Chapter 2
Polysaccharides in Batteries

As already briefly indicated in the first sections of this book, polysaccharides and
here particularly cellulose, have been used from the very beginning of the battery
age. In principle, either the native polysaccharide or modifications thereof can be
used for battery applications. Alternatively, polysaccharides can be converted into
carbonaceous materials.

As already discussed above, polysaccharides have been integral parts of early
battery designs and still today they are wide-spread in different applications on the
market. While in the early stages of battery design, cellulose in the form of paper,
board and cloth was used as separator, in recent years applications extended to
binders, solid state electrolytes and as precursor for carbon electrodes.

2.1 Polysaccharides as Binders in Batteries

The binder is a crucial component of batteries, particularly in LIBs where energy
density is a major issue. The role of the binder is to protect the electrode material
against the electrolyte, while allowing for ion migration throughout the binder.
Therefore, huge efforts have been made to improve the performance of binders for
nanosized active electrode materials such as silicon or tin alloy nanoparticles. These
nanoparticles undergo huge volume changes upon lithiation/delithiation (200-
300%), which leads to mechanical stress of the binder (Fig. 2.1). After a certain
amount of charge/discharge cycles, the binder cannot accomplish any more for the
volume changes due to lithium insertion/removal, which results in the formation of
cracks due to mechanical fatigue. As a consequence, the electrolyte can access the
active electrode material, leading to pulverization or graining concomitant with a
loss in performance due to non-contacting. At a certain point, the battery is not
working any more, since the grains are too small.

A widely used commercial binder is polyvinylidene fluoride (PVDF), which is
used for both anode and cathode materials. Its use originates from its rather high
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Fig. 2.1 Schematic showing cross-section of anode before and after charging for a graphite based
anode, b SCC anode with low amount of Si, and ¢ SCC anode with high amount of Si. As can be
seen, the anode thickness remains unchanged for graphite and low Si based SCC anode. Swelling
of anode is experienced for anode with higher Si content (¢). Reproduced from Scientific Reports
using a Creative Common License 4.0 from Ref. [1]

electrochemical stability, as well as its rather good adhesion and compatibility with
electrode materials and current collectors. However, the major drawback of PVDF
is its rigidity, which creates problems to account for volume changes during
charging/discharging cycles. In addition, binder concentration should be kept to the
minimum to reach high energy densities.

Therefore, alternative approaches have been developed using polysaccharides as
major components in the formulation of binders. Like PVDF, there are many
polysaccharides which readily form homogeneous films and layers on a wide range
of materials. In addition, many polysaccharides (and derivatives) are water soluble
and easy to process since organic solvents can be avoided during cell manufac-
turing. The oldest polysaccharide derivative used as binder is carboxymethyl cel-
lulose (CMC).

The use of CMC as binder is nowadays widespread and can be considered state of
the art, besides PVDF. Initially, it was believed that CMC as a ‘soft’ material is able
to accommodate volume changes by its ‘soft’ nature. However, this is not exactly
true, since CMC is a rather stiff material which features a high degree of brittleness
having just 5-8% deformation at break. Already some time ago, it was shown that
the concept of ‘soft’ elastomeric materials for binders is just a part of the story. This
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example involved the comparison of a SBR grafted CMC and a pure CMC binder.
Interestingly, the stiffer CMC binder performed much better than the elastomeric
SBR-CMC one in all relevant electrochemical performance parameters [2].

Regarding the envisaged volume changes during lithiation of nanosized silicon
powders, the mechanical stress induced by this change should lead to failure in the
case of brittle CMC. Therefore, investigations went into different directions to
evaluate the reasons for better performance. One finding was that CMC favors the
dispersability and crosslinking of conductive additives such as carbon black and the
nanosized silicon powders during processing. CMC is soluble in water due to
dissociation of the COOH groups. These groups form in concentrated particle/
polymer suspensions such as electrode slurries, a three-dimensional network by
crosslinking the particles to polymer chains. This originates from adsorption of
different segments of individual CMC macromolecules on different particles
thereby forming entanglements (Fig. 2.2). By choosing the right drying conditions
for removal of the water, this three dimensional network retains their morphology
and structure in dry state. The efficiency of physical crosslinking is influenced by
the conformation (coiled vs. extended) and the molecular mass of the polymer.
Coiled conformations in combination with high molar mass of the polymer facil-
itate the formation of crosslinks, thereby improving the performance of potential
binders. It was shown that CMC can accomplish for ca. 400% in volume change
without a loss in performance [3].

Besides these physical interactions as proposed by Li and Lestriesz, also
chemical bonds between the carboxylic groups of CMC and the surface of the
Si-NPs can be formed, depending on the pH value used for slurry preparation.
These ester type bonds are preferentially formed by an esterification of surface
bound Si—OH silanol groups with the deprotonated carboxy group which was
proven by ATR-IR and "*C solid state NMR spectroscopy [5]. The reason for the
importance of the pH value is based on the pKa values of Si-OH and COOH

Fig. 2.2 Two different (a) active (b)
binding principles that can be particles

used for preparation of
composite electrodes
consisting of powders:

a direct binding by adsorption
of macromolecules on
neighboring particles and
forming interparticle bridges.
b Indirect binding by forming
a 3D network into which
particles are mechanically
entrapped. Reproduced with
permission from Elsevier
from Ref. [4]
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groups. At pH 3 using a buffered solution, both groups are protonated which favors
condensation reactions in the slurry during drying, which has been shown exten-
sively by Mazouzi et al. [6]. Using this knowledge, over 700 cycles have been
realized by reducing the amount of stress on the binder by reduction of Li-insertion
into the active material by ca. one third (capacity 960 mAh g~'). Similar obser-
vations (capacity 1200 mAh gfl) have been made by Tranchot et al. [7] who
investigated micrometric Si particles. Again, electrodes prepared at pH 3 performed
much better than those prepared at pH 7. Lower irreversible expansion was
observed for the pH 3 electrodes at the end of the 1st cycle (~50% compared to
~ 180% for the pH7 electrode).

However, the presence of a defined oxide layer on the silicon nanopowders is
crucial for the realization of a good binder system as shown by Delpuech [8].
Consequently, a lack of a defined oxide layer leads to reduced cycle life, even when
the slurries have been prepared at pH 3 using buffered solution.

Bridel proved that the degree of polymerization is a crucial factor for a good
cyclability. Long chains of macromolecules feature a higher probability to create
bridges between COOH and Si—-OH groups. As a consequence, in the case of
failure, this may lead to self-healing properties of the Si-OH-COOH couple [9].
Further, in situ SEM investigations showed that the Si/CMC/carbon material can
accomplish for the volume changes (expansion and shrinking) during charge/
discharge. They also showed that the volume change occurs in two steps. At Li:Si
ratios in the range of 1.7-2:1, the lithium can be accommodated in the pores of the
electrode material. At higher Li:Si ratios, the electrode material rearranges and the
CMC-Si network changes its structure by altering the hydrogen bonding mode
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Fig. 2.3 Schematic model showing the evolution in the CMC-Si bonding as the Li uptake
proceeds, from top to bottom. Up to around 1.7 Li/Si, both covalent and hydrogen bonding can
sustain the particles volume changes, the overall swelling being buffered by the electrode porosity.
Beyond 1.7 Li/Si, the maximum CMC stretching ability is reached, and only the hydrogen-type
Si-CMC interaction allows preservation of the efficient network through a proposed self-healing
phenomenon [5]
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(Fig. 2.3). As a consequence, the battery retains its reversible capacity by
self-healing as mentioned above.

The interaction of lithium ions and CMC was investigated as well by means of
variable-time pulsed field gradient spin-echo (PFGSE) NMR spectroscopy [10]. The
major result of that study was that even at concentrations where Li-CMC had a
gel-like behavior, Li* diffusion coefficients are very close to that in water. As
expected, the Li* ions mainly interact with the COOH groups of CMC, thereby
providing a rather complex coordination pattern. Nevertheless, as shown by these
studies, the diffusion of Li* in these systems is essentially unrestricted, with a fast,
nanosecond-scale exchange of the ions between CMC and the aqueous environment.

The interaction at the nanometer level was studied by Maver et al. [11] using
AFM at different pH values used for the preparation of electrodes. Their results
showed that there is a relationship between the measured interaction forces between
the CMC and Si and the mechanical strength of the electrode materials. Further, this
study revealed that covalent CMC-Si bonds feature forces which are ca. one order
of magnitude larger than those of physically bound CMC on Si. Simulations using a
coarse grain model corroborate these findings [12]. In such a model, the macro-
molecules are assembled into beads with a size of their corresponding Kuhn-length.
Despite being simple, this model yielded quantitative predictions on CMC
adsorption on Si, which were in good agreement with experimental results in
several respects. The model revealed the same mechanism as suggested above
(bridging of Si-NPs by hydrogen and covalent bonds) and also provided possible
explanations why volume change can be accommodated by CMC. It was shown
that CMC molecules are arranged in a spring like conformation. This conformation
is very flexible and upon volume changes, the spring gets stretched and maintains
bridges between the Si particles.

The second mechanism leading to capacity fading of the Si anodes is the
degradation of the electrolyte. The degradation of the electrolyte induces the growth
of an SEI layer on the active electrode materials, thereby blocking pores and
impairing diffusion of lithium ions into the anode [13]. Some studies showed that
CMC may already act as a kind of artificial SEI layer on composite electrode
materials since the loss of capacity after the st cycle is 10-15 times lower com-
pared to classical PVDF binders. Further, it was proven by XPS that even partial
covalent crosslinking of the CMC with Si-NPs led to a significant reduction of
LiPF¢ degradation [8, 14]. Jeschull et al. [14] highlighted the importance of the
interaction of different conductive additives having different surface areas with the
binder and the active electrode materials. It turned out that higher specific surface
additives tend to induce more cracks than those with lower surface area and feature
a much lower cycle life. Further, the tendency for cracks was influenced by the type
of the binder. Since CMC does not strongly interact with the conductive additive,
good dispersability was observed compared to conventional binders. In a different
study, the effect of CMC on the stability and chemical properties of a natural
graphite suspension in an aqueous medium was studied [15]. As for the previous
report, a correlation was established between dispersion stability and electro-
chemical performance. The crucial factor for stabilizing the graphite suspensions
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was swelling of CMC. Electrochemical experiments revealed that a half cell con-
sisting of Li/organic electrolyte/natural graphite anode and 750 mAh class lithium
ion cells exhibited an initial discharge capacity >340 mAh g~' and an improved
charge-discharge efficiency. In a different study, graphite in conjunction with
Si-NPs anode materials and SBR-CMC as binder was reported. Assembled half
cells in EC:DMC (1:1) using 1 M LiPF¢ showed that both SBR-CMC and CMC
had similar bonding ability as conventional poly(vinylidene fluoride) (PVdF).
However, CMC featured a much smaller irreversible charge capacity in the first
cycle compared to PVdF binders. The main advantage of the SBR-CMC binder is
that an electrode consisting of 1% SBR/1% CMC as binder showed the same cycle
stability as an identical electrode containing 10% PVdF binder. In order to evaluate
the effect of COOH groups on the dispersability of graphite, four types of cellulose
(CMC, HEC, methyl cellulose, ethyl cellulose), were tested as potential binders in
graphitic anodes for LIBs [16]. Already a rather small amount of 2% cellulose
(derivatives) yielded acceptable anode properties (reversible capacity/300 mAh g™
during the first 10 cycles, irreversible loss B/20%).

