because at this temperature CO> desorbs together with its monoxide counterpart, CO (Figure 6b).
It might be also a signature of carbon impurities, inorganic carbonates, mentioned earlier in the
text. Besides carboxyl, and carboxylic anhydrides the surface of the chitin-derived carbon seems
to be also composed of lactones. These cyclic esters, thermally more stable than carboxylic
anhydrides, usually leave the structure of carbon at higher temperatures and often form a shoulder
somewhere between 500 and 600°C.>" The contribution of the CO- observed above 600°C does
not come from the surface functional groups. As shown by Frost et al.,®® and later also by
Ghimbeu and co-workers, it is rather linked to the decomposition of inorganic carbonate(s),
MxCOz (here mostly CaCOz), to MxO (Ca0). Finally, the CO peak appearing at the end of the
TPD-MS spectrum of this HC (600 —800°C) indicates the presence of ether, phenol, and/or
quinone groups, whereas that of H> is most probably related to the cleavage of C — H bonds and
subsequent organization of the carbon structure.

As already mentioned, significantly smaller amount of (physi- and chemisorbed) water is released
from HC derived from chitosan, HC-chs-1300 (Figure 7). Moreover, because the CO> desorbs at

the temperature higher than 500°C and gives rise to a well-defined sharp peak it might
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correspond to the thermal decomposition of one of the HC-chs-1300 impurities, namely CaCOs,
rather than the carboxyl groups present on its surface (Figure 6d). Once this peak disappears from
the TPD-MS spectrum of HC-chs-1300 no other signal appears therein, further confirming “poor”
surface chemistry of this material.

Acid-treatment leads to some changes in the TPD-MS spectrum of the chitosan-derived HC
(Supporting Information Figure S7a). Much less CO; (and CO) is released from the HC-ch-1300
treated with HCI (Supporting Information Figure S7b) than from its non-washed counterpart
(0.03 mmol g versus 0.07 mmol g%, respectively), further confirming successful removal of
inorganic impurities from the structure of this HC.

TPD-MS not only provides information about the surface chemistry of the HCs but also about the
active surface area (ASA), which is perhaps the most critical parameter in engineering of the
carbon-based electrodes.*® ASA, usually determined by oxygen chemisorption at 300°C,
represents the edge planes and the defects developed in carbon edge planes — the active sites,
and can be used as an index of carbon reactivity towards the electrolyte and other ions. If so,
chitin-derived HC with much larger active surface area should have significantly higher
“electrochemical reactivity” than its counterpart prepared from chitosan (11 m?g?! versus
1.8 m? g%, respectively; the ASA of graphite usually falls below 1 m? g*).5! Moreover, because
the active surface area is inversely proportional to the width of graphitic domains (along ab
planes),*t 52 63 we also assume more reversible Na-ion storage in HC-cht-1300. The smaller the
width of these domains, the more crystalline the material (more “organized”) and, thus, the lower
the specific charge expected from low-potential plateau of sodiation profile (typically observed

between 0.10 and 0.05 V).
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The ASA of HC-chs-1300 increases upon acid-treatment (from 1.8 to 5.2 m? g2, respectively),
most probably mainly as a consequence of micropore formation and/or pore-unblocking, and to a
lesser extent due to the changes in surface chemistry. Moreover, as it was shown in the previous
section, acid-treatment of the HC-chs-1300 leads to the removal of inorganic impurities and, thus,
a significant increase in the carbon content of this material (from 78.9 to 92.4 at%, Table 2),

contributing to greater ASA.