Four different binders (Li-CMC, Na-CMC, xanthan gum, PEDOT) for meso-
carbon microbeads (MCMBs) anode materials in Li-ion batteries were screened by
Courtel [17]. Investigations into thermal stability of the binders revealed by DSC
and TGA, showed melting points in a range between 100 and 150 °C, with an onset
temperature for decomposition above 220 °C. Li/MCMB half-cell batteries were
assembled by incorporating the binders, followed by electrochemical characteri-
zation. The cells containing the XG showed the best cycling performance (capac-
ities reaching 350 mAh g™' after 100 cycles at C/12), while the others featured
capacities similar to those of the conventional binder PVDF. The optimum thick-
ness of the XG-based MCMB electrodes was determined to be 300-365 pm to give
the highest capacities and sustained high C-rates.

A very interesting approach to image the changes during cycling in the
three-dimensional (3D) microstructure of a silicon/carbon/CM-cellulose
(Si/C/CMC) electrode for Li-ion batteries is investigated by combined focused
ion beam/SEM tomography [18]. Particular imaging methods had been applied to
reconstruct a volume element of 20 x 8 x 11 um?® wherein the Si and pore phases
were clearly identified before and after 1, 10 and 100 cycles. They showed that the
Si particles (size: 0.37 pm) and pores (size 0.40 pm) are homogeneously distributed
and fully connected in the native electrode material. During cycling major changes
were observed in the morphology of the electrode materials (cracking) and the
growth of the SEI was observed along with changes in the particle size and shapes.
After 100 cycles, particles with a size 0.14 pum were detected with a non-spherical
morphology (4.6 aspect ratio, Fig. 2.4).

Carboxymethyl cellulose (CMC), a low-cost binder [19], is used to make
lithium-ion battery composite electrodes containing the high voltage cathode
material Li,MnO3;-LiMO,. This combination of materials results in a homogeneous
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Fig. 2.4 a Distribution curves and b 3D views of the Si particle size for the electrodes before
cycling and after the Ist, 10th and 100th cycle [18]. Reproduced with permission of the
Electrochemical Society
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electrode, which is proved by electron microscopy. The results of the electro-
chemical investigation indicate that CMC operates well at very high voltages
(4.8V). Compared to the PVDF binder, the CMC-based electrode shows an
improved cycling stability as well as a very promising rate capability.

2.1.1 Comprehensive Data on Different Electrode Materials
Using CMC and Other Polysaccharides

In the following section, an overview is given on the different electrode materials
using CMC and other polysaccharides (e.g., alginate, chitosan, carboxymethyl
chitosan, pectin, guar gum) as binders. So far, most of the discussion was centered
to high-capacity Si-anodes but there are a variety of other interesting materials with
rather good electrochemical behavior which will be also discussed. For more
details, the reader shall consult the full papers referenced in this section.

The first example includes lithium titanate (Li4TisO;,) as anodic active material,
lithium iron phosphate (LiFePO,, LFP) as cathodic active material, CMC as binder
and an electrolytic solution based on the non-flammable ionic liquid N-butyl-N-
methylpyrrolidinium bis(fluorosulfonyl)imide (PYR14FSI) [20]. At room temper-
ature, a specific capacity of 140 mAh g~' was determined which was constant for
more than 150 cycles.

Mixed metal oxides have been attracting more and more attention since they
have the potential to improve the electrochemical performance of single metal
oxides [21]. Potential advantages include structural stability, electronic conduc-
tivity, and reversible capacity. Uniform yolk-shelled ZnCo,0,4 microspheres were
reported by Li and coworkers [21]. They synthesized this material by pyrolysis of
ZnCo-glycolate microsphere precursors which were prepared via a simple refluxing
route without any precipitant or surfactant (Fig. 2.5). The formation process of the
yolk-shelled microsphere structure was reported to be mainly based on the
heterogeneous contraction caused by non-equilibrium heat treatment. The perfor-
mances of the as-prepared ZnCo,0, electrodes using Na-CMC and PVDF as
binders revealed that constant current and rate charge-discharge testing results that
the ZnCo,04 electrodes using CMC show much better behavior.

The binder had superior performance than those using PVDF as the binder.
Electrodes using CMC as the binder exhibited a discharge capacity of 331 mAh g
after 500 cycles at a current density of 1000 mA g~ ', which is close to the theo-
retical value of graphite (371 mAh g™'). Also manganites of transition and/or
post-transition metals, AMn,O, (where A was Co, Ni or Zn), were proposed as
anode materials for Li-ion batteries [22]. These materials can be easily obtained by
co-precipitation whereas ZnMn,O,4 showed the most promising results during
cycling (regarding discharge capacity, cycling, and rate capability) compared to the
two other manganites and their corresponding simple oxides. The effect of sintering
on particle size was studied in a range from 400 to 1000 °C and revealed a
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Fig. 2.5 SEM (a, b) and TEM images (c) of the as-synthesized ZnCo-glycolate precursor
fabricated by refluxing at 170 °C for 2 h. Reproduced from Ref. [21] with permission of the Royal
Society of Chemistry. Copyright © 2013, Royal Society of Chemistry

significant influence on battery characteristics. For example, the optimum particle
size for ZnMn,O4 was in the range between 75 to 150 nm. Both, lithium and
sodium salts of CMC, improved the performance of the batteries compared to the
conventional binder, PVDF. The best performance was achieved using ZnMn,O,
powder (sintered at 800 °C, particle size <150 nm) and Li-CMC binder with a
capacity of 690 mAh g~' (3450 mAh mL™") at C/10, and excellent capacity
retention (88%). A Mn30,4/graphene composite based on graphene platelets and a
Mn;0,/reduced-graphene-oxide composite were investigated in conjunction with
Li-CMC as binder [23]. The Mn;04/graphene-platelet and the Mnz0,/
reduced-graphene-oxide composites anode system exhibited high gravimetric
capacities (~700 mAh g™') and excellent cycling stability over more than 100
cycles. ZnFe,O,4 nanoparticles as an anode material for lithium ion batteries have
been reported by Zhang et al. [24]. As binder a mixture of SBR and CMC was used
(1:1, wt./wt.). A discharge capacity of 873 mAh g~' was reported after 100 cycles at
a 0.1C rate, with a rather low capacity fading rate of 0.06% per cycle. It was
demonstrated that the SBR/CMC binder improved the adhesion of the electrode
film to the current collector, and provided an effective three-dimensional network
for electrons transportation. It was shown that the SBR/CMC binder formed a
uniform SEI layer around the anode material thereby prohibiting the formation of



18 2 Polysaccharides in Batteries

lithium dendrites. Carboxymethyl cellulose was also investigated as a binder for the
5 V cathode material LiNip4Mn; ¢O4. Compared with electrodes using PVDF,
CMC coated LiNip4Mn; O, exhibited a better discharge capacity at all investi-
gated rates. At 0.2 C, the discharge capacity is nearly matching the theoretical
capacity (146 mAh g~') with a low self-discharge (10%). The use of this binder
system potentially allows also for the manufacturing of large cells. Yeo et al. [25]
studied the scale up using a biobased cathode material, namely lumichrome, in LIBs
using SBR-CMC based binders. Large pouch cells were prepared by simple tape
casting using lumichrome with an alloxazine structure and aqueous SBR-CMC
binders. They assembled a battery module with a 2-in-series, 6-in-parallel (2S6P)
configuration which was capable to power blue LEDs (850 mW). The biobased
cathode material did not show any alteration in structure during fabrication of the
electrode material.

The electrochemical investigations showed that the large pouch cells (Fig. 2.6)
featured 2 sets of cathodic and anodic peaks with average potentials of 2.58 and
2.26 V versus Li/Li*. The initial discharge capacities were reported to be 142 and
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Fig. 2.6 a A schematic diagram of the pouch cell structure and b as-prepared pouch cell.
Reproduced from Ref. [25] with permission from Elsevier



2.1 Polysaccharides as Binders in Batteries 19

148 mAh g~' for EC-DMC and tetracthylene glycol di-Me ether (TEGDME)
electrolytes, which was similar to those of a coin cell (149 mAh gfl), whereas the
EC-DMC-operated pouch cells exhibited higher rate performance and cyclability
than those with TEGDME.

In a different report, Li—S batteries with different binders were in the focus [26].
As binders, CMC-SBR, alginate and LA132, a polyacrylic latex, were investigated
to study the dispersion mechanism on the cathode materials and the consequent
influence on the performance of Li-S batteries. A wide range of experimental and
simulation techniques (zeta potential, differential scanning calorimetry analysis and
calculations of the rotational barriers of the links of the polymer chains by General
Atomic and Molecular FElectronic Structure System) revealed that high charge
densities and chain flexibility of the binders govern the dispersion of the downsized
cathode materials. Although CMC-SBR had a rather good performance, LA132
showed even better dispersion and stabilization of the cathode materials in aqueous
environment. Cathodes with better dispersion in the binder led to higher discharge
capacities.

Alginate was also proposed in a different study to be used as a binder in the
preparation of sulfur cathodes for lithium-sulfur batteries [27]. The EIS tests
indicated that the alginate coated sulfur cathode had lower resistance and better
kinetic characteristics than those cathodes using PVDF as a binder in an N-
methyl-2-pyrrolidone (NMP) solvent. The discharge capacity and the capacity
retention rate of alginate sulfur cathode were 508 mAh g~ ' and 65.4% at the 50th
cycle with a current density of 335 mA g~'. The alginate sulfur cathode exhibited
much better cycle characteristics than the PVDF coated ones.