3.2.4 Electrochemical performance

Next, chitin- and chitosan-derived HCs were tested in half cells versus sodium metal. As can be
seen in Figure 8, both negative-electrode materials attained almost 280 mAh g during the first
desodiation. However, while in the case of the chitin-derived HC this value is presumably a sum
of excessive electrolyte decomposition onto the external surface of this carbon (relatively large
Seet) compensated by low content of inorganic impurities, and presence of mesopores, similar
capacity attained for the cell assembled with HC-chs-1300-based electrode is a result of low Sger
(“restrained” electrolyte decomposition) and partial insulation of the surface by impurities
(mainly Ca, impeded charge percolation and its transfer to and within the electrode)
counterbalanced by Na occlusion in and release from closed “graphitic” pores. 2’

A closer look at the galvanostatic profiles of the first few cycles of the chitin- and chitosan-
derived HCs further clarify the Na-ions storing mechanism in these two materials (Supporting
Information, Figure S8a-c). It should be mentioned, however, that the debate about the

mechanism of Na-ion storage in hard carbons and the assignment of the features observed in

galvanostatic profiles of the Na-ion continues until this day.
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Figure 8 (a) Specific charge (squares) and Coulombic efficiency (stars) of the Na-ion half-cells
tested with electrodes based on chitin- and chitosan-derived HCs. For clarity, only the specific
charge obtained during charge (desodiation) is presented in the graph. (b) Evolution of the
polarization during 1% and 50" cycle for the cells assembled with the electrodes based on non-

washed and acid-treated HC-chs-1300.

In some studies, the slope and the plateau regions are attributed, respectively, to mesopore
filling/adsorption of Na-ions within micropores and their insertion into graphitic domains, while
the other reports claim exactly the opposite. Moreover, besides the wide-range of
physicochemical properties, the ease and extent of the SEI formation onto HC seems also to have
its large share in defining cycling stability and reversibility of the sodiation/desodiation
processes.

During the first cycle the shape of the galvanostatic curve varies significantly depending on the
HC-based electrode used in the cell (the derivatives of the galvanostatic curves can be found in
Supporting Information, in Figure 8e-g). A “shoulder” between 0.6 and 0.2 V' vs. Na*/Na, often
ascribed to SEI formation, is more pronounced in the case of HC-cht-1300 than in the case of its

counterparts prepared from chitosan (non-washed and acid-treated). This observation is in good
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agreement with the Sget and ASA values, both of which are significantly higher for HC-cht-1300
(Table 1). It also explains much lower first-cycle Coulombic efficiency (CE) found for the cell
assembled with this HC (62% versus 82% obtained for the HC-chs-1300). Higher amount of
charge consumed for the SEI formation does not necessarily limit the performance of the HC-cht-
1300. Instead, in the long run, it brings about slightly higher reversible capacity and better
cycling stability.

The slope-region between 1.0 and 0.1 V, more visible from the second cycle onwards, could be
attributed to the adsorption of Na-ions within micropores.®* Therein, judging from Vmicro (Table
1) the chitin-derived HC should outperform the non-washed chitosan-derived HC. This is not,
however, the case as can been seen in Figure S8b, in Supporting Information. Apparently, storing
the Na-ions in the chitosan-derived HC does not proceed through their adsorption in micropores
(very limited in this material, Table 1) and the specific charge gained along the slope originates
from yet another storing behavior. The latter, according to the literature,?” might be related to
adsorption of Na-ions in closed “graphitic” pores. Usually these pores start to form once the
temperature of the thermal treatment exceeds 2000°C.%® However, it is possible that inorganic
impurities present in chitosan (and residing in forming HC) lower the graphitization
temperature, therefore triggering pore closure. These initially isolated pores may partially open
up during the first sodiation due to some small volume changes of the carbon particles, causing
mechanical stress to the active material and, thus, creating additional sites for Na insertion.
Finally, Na adsorption in the vicinity of an oxygen- (nitrogen-) and vacancy-containing defect
sites in HC-chs-1300 might also contribute to the amount of specific charge gained along the

slope-region of the sodiation process.®
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As for the plateau region, more and more often ascribed to the Na-ions insertion into graphitic
domains, we do not notice significant changes depending on the HC used as an active material (at
least not in the early stage of cycling), except for slightly longer potential-plateau for HC-chs-
1300. This presumably stems from a bit larger doo2 found for this material (Table 1). Furthermore,
slightly higher IR drop observed for the cell with HC-chs-1300 compared to that with HC-cht-
1300 most probably is a result of less stable SEI formed onto the former HC and the presence of
oxygen-rich inorganic impurities rendering the surface of this carbon partially insulating.
Removal of CaCOz and other impurities (Na2S and/or its derivatives) from the structure of
chitosan-derived HC (acid-treated) causes the IR drop to decrease (Figure 8b). It also leads to the
improvement in cycling performance of this HC, which almost coincides with that of chitin-
derived HC. Moreover, enhanced specific charge retention in the case of the acid-treated HC-chs-
1300, reaching almost 96% (only 79% reversibility in the case of non-washed sample), could be
triggered by a better balance between the carbon content (an increase from 78.9 to 92.4 at% after
washing, Table 2), bulk porosity and surface chemistry of this material.