A poly (acrylic acid sodium)-grafted-CM-cellulose (NaPAA-g-CMC) copoly-
mer, prepared by free radical graft polymerization from CMC and acrylic acid, was
proposed as binder for Si anode materials in LIBs [28]. The grafting with acrylic
groups led to an increase of binding contacts with the Si anode materials and the
copper current collector while forming a stable SEI on the Si surface. Compared to
pure CMC and NaPPA, the NaPAA-g-CMC based Si anode exhibited much better
cycle stability and higher coulombic efficiency. In a different report, a PAA-CMC
binder for Si anodes yielded 2000 mAh g~' after 100 cycles at 30 °C while
maintaining a high capacity and high current density [29].

LiNig 33Mng 33C00 330, (NMC) as a cathode material for lithium ion batteries
was reported by Xu (Fig. 2.7) [30]. The material was synthesized using a sol-gel
approach and the X-ray diffraction Rietveld refinement results indicated that a
single-phase NMC with hexagonal layered structure was obtained, with uniform
particle sizes in the range of 100-200 nm as proven by SEM. The performance of
the NMC electrodes with CMC, PVDF, and alginate from brown algae as binders
was compared. NMC electrode using CMC as binder featured the highest rate
capability, followed by those using alginate and PVDF binders, in constant current
charge—discharge tests.

Electrochemical impedance spectroscopy showed that the electrode using CMC
as the binder had lower charge transfer resistance and lower apparent activation
energy than the electrodes using alginate and PVDF as the binders. The apparent
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Fig. 2.7 Initial charge discharge curves of NMC at various current densities in the voltage range
of 2.5-4.6 V using different binders: a CMC, b alginate, and ¢ PVDF; d dQ/dV curves for NMC
with CMC, PVDF, and alginate binders. Reproduced from Ref. [25] with permission from Elsevier

activation energies of NMC electrodes using CMC, alginate, and PVDF as binders
were calculated to be 27.4, 33.7, and 36 kJ mol_l, respectively.

CMC was also used in the manufacturing of anatase TiO, electrodes for LIBs
[31]. The low temperature performances at different charge/discharge rates of TiO,/
CMC and TiO,/PVDF electrodes were compared and yielded much better perfor-
mance for the CMC binder compared to commercial PVDF ones. Similarly, the
same materials was proposed for fuel cell applications with a LiFePO, cathode [32].
The assembled fuel cell showed high stability in terms of cycling stability and
charge/discharge profiles.

Zhang and coworkers [33] compared different binders (CMC, PVDF and PAA)
for LiMn,0O, cathodes and their influence on the adhesion strengths, swelling
properties, morphologies and electrochemical behavior were studied. LiMn,O,
cathodes with PAA/NMP system displayed the best cycle performances at both 25
C and 55 C among these four cathodes, whereas the better capacity retention for
LiMn,0, cathode with PAA/NMP system was related to strong binding ability,
appropriate swelling property and homogeneous distribution of particles inner the
electrode. Two different types of binders, CMC and CMC-formiate (CMC-f) were
investigated in respect to the cyclability of MgH, based electrode systems [34].
These electrodes exhibit a large reversible capacity of 1800—1900 mAh g~ ' at an
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average voltage of 0.5 V versus Li*/Li°. This is a suitable range for usage as anode
materials in LIBs. Moreover, addition of carbon to the binders improved capacity
retention (240 and 542 mAh g™, respectively).

Carboxymethyl chitosan (CM-Ch) was reported as binder for LiFePO, cathode
in Li-ion batteries by Sun and coworkers [35] and its electrochemical performance
was compared to CMC and PVDF. The LiFePO, cathodes with CM-Ch binders
exhibited a better rate capability than those with CMC and PVDF, retaining 65%
capacity of C/5 at 5 C rate as compared with 55.9 and 39.4% for CMC and PVDF,
respectively. In addition, the cycling performance at 60 °C with CM-Ch showed
good behavior, retaining 91.8%/62.1% capacity after 80 cycles at 1 C/10 C,
respectively. In a different study, silicon nanoparticles were investigated in com-
bination with CM-Ch [36]. Fourier transformation infrared spectroscopy (FTIR)
and X-ray photoelectron spectroscopy (XPS) measurements revealed that strong
hydrogen bonding was present between the hydroxylated Si surface and the polar
groups (-OH, —COOH and —NH,) of CM-Ch. The Si/C-Cm-Ch anode (Si:carbon
black:CM-Ch = 62:30:8 wt./wt./wt.) exhibited a high first discharge capacity (4270
mAh g™') with a first coulombic efficiency of 89%, and maintained a capacity of
950 mAh g~ ' at the current density of 500 mA g~ over 50 cycles.

A reactive binder was proposed by He et al. [37]. They synthesized cya-
noethylated carboxymethyl chitosan (CN-CM-Ch) by a straightforward cya-
noethylation reaction of CM-Ch with acrylonitrile in aqueous NaOH. The adhesion
strength of CN-CM-Ch on LiFePO, improved to 0.047 N/cm (compare to 0.013
N/cm for CM-Ch) after introducing the cyanoethyl group. The electrochemical
performance of LiFePO, electrode with CN-CM-Ch exhibited improved cycling
stability and rate capability, retaining 56.3% capacity of C/5 at 5C rate as compared
with 48.4 and 32.8% for CMC and PVDF, respectively. Additional electrochemical
characterization (CV, impedance spectroscopy) revealed that CN-CM-Ch on
LiFePO, electrodes led to a more favorable electrochemical kinetics than those with
CMC and PVDF.

CMC-Li was used as a binder for 9,10-anthracenedione (AQ) electrodes [38].
The AQ electrodes were investigated by galvanostatic discharge/charge, cyclic
voltammetry and electrochemical impedance spectroscopy techniques. At room
temperature, the CMC-Li electrode showed better electrochemical performance
compared to PVDF electrode, exhibiting a specific capacity of up to 214 mAh g~*
at the initial discharge, and its specific capacity was maintained at 62 mAh g~ ' after
50 cycles. In addition, better stability was achieved during the charge and discharge
processes. Furthermore, the electrochemical performance of the CMC-Li with a
DScoon = 1.0, was superior to those having lower DScoon (0.62).

A hard-carbon negative electrode with a CMC binder demonstrated superior
reversibility and cyclability in non-aqueous sodium-ion batteries [39]. As elec-
trolyte, NaPF¢ in propylene carbonate was employed at room temperature and
compared to PVdF. Furthermore, effects of monofluoroethylene carbonate
(FEC) additives remarkably depend on the combination with binders, CMC and
PVdF. Surface analyses revealed considerable differences in surface and passivation
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Fig. 2.8 FEG-SEM (a, b) and FEG-TEM (c—e) images of MoS, nanowall morphology.
Reproduced from Ref. [40] with permission of the American Chemical Society

chemistry which depends on the binders and FEC additive used for the hard-carbon
negative electrodes.

CMC was investigated as binder in electrochemically stable molybdenum
disulfide (MoS,) electrodes featuring a two-dimensional nanowall structure
(Fig. 2.8) [40].

The MoS, was prepared by a simple two-step synthesis method followed by
thermal annealing at 700 °C in a reducing atmosphere. CMC featured a better
electrochemical performance and stability of the MoS, nanowalls compared to
PVDF. The electrodes exhibited a high specific discharge capacity of 880 mAh g~
at 100 mA g~ without any capacity fading for more than 50 cycles. Further, an
outstanding rate capability with a reversible capacity have been reported with
values as high as 737 and 676 mAh g™ at rates of 500 and 1000 mA g~ at 20 °C,
respectively. The authors attributed the excellent electrochemical stability and high
specific capacity of the nanostructured materials to the two-dimensional nanowall
morphology of MoS; in combination with the CMC binder. In a similar manner,
ultralong a-MoO;5; nanobelts (average length: 200-300 pm) with uniform width of
around 0.6-1.5 pm have been used in conjunction with CMC binders [41]. The
nanobelts were synthesized by a hydrothermal method using a molybdenum
organic salt precursor. As for the previous example, the CMC led to much better
electrochemical performance than those electrodes containing PVDF binders.
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Remarkably, the electrodes containing CMC exhibited high specific capacity of
over 730 mAh g~' for over 200 cycles at a 0.2 C rate. At rates of 1-2 C, high
capacities of around 430-650 mAh g~ " were reported. Besides CMC, also alginates
were tested as binders in these studies and they revealed stable capacity retention of
around 800 mAh g~' for over 150 cycles at 0.2 C as well.

Tin nanoparticle/polypyrrole (nano-Sn/PPy) composites were used in combina-
tion with CMC and PVDF as binders [42]. The prepared composites showed a
much higher surface area than the pure nano-Sn reference sample. The authors
argue that the porous higher surface area of PPy and the much smaller size of Sn in
the nano-Sn/PPy composite than in the pure tin nanoparticle sample is responsible
for this behavior. The electrochemical investigations of all the materials revealed
that both, the capacity retention and the rate capability, are in the same order of
nano-Sn/PPy-CMC > nano-Sn/PPy-PVDF > nano-Sn-CMC > nano-Sn-PVDF.

Carboxymethyl chitosan (CMCh) and chitosan lactate (ChLac), were employed
as binders for micro- and nanostructured SnS, electrodes and compared to CMC
and non-aqueous PVDF [43]. All the electrodes prepared by using the water-soluble
binders (CMCh, ChLac and CMC) featured higher initial coulombic efficiency,
larger reversible capacity, and better rate capabilities than those with PVDF.
Although the SnS, electrodes with CMCh as binders had a better rate capability at a
high rate of 5C, they showed a slightly worse cycling stability than CMC.

CMC, guar gum (GG), and pectins have been investigated as binders for the
manufacturing of lithium titanate (Li4TisO,,, LTO) electrodes [44]. Phosphoric
acid was added during electrode slurry preparation to prevent dissolution of the
aluminum current collector. Without phosphoric acid, hydrogen evolves during
coating of the slurry onto the aluminum current collector, concomitant with the
formation of cavities in the coated electrode and poor cohesion on the current
collector itself. As a consequence, the addition of phosphoric acid to the slurries
significantly improved the electrochemical performance of the electrodes. Ata 5 C
rate, CMC/PA-based electrodes provided 144 mAh g~', while PA-free electrodes
performed worse (124 mAh g™ '). Although GG and pectin showed a slightly worse
adhesion to the current collector, the electrodes featured comparable electrochem-
ical performance than those based on CMC. Full lithium-ion cells, utilizing
CMC/PA-made LiNMC cathodes and LTO anodes provided a stable discharge
capacity of ~120 mAh g~' (NMC) with high coulombic efficiencies. Besides GG,
tara gum (TG), a galactomannan derived from plant seeds, was used as the binders
for LTO anodes in LIBs [45]. Although their adhesion on the electrode materials
was not as strong as for CMC, both galactomannan gums facilitated the transport of
lithium ions in LTO electrodes compared to CMC binders, which was probably due
to their branched structure. The branched structures were proposed to accommodate
large amounts of electrolyte. In terms of electrochemical performance, the
GG-coated LTO electrode featured a high reversible capacity of 160 mAh g~" after
100 cycles at 1 C current rate (compare CMC: 150.1 mAh g™'). At higher current
rates, the difference in capacity between the GG and CMC electrodes increased and
reached 25 mAh g~ ' at 10 C current rate.
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Synthetic graphite (SG)-based electrodes of LIBs were used in combination with
different binders, namely PVDF, CMC, alginate, gum arabic (GA), XG, GG,
agar-agar (AA) and caragenaan (CG) [46]. All chosen binders were electrochemi-
cally and thermally stable under the employed experimental conditions. For
SGr/hydrocolloid electrodes, binder concentrations of 5 wt% were chosen. Good to
excellent electrochemical performances for electrodes with alginate, CMC, XG and
GG in galvanostatic cycling experiments were obtained at constant (C/10, with
C=372mA g_l) and variable (from C/10 to 2C) current rates, which were superior
to those of SG/PVDF electrodes with higher binder content (8 wt%). In contrast,
SG/GA, SG/CAR and SG/AA electrodes featured poorer electrochemical perfor-
mances (Fig. 2.9), which was probably related to the low adhesion capacity of the
binder (GA and CAR), or the formation of films covering the SG particles (CAR
and AA).

XG was proposed by Chen et al. [47] as binder for a nanocomposite consisting
of silicon nanoparticles dispersed on conducting graphene (Si/graphene) in LIBs.
The nanocomposite was synthesized by high-energy ball milling followed by
thermal treatment. The Si/graphene composite anode provided an enhanced
reversible capacity, excellent cyclic performance and rate capability, compared to
the neat Si-anodes. The nanocomposite anode with XG binders behaved much
better in terms of cycling and rate performances compared to electrodes prepared
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Fig. 2.9 CV voltammograms of cycle 1, (a and ¢), and cycle 5 (b and d), of the binder electrodes
and bare Cu (c and d) also include the SG/PVDF electrode for comparison purposes. Reproduced
with Permission from Ref. [46] with permission of Elsevier
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using CMC as binder. The enhancement was related to large binder stiffness and
strong adhesion of the binder to Si-based particles contributing to maintain the
integrity of the electrode and accommodated the volume change of Si during
charge/discharge. Jeong et al. [48] provided an analogy of millipede adhesion to
battery binders on the basis of XG and other polysaccharides. They reported that the
double helical superstructure with side chains and ion-dipole interactions was
responsible for the excellent electrochemical performance compared to other
polysaccharide binders. In a different study, GA was applied as a binder for
Si-anodes in LIBs [49]. The resultant Si anodes had an outstanding capacity of ca.
2000 mAh g " ata 1 C rate and 1000 mAh g~" at 2 C rate, respectively, throughout
500 cycles. Excellent long-term stability was demonstrated since the materials still
provided 1000 mAh g™" specific capacity at 1 C rate after 1000 cycles. GA was also
proposed as a binder for the sulfur cathode in Li-S batteries [50]. One of the major
advantages of GA in Li-S batteries was their ability to confine sulfur species via its
functional groups while providing good mechanical properties. The cycling per-
formance was good and a capacity of 841 mAh g~ at low current rate of C/5
throughout 500 cycles was reported. A comparison between PVDF and GG binders
for composite anode electrodes was reported by Kuruba and coworkers [51]. The
composite consisted of 82 wt% Si/C lithium ion active material, 8 wt% polymeric
binder and 10 wt% Super P conductive carbon black and was synthesized using
high energy mechanical milling. The resulting materials exhibited reversible
specific capacities of 780 and 600 mAh g~ ' at charge/discharge rates of ~ 50 and
~200 mA g, respectively.

By mixing Si nanopowder with alginate high-capacity silicon (Si) nanopowder—
based lithium (Li)—ion batteries with improved performance characteristics were
reported [52]. The results showed that the obtained materials performed much better
than PVDF and CMC in nearly all electrochemical parameters such as charge
discharge capacity, retention capacity, Coulomb efficiency and electrode fading to
mention just the important ones. This approach was slightly altered in another
report where catechol groups were grafted on various types of polysaccharides.

A similar picture was obtained by Feng et al. [53] who investigated the effect of
different binders on CdO nanoparticles and CdO/Carboxylated multiwalled carbon
nanotubes (CNTs) nanocomposite electrodes for LIBs. The nanosized CdO was
capable to deliver an initial capacity as high as 805 mAh g~' with, however, poor
retention capacity. By incorporation of CNTs and an alginate binder, the CdO
delivered a reversible capacity of 810 mAh g~' for more than 100 cycles and a
capacity of 720 mAh g~ ' at a rate of 1500 mA g '.

Zhang and coworkers [54] employed a self-assembly strategy to construct a
three-dimensional (3D) polymeric network containing alginates for high-performance
silicon submicro-particle (SiSMP) anodes. This was accomplished by crosslinking
alginate chains by addition of calcium cations using the Eggbox model approach
(Fig. 2.10) [55]. As a consequence of crosslinking, the highly cross-linked alginate
networks exhibited superior mechanical properties and further showed strong inter-
action with SiSMPs. Moreover, this network was capable to tolerate the volume
change of SiSMPs thereby effectively maintaining the mechanical and electrical
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Fig. 2.10 a Molecular structure of alginate and Ca-mediated “egg-box” like cross-links in
Ca-alginate. b Expansion and self-healing mechanism of Ca-alginate-containing silicon anodes
during charge—discharge cycles. Reproduced from Ref. [55] with permission of the Royal Society
of Chemistry

integrity of the electrode and significantly improving the electrochemical perfor-
mance. Similar as for the CMC, a self-healing mechanism was proposed [55]. As a
result, SiSMPs with a 3D binder network exhibit high reversible capacity, superior rate
capability and much prolonged cycle life. Similar findings were obtained by Liu et al.
they also used Ca>" as crosslinker for alginates to obtain stable alginate binders for Si/C
electrodes. Materials with remarkably improved electrochemical properties have been
reported [56].

Alginates were also employed as binders in nanocomposites composed of
CoFe,04 nanoclusters with different concentrations of reduced graphene oxide
(rGO) [57]. The electrodes containing CoFe,O4 + 20% rGO composite with algi-
nate as binder revealed high capacity of 1040 mAh g”' at 0.1 C (91 mA g™ ') rate
with excellent rate capability, which was much higher than those of PVDF binders.
In a different study, a nanoflaky MnO,-graphene sheet (GS) hybrid material with an
alginate binder was used as a cathode for LIBs [58]. The MnO, growing on the GS
led to high capacity of 230 mAh g ' at a current density of 200 mA g, even after
more than 150 cycles. Alginates, were also used as binder for spinel type LiMn,Oy4
electrodes [59]. Since alginates strongly interact with divalent cations such as Mn**,
the potential of LMO could be fully exploited. The authors provided some proofs of
concept of using this material in LiBOB half and full cells.

Alginate binders have been reported also in conjunction with hollow nanos-
tructural features o-Fe,O5 nanotubes for usage in LIBs [60]. In this regard, a-Fe,0;
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was hydrothermally synthesized to give hollow nanostructured o-Fe,O3 nanotubes.
This electrode material exhibited high capacities (800 mAh g~ at 503 mA g ' for
50 cycles) when an alginate binder was employed. Even at higher current rates (e.g.
1007 mA g™ "), high capacities have been reported (732 and 600 mAh g~ ') after 50
and 100 cycles, respectively. The same electrode setup also featured good rate
capability and provided a capacity of 400 mAh g~ ' even at a very high current
density of 10 A g~'. Similar to CMC, weak hydrogen bonding between the surface
hydroxyl groups on the metal oxide (Fe,O3) and the carboxylic functional groups
on the alginate binder was suggested for the enhanced battery performance at very
high current rates.

A crosslinked chitosan derivative was proposed as binder for antimony anode
materials in sodium batteries [61]. The crosslinking of the chitosan was performed
using glutaraldehyde to give a three dimensional network which was capable to
accommodate volume changes upon sodium insertion/removal. Similar as CMC,
chitosan also provided a stable SEI. The electrochemical performance was
improved by crosslinking the chitosan, leading to a capacity of 555.4 mAh g ™" at 1
C after 100 cycles with a capacity retention of 96.5% compared to the 1st cycle. For
comparison, the charge capacity of the electrode without the crosslinking step for
chitosan was lower with 463.4 mAh g ~" after 100 cycles with a capacity retention
of 81.3%. The same crosslinking strategy can also be applied for LIBs and Si anode
materials [62]. As for the previous example, a 3D network was built up to limit the
movement of Si particles through the cross-linking between the amino groups of CS
and the dialdehyde of glutaraldehyde. The crosslinked anode material exhibited an
initial discharge capacity of 2782 mAh g~* with a high initial Coulombic efficiency
of 89% and maintained a capacity of 1969 mAh g~' at the current density of 500
mA g~ ' over 100 cycles.

Chen and coworkers [63] showed that chitosan, either as additive in separators or
cathode materials, was capable to trap polysulfides in Li—S batteries. Cathodes with
chitosan featured enhanced initial discharge capacities (950-1145 mAh g~ " at C/10)
while reversible specific capacity after 100 cycles increased from 508 to 680 mAh
g ! and 473 to 646 mAh g~! at rates of C/2 and 1 C, respectively. Batteries with
separators having a carbon/chitosan layer exhibited high discharge capacity (830
mAh g~ at C/2 after 100 cycles and 675 mAh g™ at 1 C) after 200 cycles. The
capacity fading was determined to be 0.11% per cycle.

Spherical graphite anodes were also equipped with chitosan as a binder for LIBs
[64]. With similar specific capacity, the first Columbic efficiency of the
chitosan-based anode was 95.4% compared to 89.3% of a PVDF-based anode.
After 200 charge—discharge cycles at 0.5C, the capacity retention of the
chitosan-based electrode showed to be significantly higher than that of the
PVDF-based electrode.