Finally, the average reversible specific charge of 260 mAh g* found for HCs derived from chitin
and (acid-treated) chitosan is close to the values reported for HCs prepared from their structural
analogue, cellulose (Table 3).

Table 3 Electrochemical performance of reported HC derived from cellulose.

HC precursor Loading Electrolyte Potential Specific Ref
(g cm?) formulation window charge
(V) (mAh g

reagent-grade - . 15
) not specified 1M NaPFs in PC 0.002-2.0 353 at C/20
saccharide

microcrystalline . ) 67
not specified 1M NaPFe¢ in EC/DMC = 0.010-3.0 = 300 at C/10
cellulose powder
filter paper  not specified 1M NaClO4in EC/PC = 0.010-3.0 280 at 68

29



~ CI25

Cellulose . 308 at 69
] 1.0-1.5 1M NaPFs in EC/DEC | 0.010-2.0
filter paper ~ C/25
Chitin /Acid- . Thi
- IS
treated 6.0 1M NaPFsin EC/DEC 0.010-1.1 260 at C/5
. work
chitosan

Unfortunately, due to the discrepancies in active-material loading (if specified), electrolyte
formulation, operating potential window, and applied current (C-rate), more accurate comparison
with other studies on HCs for Na-ion battery cannot be made. Nevertheless, reversible
260 mAh g attained for nearly 6 mg-loaded electrodes subjected to higher currents during
sodiation/desodiation (C/3) speak in favor for further development of negative-electrode

materials based on chitin (or acid-treated chitosan).

4. Conclusions

To sum up, pyrolysis of two structurally similar bioprecursors, namely chitin and chitosan, yields
dissimilar hard carbons in terms of porosity, surface chemistry and the presence of impurities
(mainly CaCQOg). The latter can be removed from the material by simple acid-treatment without
adversely affecting its structural and textural properties, as we showed on the example of
chitosan-derived HC. Also, it can be beneficial for unblocking some of the micropores and
enhancing the active surface area of the material.

HCs prepared from biopolymers or any other parent materials for energy storage applications
very often required additional post-thermal treatment(s) and/or further tuning of their
morphology, structure, and texture. These optimization of carbon properties should be always
carried out stepwise, with little/no harm to its other physicochemical characteristics to still enable

drawing a comparison between the optimized and the reference materials and identifying
30



remaining weak points. Moreover, even if continuous pursuit of high-capacity negative electrode
materials for Na-ion battery imposes quick screening of possible candidates, this screening
should be always accompanied by a thorough characterization of the material (and its precursor)
to better foreseen its electrochemical performance and related limitations. Based on the results
presented here we conclude that rich surface chemistry and micro-mesoporous texture of the
chitin-derived HC promotes excessive decomposition of the electrolyte, leading to low first-cycle
Coulombic efficiency. It does not, however, exclude a good cycling stability, further supported
by low content of inorganic impurities. Less electrolyte decomposition seems to plague non-
porous chitosan-derived HC, which, in turn, suffers from lower cycling stability caused by alkali
and alkaline metal-containing impurities, rendering its surface partially insulating. The latter
limitation can be overcome by acid-washing, which is an effective remedy to tame continuously

declining specific charge.

Supporting Information. TPD-MS spectra of chitin and chitosan; Textural characterization of
chitin- and chitosan-derived HCs (also acid-treated material); Changes in morphology, structure,
and surface chemistry of the HC-chs-1300 as a function of the post-processing, that is, removal of
the impurities; Potential profiles and corresponding first derivative of the galvanostatic curves for
all tested HCs.
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