Besides highly polymeric chitosan, chitosan oligosaccharides (COS) have been
proposed as a new, environmentally benign and water-based organic compounds, to
be used as electrode binder for electrodes in LIBs [65]. Li,ZnTizOg electrodes
coated with COS exhibited a significant improvement of the electrochemical per-
formance in terms of the first Columbic efficiency, cycling behavior, rate capability
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and life cycle. The initial discharge capacity was 215.6 mAh g~ ' at 0.1 A g~', with
a Columbic efficiency of 93.6%. After 1000 cycles, capacity was determined to be
66.1 mAh g~' and the retention was reported 33.6%.

Jeong et al. [66] introduced polymerized B-cyclodextrin (B-CDp) as binder for Si
nanoparticle anodes. The inherent highly branched structure of B-CDp provided a
variety of hydrogen bonding modes and interaction sites with Si particles and
therefore offered robust contacts between the individual components. As for CMC,
self-healing took place, meaning that binder-Si nanoparticles interactions recover
during cycling, thereby maintaining good electrode performance. As one of the
essential components in electrodes, the binder affects the performance of a
rechargeable battery. By partial oxidation of B-cyclodextrin (B-CD) using hydrogen
peroxide, a new binder, C-B-CD, for sulfur composite cathodes was obtained [67].
A major advantage was its water solubility at room temperature which is ca.
100 times higher than that of B-CD. C-B-CD features all the required properties of
an aqueous binder: strong bonding strength, high solubility in water, moderate
viscosity, and wide electrochemical windows. C-B-CD coated sulfur composite
cathodes were reported to have high reversible capacity of 694.2 mAh g(com-
posite)f1 and 1542.7 mAh g(sulfur)fl, with a sulfur utilization of ca. 92%. The
discharge capacity remained at 1456 mAh g(sulfur) ' after 50 cycles, which is
much higher than that of the cathode with unmodified B-CD as binder.

In a different approach, supramolecular cross-linking via dynamic host—guest
interactions between hyperbranched B-cyclodextrin polymer and a dendritic gallic
acid cross-linker incorporating six adamantane units was used for high-capacity
silicon anodes (Fig. 2.11) [68]. The authors proved by calorimetry in the solution
phase that the given host—guest complexation is a highly spontaneous and
enthalpically driven process, which was substantiated by gelation experiments in
both aqueous and organic media. The dynamic cross-linking process allows for
more efficient silicon—binder interactions, provides structural stability of electrode
films, and creates the formation of a defined electrode—electrolyte interface. The
impact of the dynamic cross-linking was maximized at an optimal stoichiometry
between the two components. Importantly, the present investigation proved that the
molecular-level tuning of the host—guest interactions could be directly translated to
the cycling performance of silicon anodes.

Molecular structures of polysaccharide binders determining mechanical prop-
erties were correlated to electrochemical performances of silicon anodes for
lithium-ion batteries. Glycosidic linkages (o and ) and side chains (-COOH and —
OH) were selected and proven as the major factors of the molecular structures.
Three different polysaccharides (CMC, pectin and amylose) were investigated by
Yoon et al. [69] in respect to their performance as binders for silicon anodes. Pectin
was remarkably superior to CMC and amylose in cyclability and rate capability of
battery cells based on silicon anodes. The pectin binder allowed for volume
expansion of silicon electrodes while maintaining high porosity during lithiation
and the physical integrity of pectin-based electrodes was not altered during repeated
lithiation/delithiation cycles. Murase et al. [70] compared amylose, amylopectin and
glycogen in terms of their binder efficiency for Si-anode materials and aimed at
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Fig. 2.11 a Graphical representation and chemical structures of hyperbranched, B, and y-CDp.
b Proposed working mechanism of dynamic cross-linking of 3-CDp and AD in an electrode matrix
along with graphical representations and chemical structures of guest molecules incorporating
adamantane moiety. Reproduced from Ref. [68] with permission of the American Chemical
Society

correlating branching to binder performance. As shown in Fig. 2.12, amylose, a
linear polysaccharide, performed worse than the branched amylopectins and
glycogen, which the authors related to the better adhesion to the electrode materials
of the latter.

The potential applicability of agarose as an electrode binder and also as a carbon
source for high-performance rechargeable lithium-ion batteries was reported by
Hwang et al. [71]. The agarose binder facilitated adhesion of silicon (Si) active
materials to copper foil current collectors. As a consequence, a significant
improvement in the electrochemical performance of the resulting Si anode (specific
capacity = 2000 mAh g™ and capacity retention after 200 cycles = 71%) was
achieved. In addition, agarose was exploited as a cathode binder for LMO featuring
excellent cell performance (initial coulombic efficiency of 96.2% and capacity
retention after 400 cycles of 99%). Further, by selective carbonization of
Si-dispersed agarose, Si/C (hard carbon) composite active materials were obtained.
Eventually, the Si/C composite anode and the LMO cathode mentioned above were
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Fig. 2.12 a Initial lithiation/de-lithiation curves of nano-Si/graphite composite electrodes with
conventional PVdF and three different polysaccharides, amylose, amylopectin, and glycogen, as
binder. The electrodes are cycled at a current rate of 50 mA g_1 in a voltage range of 0.0-2.0 V
versus Li. b Capacity retention of the composite electrodes, of which the first voltage curves are
shown in (a). Selected lithiation/delithiation voltage curves at the 2nd, 5th, 10th, and 20th cycles at
a rate of 100 mA g71 for the PVdF and amylopectin electrodes are also shown in (c¢) and (d),
respectively. e Capacity retention of the composite electrodes in 2 vol% FEC-added electrolyte.
f Capacity retention of the composite electrodes with white rice and rice cake made from glutinous
rice used as a binder. Reproduced from Ref. [70] with permission from John Wiley and Sons

assembled to produce a full cell featuring the use of agarose as an alternative green
material. The full cell showed a stable cycling performance (capacity retention after
50 cycles of >87%).

2.2 Polysaccharides as Separators

Separators are crucial parts of any type of battery since they provide a physical
barrier between the anode and cathode to avoid short circuits [72]. Additionally,
they act as storage medium to provide electrolyte for the transport of ions during
charge and discharge. As a consequence, separators are not directly involved in cell
reactions but their morphology, structure and physical parameters strongly influ-
ence battery performance parameters. In principle, separators must be inert towards
the electrolyte and the electrode materials, even under strong oxidizing and
reducing conditions. They should not act as catalysts, thereby producing impurities
which may reduce battery performance. For some applications, even stability
towards elevated temperatures at corrosive conditions must be provided by
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separator materials. In order to have low internal resistance and high ionic con-
ductivity, the electrolyte must easily absorb into the separator materials.

In fact there are five major classes of separators, namely microporous mem-
branes, modified microporous membranes (e.g., by surface grafting), non-woven
mats, composite membranes and electrolyte membranes. The electrolyte mem-
branes can be divided into solid polymer electrolytes (SPE), and gel polymer
electrolytes (GPE). It is obvious that depending on the envisaged applications,
certain material designs will be preferred over others and in the following
approaches polysaccharides in the different types of separators will be discussed in
detail. For a more comprehensive overview on separators in general the reader is
referred to recent review articles [72, 73].

2.2.1 Microporous Membranes

Cellulose based separators have been used since ages in the design of batteries. This
includes classic Leclanche cells (Zn—C), lead acid batteries, and alkaline batteries.
In the past years, the emergence of new cellulose based nanomaterials extended the
scope of microporous membranes based on cellulose in battery separator applica-
tions. A rather old example is described by researchers from Asahi Chemical
Industries [74] where a regenerated microporous cellulose film (pore sizes: 10-200
nm, thickness 39-85 pm) was used as support for fine cellulosic fibers (500 nm to
5.0 pm). This composite membrane was soaked in ethylene carbonate and other
aprotic solvents, and exhibited acceptable physical strength while pinholes, a major
issue for cellulose based separators, could not be detected. Further, the complex
impedance was found to be at least equal or even lower compared to conventional
polyolefin separators for LIBs. Lab-scale cells were manufactured, composed of
LiCoO,/petroleum coke electrodes, and as electrolyte a 1.0 M solution of LiBF,/
propylene carbonate/ethylene carbonate/y-butyrolactone was used (25:25:50 v/v/v).
The cellulosic separators featured a remarkable initial discharge capacity and
retention over 41 charge/discharge cycles and could compete with polyolefin based
membranes.

Later special types of paper have been reported to be used as separators in LIBs
such as rice paper (RP) [75]. It was composed of interpenetrated cellulose fibers
(diameter: 5-40 pm) which built up a highly porous scaffold. Interestingly, the rice
paper was electrochemically stable at potentials below 4.5 V versus Li+/Li.
A variety of electrode materials such as graphite, LiFePO,4, LiCoO, and LiMn,O4
have been used to evaluate the compatibility of RP in LIBs and to compare them
with commercial polypropylene/polyethylene/polypropylene separator membranes.
The RP separators having a similar thickness exhibited a lower resistance than the
commercial separator. The authors argued that the flexibility, high porosity, low
cost and excellent electrochemical performance of the RP membrane may poten-
tially replace commercial separators in lithium-ion batteries for low power
applications.
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In two different approaches [76], cellulose nanopapers from cellulose nanofibrils
(CNF) have been manufactured. CNFs, which can easily isolated from many types
of cellulosic feedstock, are characterized by the presence of individual fibrils in the
nanometer range which are up to several micrometers long while being highly
crystalline. Therefore they contribute to excellent mechanical/thermal properties
and support the formation of nanoporous structures evolution. CNF membranes are
prone to soak a variety of electrolytes whereas the porous structure can be
fine-tuned by variation of the solvent mixtures, here isopropanol-water. It was
shown that the separator characteristics, and the electrochemical performance of
cells assembled with the CNF separators worked best at IPA:water ratios of 95:5
(v/v%). This approach was extended by addition of colloidal SiO, nanoparticles to
control the formation of the porous structure which can be challenging for pure
cellulose nanopaper separators from densely-packed CNFs. The main feature of this
new material was that the incorporated SiO, nanoparticles acted as disassembling
agent to separate the CNF. Therefore, a rather loose packing of the CNF was
realized, thereby creating a more porous structure. The unusual pore structure of
this material can be fine-tuned by variation of the SiO, contents in the CNF sus-
pensions. Notably, the separator manufactured with 5 wt% SiO, content exhibited
the highest ionic conductivity (Fig. 2.13).

The authors argued that this was a result of a well-balanced combination of
nanoporous structure and separator thickness, thus contributing to excellent cell
performance. In a similar way, the pore structure of cellulose diacetate (CDA)-SiO,
composite films have been used to improve the electrolyte wettability and the
thermal stability of separators [77]. For CDA, a SiO, content of 9.4% was deter-
mined to achieve the best results.

The motivation of Leijonmarck and coworkers [78] was to realize mechanically
flexible and strong batteries for different power applications such as active
radio-frequency identification tags and bendable reading devices. They proposed a
method for making flexible and strong battery cells, which were integrated into a
single flexible paper structure. CNF was used whereby it acted as both, electrode
binder material and separator material. The battery papers were manufactured by a
paper-making type process consisting of sequential filtration of water dispersions
which contained the battery components. Papers with a thickness of 250 pm were
obtained, which featured strength at break of up to 5.6 MPa when soaked in battery
electrolyte. The cycling performances showed a reversible capacity of 146 mAh g
LiFePO, at C/10 and 101 mAh/g LiFePO, at 1C which corresponds to an energy
density of 188 mWh g~ of the full paper battery at C/10.

Cellulose nanocrystals (CNCs) obtained from Cladophora have been used to
manufacture separators as well due their very high crystallinity, good thermal
stability while being mechanically robust [79]. Separators based on CNCs were
made by a paper-making like process involving vacuum filtration, resulting in
sheets with a thickness of 35 pum, an average pore size of about 20 nm, and a
Young’s modulus of ca. 5.9 GPa. After soaking with 1 M LiPF¢ EC: DEC (1/1,
vol./vol.) electrolyte, an ionic conductivity of 0.4 mS cm ™' were determined. These
separators were thermally stable up to 150° and electrochemically inert in a
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potential range between O and 5 V versus Li+/Li. The cycling stability of a
LiFePO4/Li cell with a CNC based separator exhibited good cycling stability
having 99.5% discharge capacity retention after 50 cycles at a rate of 0.2 C.

In another study [80], bacterial cellulose nanofibers (BC) have been shown to
outperform Celgard 2500 as separator material for Li—S batteries. Separators based
on bacterial nanocellulose have a high concentration of nanopores and nanofibers in
a rechargeable battery cell allows for safe plating of a dendrite-free metallic-lithium
anode. The commercially available bacterial nanocellulose is capable to retain
organic-liquid electrolytes longer than Celgard 2500. Further, it featured higher
thermal stability, and can be wet by metallic lithium. The authors demonstrated that
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cells prepared from the membranes as separators showed excellent, safe electro-
chemical performance of Li-anode cells and organic liquid electrolytes for up to
1000 cycles. It was also shown that separators from BC exhibit rather high thermal
stability and high mechanical strength [81].

2.2.2 Composite Membranes

CNCs have been used to increase the mechanical performance of a commonly used
copolymer, PVDF-co-hexafluoropropylene (PVDF-HFP), which has received
interest over the years in the area of LIB separator technology [82]. PVDF-HFP/
CNC nanocomposite films were manufactured and characterized. The incorporation
of CNCs significantly improved Young’s modulus and tensile strength of the
membranes. The authors proposed that the resulting enhancement of mechanical
properties of PVDF-HFP copolymers upon addition of CNCs makes PVDF-HFP a
potential candidate for polymer separators in LIBs. In a similar approach, CNC
suspensions in DMF were used to improve the mechanical properties of PVDF [83].
Film casting and non-solvent induced phase separation were employed to obtain
porous and dense nanocomposite membranes. The CNCs led to a mechanical
reinforcement and a lower strain at break while thermal properties also improved by
CNC incorporation. As for the PVDF-HFP copolymers, the authors proposed these
reinforced membranes to be suitable candidates for separators in LIBs.

A different approach to improve PVDF based separators performance is to use a
slurry composed of Al,Os;, polyvinylidene difluoride-hexafluoropropylene
(PVAF-HFP) and carboxymethyl cellulose (CMC) which was deposited on a
polyolefin (PE) substrate to form a prototype AI-PHC/PE separator [84]. After
assembly and hot-pressing, the PVdF-HFP copolymer was granulated and trans-
ferred into a colloidal structure. Subsequently, the polymer was soaked with elec-
trolyte, capable to crosslink the Al,O3 nanoparticles, thereby increasing battery
hardness (Fig. 2.14). The ionic conductivity (9.3 X 10* S ecm ?) of the
Al-PHC/PE-2 separator (12 pum, with a Al,03/PVdF-HFP weight ratio of 7/3) can
compete with a PE separator (9 um), and showed thermal stability up to 110 °C.
The capacity retention rose from 84 to 88% by using the AI-PHC/PE-2 instead of
the PE separator.

Another type of composite membranes, cellulose/polysulfonamide, have been
also reported [85]. These membranes were synthesized by combining microfibril-
lated cellulose and polysulfonamide in a papermaking-like process. These mem-
branes were investigated towards their applicability as separators in LIBs by
characterizing the electrolyte wettability, heat tolerance, and -electrochemical
parameters. Batteries with lithium cobalt oxide/graphite using the separator featured
better capacity retention ratios of 85% after 100 cycles and superior rate capability
compared with commercially based polypropylene separators. Other chemistries
such as lithium iron phosphate/lithium half cells using cellulose/polysulfonamide
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Fig. 2.14 The SEM images of: the PE (a); the fracture surface of the AI-PHC/PE-2 separator (b);
the coated layer of Al,O3/PVdF-HFP (c). The pore distribution (d), and porosity curves (e) of the
PE and Al-PHC/PE-2, respectively. Reproduced from Ref. [84] with permission of Elsevier

separators exhibited stable charge-discharge capability even at 120°. The authors
proposed that these membranes provide promising new strategy for large-scale
fabrication of high-performance lithium-ion battery membranes. A polydopamine
coating layer and a cellulose/polydopamine (CPD) membrane was reported to
produce membrane possessed a compact porous structure, superior mechanical
strength and excellent thermal dimensional stability by a facile and cost-effective
papermaking process [86]. It was shown that these membranes exhibited favorable
properties (superior mechanical strength, low-cost and favorable electrochemical
properties) for their use in LIBs. Lithium cobalt oxide/graphite cells having these
separators CPD separator showed a good cycling stability and rate capability
compared to commercially available polypropylene and neat cellulose separators.
Furthermore, alternating-current impedance of this cell showed just minor variation
of 9 Q after the 100th cycle. Another approach to improve the performance of
commercially available membranes was to coat polypropylene based separators
[87]. This was accomplished by deposition of cellulosic aerogels based on
hydroxyethyl cellulose (HEC), via ice segregation induced self-assembly. A cell
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consisting of the coated separator, Li foil as the counter and reference electrodes,
and LiFePOy as the cathode was assembled. The performance in terms of dimen-
sional stability, electrolyte uptake, ionic conductivity, cycling performance, was
much better than its non-coated counterpart. An interesting detail is that the coating
of the polypropylene was performed without the use of toxic solvents, which
rendered the preparation process cost effective and environmentally benign.
A composite membrane consisting of PVA and CNF-Li was proposed for LIBs by
Liu and coworkers [88]. The membrane was prepared using the NIPS techniques
and showed high porosity (>60%), good ionic conductivity (ca. 1.1 mS cm™") as
well as remarkable electrolyte uptake. The main idea to use CNF-Li was to combine
the properties of both nanofibers and ion-conductive polymers such as CMC-Li.
The thermal dimensional stability and mechanical performance was significantly
improved by introduction of CNF-Li as separator. Additionally, the amount of
lithium ions in the separator was increased and ion transport through the membrane
was enhanced. 93% of the initial reversible capacity after 50 cycles was obtained
for a battery containing 2 wt% of CNF-Li, which was much larger than the com-
mercial polypropylene (PP) separator (80%). Similarly, a three-layer separator
mixture using PET nonwoven, cellulose nanofibers and a ceramic layer was
investigated to improve the thermal stability of separators for LIBs [89]. The cel-
Iulose nanofibers had an average diameter of ca. 330 nm, and particle size of the
ceramic powders was between 0.1 and 3 pm. The wet-laid method was employed to
deposit the cellulose nanofibers on the PET nonwoven substrate whereas the
ceramic particles were deposited by vacuum filtration. The largest pores had a
diameter of ca. 750 nm, with average pore sizes being around 140 nm with a
porosity of 52%. AS already discussed above, the CNF-Li separator has high
affinity to the electrolyte (3.2), while shrinkage during thermal stress (160°/2 h) was
not observed.

2.2.3 Non-woven Mats

A simple method to obtain non-woven materials is electrospinning. The resulting
materials feature a high degree of porosity and feature rather small fiber diameters.
The first example to be discussed in this context is the generation of
PVDF/PMMA/cellulose acetate (CA) composite mats having different composi-
tions [90]. A wide range of ratios (100:0:0, 90:10:0, 90:5:5 and 90:0:10) were
successfully electrospun. Interestingly, CA favors the adsorption of electrolyte
while the ratio of 90:0:10 yielded membranes with the highest porosity (99.1%) and
electrolyte uptake (3.2). In another approach, a heat-resistant and flame-retardant
cellulose-based composite nonwoven has been successfully employed as separator
in LIBs (Fig. 2.15). The separator was based on pulp fibers, sodium alginate, a
flame retardant agent and silica [91].

This separator featured a rather good flame retardant behavior and featured
superior heat tolerance and proper mechanical strength. Further, electrolyte uptake
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Fig. 2.15 a DSC curves of PP separator and FCCN separator. b Thermal shrinkage rate of PP
separator and FCCN separator over a temperature range from 100 to 150 °C, and the inset is the
photograph of PP separator and FCCN separator after thermal treatment at 150 °C for 0.5 h.
¢ Contact test between hot electric iron tip and separators. d Combustion behavior of PP separator
and FCCN separator. Reproduced from Ref. [91] under a Creative Common License 3.0

was increased and enhanced ionic conductivity was observed. A battery composed
of lithium cobalt oxide/graphite using this separator had a better rate capability and
cycling retention compared to a commercial PP separator. For a lithium iron
phosphate/lithium cell having such an integrated composite separator, stable
cycling performance and thermal dimensional stability up to 120 °C was observed.
Zhang et al. [92] used a similar concept by electrospinning CA, followed by
regeneration using LiOH and coating of the membrane with a 2 wt% solution of
PVDF-HFP in acetone. The resulting separator showed good thermal stability and
electrolyte uptake. Alcoutlabi and coworkers [93] compared two methods for the
preparation of non-woven mats, namely electrospinning and forcespinning for
potential use in LIBs. PVDF nanofiber coatings were deposited by electrospinning
on polyolefin microporous membranes leading to improved electrolyte uptake and
electrochemical performance. Forcespinning was employed to manufacture fibrous
non-woven cellulose mats based on cellulose. Forcespinning is based on centrifugal
forces which yield fine fibers. Compared to electrospinning, this technique is much
less sensitive toward environmental influences (Fig. 2.16) [94].
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Alkaline hydrolysis

Fig. 2.16 Schematic representation of large-scale fabrication of fibrous cellulose membrane
separator using the forcespinning technique and subsequent alkaline hydrolysis treatment.
Reproduced from Ref. [94] with permission from Springer

For this purpose, CA was used and after processing it was treated with alkaline
solutions to regenerate the porous scaffold to cellulose. As for the electrospun
samples, the fibrous cellulose membrane-based separator exhibited high electrolyte
uptake and good electrolyte/electrode wettability. CA from used cigarette filter was
used by Huang and coworkers in the preparation of separators [95]. They manu-
factured a cellulose/PVDF-HFP nanofiber membrane by coaxial electrospinning of
a cellulose acetate core and PVDF-HFP shell, followed by hydrolysis of the CA by
LiOH. The resulting cellulose-core/PVD-HFP-shell fibrous membrane exhibited
high tensile strength (34.1 MPa), high porosity (66%), reasonable thermal stability
(up to 200°), and good electrolyte uptake (3.6). Additional features were the low
interfacial resistance (98.5 ) and high ionic conductivity (6.16 mS cm ) com-
pared to commercially used separators (280.0 Q and 0.88 mS cm™'). The rate
capability (138 mAh g~") and cycling performance (75.4% after 100 cycles) were
also better compare to commercial separators. Lalla et al. [96] used CNCs to
reinforce electrospun PVDF-HFP copolymers. The content of CNCs in the mats
was studied in dependence of the tensile strength, and the thermal properties, with
2 wt% of CNC being the optimum amount. At these filer content, tensile modulus
increased by 75% over a temperature range from 30 to 150 °C. At higher CNC
contents, the materials became more brittle and mechanical properties were inferior.
Porous non-woven mats of MFC in combination with ceramics and PVDF have
been used to generate separators for LIBs by Huang and coworkers [97]. The
membranes showed good mechanical (strength of up to 10 MPa, Young’s modulus
of up to 658 MPa) and thermal stability (up to 180 °C). The ionic conductivity was
good for a series of different membrane compositions with 1.28 mS cm™' (in 1 M
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LiPF¢/EC/DMC) being the best. Coin cells composed of LINMC cathodes, LiPF¢ in
EC/DMC 1:1 (v/v) electrolyte, and graphite anodes showed stable cycle
performance.

2.2.4 Solid Polymer Electrolytes (SPE), Gel Polymer
Electrolytes (GPE) and Composite Polymer
Electrolytes

Solid polymer electrolytes (SPEs) are an interesting class of materials since they are
potentially interesting for high energy density battery applications, electrochromic
devices and sensors. Most of the described systems are based on polyethers. In such
polymers, ion conduction is believed to proceed via local polymer chain relaxation
which is favored for amorphous polymers having a low glass transition temperature.
This means that for high ion conduction in SPE, amorphous matrices are required.
However, for most of the systems described so far inherent conductivity limits have
been reached (ca. 107* S cm™') which is far below the limits of most battery
applications (ca. 107> S cm™"). One particular case of SPE are gel polymer elec-
trolytes (GPE). The incorporation of plasticizers (for increasing ion mobility by
suppressing crystallization) in a crosslinked polymer matrix is capable to provide a
mechanically stable matrix while retaining plasticizers and electrolyte. In this
context, commonly used polymers are polyacrylonitrile, poly(vinylidene fluoride),
poly(methyl methacrylate), poly(ethylene oxide) derivatives.

In recent years, biobased materials such as polysaccharides have gained the focus
of research in the area of SPE/GPE since many polysaccharides readily form gels
with low crystallinity. Particularly cellulose esters have been widely studied in this
context. For instance, Yue and coworkers [98] studied a range of hydroxypropyl
cellulose esters with oligomeric poly(oxyethylene) side chains. They employed
lithium triflate as electrolyte and EC and PC as well as mixtures thereof as plasti-
cizers. Conductivities in the range of 10> S cm ™" were reached at room temperature,
when the plasticizer content was above 50%. For gels with higher plasticizer con-
tents (60-70%), crosslinking using 1,6-diisocyanatohexane was performed.
Depending on the amount of crosslinking agent either porous or non-porous films or
gels were obtained. These materials showed conductivities in the range of 107> S
cm” ! as well but had better mechanical properties compared to the non-crosslinked
gels. In a similar way, hydroxyethyl cellulose and CM-cellulose can be grafted with
PEO side chains [99].

Although the obtained materials are highly amorphous with T, below room
temperature, the observed ionic conductivities in the presence of LiClO4 were rather
low, reaching values in the range of 10°°~1077 S cm™ . In another report, HEC was
plasticized with different amounts of glycerol and lithium triflate was added [100].
The resulting transparent films cast from water showed conductivities in the range
of 107> S cm™" at room temperature and 10™* S cm™" at 80 °C at a glycerol content
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of ca. 50%. The authors proposed this SPE for use in electrochromic devices but did
not provide a proof of principle. A different approach was proposed by Ledwon and
coworkers who cast HPC membranes from dichloromethane [101]. T, points were
detected at around —40 °C and degradation was observed in three stages starting at
130 °C. Tonic conductivities for the best samples ranged from 3.5 x 107> to 1.1 x
107*'S cm™' at 25 and 50 °C. These materials have been deposited on SnO,:
Sb/glass (ATO) electrodes and their performance was evaluated by cyclic
voltammetry in the —2 to 1.5 V interval. Afterward, electrochromic devices were
built using PEDOT:PSS and polyaniline/Prussian blue (PB) as electrochromic
layers. Results from UV-Vis spectroscopy revealed 35% of color change at 650 nm
for the device with glass/ITO/PB/HPC/PEDOT:PSS/ITO/glass configuration. After
20 cycles, the absorbance value just changed by 0.22.

HPC, sodium iodide, 1-methyl-3-propylimidazolium iodide (MPIL, an ionic
liquid), EC and PC were employed to prepare a non-volatile GPE for an envisaged
use in dye-sensitized solar cell (DSSC) applications [102]. At a 1:1 ratio of MPII
and HPC, the highest ionic cond. of 7.37 x 1073S cm™! was achieved; however,
even at lower ratios conductivities in the 107> S cm ™' regime were reported. The
resulting materials are highly amorphous and Tgs are below —100 °C. These
materials were then used in the manufacturing for DSSCs where the 1:1 MPII:HPC
materials showed the best performance with energy conversion efficiency of 5.79%,
with short-circuit current densities, open-circuit voltage and fill factor of 13.73 mA
cm 2, 610 mV and 69.1%, respectively.

Cyanoethylated hydroxypropyl cellulose (CN-HPC) was proposed as polymer
gel electrolyte for application in DSSCs. The best samples exhibited rather good
ionic conductivities in the 107> S cm™' range using Lil/l, and 1-methyl-3-
hexylimidazolium iodide (MHII)/I, as the I'/I; redox couple with the respective
diffusion constants. of I3~ (D app) of 2.54 x 107® cm® S™!. Under the optimized
condition, the overall conversion efficiencies of quasi-solid DSSCs were reported
7.40% using a triphenylamine dye (SD2) and 7.55% using a Ru dye (N719), which
refers to 94% of the liquid electrolyte.

A similar approach was demonstrated by Sato and coworkers who used a semi
IPN gel polymer, composed of CN-HPC multifunctional poly(oxyethylene)
methacrylate in conjunction with LiCoO, covered by an ion conductive poly-
urethane [103]. The ionic conductivity of this material was reported to be 2.7 X
1073 S cm™! at 25 °C. A rather large cell (2500 mAh) was assembled which showed
good discharge performance and improved safety characteristics as proven by a nail
penetration test. Furthermore, overcharging was prevented by this new battery
system. The authors proposed their materials for applications in large batteries
featuring inherent safety such as batteries for mobile applications.

Ren et al. [104] synthesized a gel polymer electrolyte by blending PVDF-HFP
and HPC-CN) in DMF/glycerine solutions (6:1). After casting, rinsing and drying,
free standing films were obtained. The conductivity of the neat PVDF-HFP was
significantly improved (4.36 mS cm™ ') by the presence of the HPC-CN (14:1) and 1
M PFg in EC and DMC. For all compositions, the blend membranes were elec-
trochemically stable up to about 4.8 V versus Li/Li*. Ethyl cellulose has been used
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as gelator for the production of acetonitrile based electrolyte (Lil, I,, fert-butyl-
pyridine and tetrabutylammonium iodide) for dye solar cells [105]. This PGE had
just slightly lower performance in terms of photovoltaic conversion efficiency
(6.5% for liquid electrolyte vs. 5.9% for gel electrolyte) at an ethyl cellulose content
of 5.8%. Interestingly, the electrolyte gelation had just minor effects on ionic dif-
fusion coefficients of iodide, and devices were remarkably stable for at least 550 h
under irradiation at 55°. An electrochromic device having an ethyl cellulose-based
gel polymer electrolyte was created by Lin and coworkers [106]. The device
consists of a MoOj; film as the main cathodic electrochromic layer, a gel polymer
electrolyte as an ion conduction layer, and a NiO film as the complementary, anodic
electrochromic layer (Fig. 2.17).

The device featured good reversibility, low power consumption of —1.5 V in
color state, high variation of transmittance (51.9%), changes in optical density
(0.754), coloration efficiency of 54.9 cm?*C and good memory effect under
open-circuit conditions (Fig. 2.18).

It was demonstrated that ethyl cellulose-based gel polymer electrolytes were
electrochemically stable; problems associated with electrolyte leakage were avoi-
ded. In a similar report, the use of ethyl cellulose and acid functionalized
multi-walled C nanotubes (60MWCNTS) as a co-gelator and the application of these
gels for quasi-solid state DSSCs was demonstrated [107]. The gels were prepared
by blending ethyl cellulose and oMWCNTs with methoxypropionitrile (MPN) and
acetonitrile, whereas ethyl cellulose and o MWCNTs contents can be in the range of
4 and 1.5%, respectively, to induce the gel formation. Without any o MWCNTs, the
ethyl cellulose contents must be as high as 12% for the induction of gel formation.
The PGEs were prepared by adding 1-methyl-3-propylimidazolium iodide (PMII),
guanidinium thiocyanate and 4-CMe3 pyridine into the EC-oMWCNT/ACN-MPN
gels. The obtained materials were then employed for the fabrication of quasi-solid
state DSSCs. The photocurrent efficiency of the gel DSSCs was rather good with up
6.97% under AM1.5G illumination, which was in the same range as the liquid state
DSSCs. However, the GPE DSSCs featured much higher stability (98% of initial
PCE after 30 days vs. 80% of initial PCE).

Fig. 2.17 Schematic Glass
overview on the assembled ITO
device. Reproduced from Ref. M, Ni, O
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Fig. 2.18 The images of the sample 4(Glass/ITO/NiO/GPE/MoO3/ITO/Glass) after various
open-circuit times. Reproduced from Ref. [106] with permission from Elsevier

PGEs on the basis of linearly grafted chains of the lithium salt of
2-acrylamido-2-methylpropane sulfonic acid on ethyl cellulose have been prepared
by using free radical initiator azobis(cyclohexanecarbonitrile) [108]. Afterwards,
MMA and a crosslinking agent, ethylene glycol dimethacrylate, were added to form
a semi-interpenetrating network. The resulting GPEs showed promising ionic
conductivities in the 107> S cm™! range.

Liu et al. [109] prepared blends of PVDF and cellulose acetate butyrate
(CAB) on polyethylene (PE)-supported polymer membranes with the aim to use
these materials as GPEs in LIBs. A 2:1 ratio of PVDF:CAB showed the best
performance in terms of ionic conductivity (2.48 x 107> S cm™") while exhibiting
excellent compatibility with the anode and cathode of the lithium ion battery.
A battery based on LiCoO,/graphite and this GPE showed good cyclic stability at
room temperature, storage performance at elevated temperature and rate perfor-
mance. Zhao extended this approach by incorporation of SiO, into the materials via
a sol gel process to obtain a PVDF-CAB-SiO,/PE blended GPE [110]. The opti-
mum particle size of SiO, was found to be ca. 500 nm (at 5% loadings), which
increased the porosity from 40 to 42.3%, the mechanical strength from 117.3 to
138.7 MPa and the electrolyte uptake from 149 to 195%. Further, the stability
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window opened from 4.7 to 5.2 V and the ionic conductivity at room temperature
doubled (from 1.16 to 2.98 mS cmfl).

A PGE base on a mixture of lithium bis(oxalato)borate (LiBOB),
v-butyrolactone (y-BL), and CA was reported by Abiding et al. [111]. The PGE
caused a significant increase in ion conductivity and values of up to 7.05 mS cm!
at 2.4 wt% CA were determined and the plots of conductivity versus temperature
showed a classical Arrhenius relationship. The authors looked into the mechanism
of the ionic conduction in their PGE and found that the material followed the SPH
model. This model implies that a small polaron is formed by the addition of a
charge carrier to a site that presents a network of sites for the ions to reside. The
activation energy for hopping is the same as the activation energy for conduction
meaning that the energy required for lithium ions to jump to the adjacent site is the
same for conducting and relaxing.

Solid polymer electrolytes (SPEs) were also prepared by blending LiClOy,
methyl cellulose (MC) and an oligometric dendritic polyethylene glycol (PEG),
formed from polyoctahedralsilsesquioxane functionalized with ~8 PEG side
chains (POSS-PEG) on the SiO; 5 core [112]. Three different compositions (80/20,
70/30 and 60/40 POSS-PEG/MC), and LiClO4 (O/Li = 16/1, corresponds to
POSS-O to Li*) were investigated towards their electrochemical, mechanical and
morphological behavior. A major advantage of this system is the tenability of the
materials from rather hard to elastic by changing the ratio between MC and
POSS-PEG. As known for other polymers, the POSS-PEG-LiClO, was microphase
separated from the MC phase as shown by SEM and TEM. The POSS-PEG-LiClO4
phase in the blends was highly amorphous between —100 °C and its decomposition
temperature (ca. 300 °C), while the MC phase shows semicrystalline behavior
proven by XRD. Interestingly, the moduli of the blends increased with increasing
POSS-PEG content below the glass transition temperature which indicated that the
POSS core acted like a reinforcing agent. At higher temperatures, the moduli of the
blends increased with MC content, which was related to crosslinking of OH groups
of MC with the dominant POSS-PEG/LiClO, phase (32-156 MPa). Ionic con-
ductivities of 1.6 x 107 and 1.1 x 107® S/cm were determined at 30 and 0 °C,
respectively, for the 80/20 POSS-PEG/LiCIO, (O/Li = 16/1)/MC blend. Stability
and reversibility of the blends at 50 °C were observed in the range 1.5-4.2 V.

Composite polymer gels were obtained from CA, N-methyl-N-propylpyrrolidi-
nium  bis(trifluoromethanesulfonyl)imide =~ (PyrTFSI), and lithium  bis
(trifluvoro-methanesulfonyl)imide (LiTFSI) [113]. The resulting ionic gel formed a
completely homogeneous phase at the molar ratio of 1:3:1.5 as shown by DSC
whereas the ionic conductivity of the PGEs was significantly enhanced by the
presence of LiTFSI. This probably originates from a strong interaction of the Li*
with the carbonyl group of CA as indicated by FTIR spectroscopy.

Electrospinning of PVDF/CA blends for GPE in LIBs was investigated by Kang
et al. [114]. The GPE with a CA:PVdF = 2:8 ratio (in wt.) significantly improved
the basic parameters such as strength (11.1 MPa), electrolyte uptake (7.7), thermal
stability (no shrinkage under 80 °C without tension), and ionic conductivity (2.61 X
107 S cm™!). A Li/GPE/LiCoO, battery was assembled which showed good cyclic
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stability and storage performance at room temperature, reaching a specific capacity
up to 204 mAh g~ .

Composite nanofiber membranes based on CA/poly-L-lactic acid (PLLA)/hal-
loysite nanotube (HNT) were employed for GPEs in LIBs. The crystallization
behavior of the polymeric materials was significantly suppressed while thermal
stability was improved by the incorporation of HNTs and an ionic conductivity of
1.52 x 107 S cm™! was obtained. The authors compared their GPE to Celgard
2500 in terms of performance of a Li/GPE/LiCoO, and judged their new system as
more competitive.

Another more application oriented study reported optimized conditions for the
use of CA in GPEs for electrochromic devices (ECDs) [115]. Lithium perchlorate
(LiClO,4) was added as a supporting electrolyte and propylene carbonate as a sol-
vent to the GPE. Poly(3-hexylthiophene-2,5-diyl) (P3HT) thin films were produced
to act as an electrochromic cathodic layer on an electrochromic anodic ITO sub-
strate with the GPE being the ion conducting material in between (Fig. 2.19). The
stability of the P3HT film by measuring the optical and electrochemical properties
of P3HT thin films on ITO in GEs through UV-Vis and cyclic voltammograms
obtained during application of potential to the films.

Current/voltage data and related performance for ECDs were investigated and
revealed that the GPEs featured high stability within the operative potential window
for ECDs. The electrochromic polymer films showed also fully reversible color
change for more than 1000 cycles without polymer film or GPE degradation. This
work shows the first example of the use of GE with a natural polymer matrix in
electrochromic devices and demonstrates their reliability under repetitive switching
of applied voltage for up to 1000 cycles.

Fig. 2.19 Electrochromic
device colored state and
bleached state with the
application of +1.0 V. (dark
purple to transparent blue)
and —1.0 V. (transparent
blue to dark purple).
Reproduced from Ref. [115]
with permission of Springer

1000 cycle
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Butyl-N-methyl pyrrolidinium bis(trifluoromethylsulfonyl) imide (PYR14TFSI)
and methyl cellulose have been employed to produce a new type of mechanically
robust, solid polymer electrolyte ion gels [116], with moduli in the MPa range, a
capacitance of 2 uF cm™2, and good ionic conductivities (>1 x 107> S em™') at
room temperature. The preparation of the gels was performed by dissolution of
PYRI14TFSI and MC in DMF followed by a heating/cooling cycle. After evapo-
ration of the DMF, a thin, flexible, self-standing ion gel with up to 97 wt%
PYRI14TFSI was obtained which showed excellent conductivity and a large elec-
trochemical operating window (5.6 V).

A composite gel polymer electrolyte on the basis of a nonwoven fabric
(NWF) and methyl cellulose, prepared by a simple casting process, followed by
soaking with electrolyte, was described by Li and coworkers [117]. The obtained
materials featured good mechanical properties and good thermal and electro-
chemical stability due to the synergistic action between the methyl cellulose matrix
and the NWF framework. For instance, the composite gel polymer electrolyte
exhibited higher ionic conductivity (0.29 mS cm™") at room temperature and better
lithium ion transference number (0.34) than those of the conventional Celgard 2730
separator (0.21 mS cm ! and 0.27) in 1 M LiPFg electrolyte. Cells (Li/LiFePQOy,)
using this composite gel membrane exhibited better cycling retention and higher
discharge capacity than those based on Celgard 2730 separator and pure MC gel
membrane.

In another study, CNF was used to synthesize four composite electrolytes for
lithium ion battery applications [118]. The GPE was composed of a ionically
conductive PEG matrix reinforced with nanofibrillated cellulose (CNF) to provide
mechanical integrity. In order to achieve good compatibility between the CNFs and
the PEG, a propionate and acrylate based modification was carried out to enable the
formation of covalent bonds between the PEG and cellulose phase. This was par-
ticularly beneficial for the uptake of liquid electrolyte to enhance the ionic con-
ductivity. Although this was a very interesting approach, the ionic conductivities
(5 x 107> S ecm™") could not fully compete with the best available GPEs based on
polysaccharides. Similarly also MFC can be used to improve material characteristic
of GPEs. A fully-solid methacrylic-based thermo-set polymer electrolyte membrane
reinforced with micro-fibrillated cellulose (MFC) was described by Chiappone
[119]. The membrane was manufactured in water and crosslinking was initiated by
UV-induced polymerization via a free radical mechanism. The synthesized GPE
exhibited excellent mechanical properties with a Young’s modulus as high as 32
MPa while ionic conductivity was still acceptable (0.1 mS cm™" at 50 °C). Similar
work has also been reported by several other authors, with the main aim to improve
compatibility and mechanical performance. In most cases, methacrylic membranes
were photochemically crosslinked with cellulosic materials (hand sheets, papers,
membranes, microparticles) using UV grafting [120]. In most cases, mechanical
properties were significantly improved and in some cases electrochemically com-
petitive materials were obtained [121]. One of the main drawbacks that restrict the
practical application of gel-polymer electrolytes is the inferior mechanical perfor-
mance compared to other available systems.
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Electrochromic devices were investigated by Kiristi who used WO; (cathodi-
cally coloring working electrode) and NiO (anodically coloring counter electrode)
in conjunction with GPEs based on CMC [122]. The performance evaluations of the
complementary solid-state electrochromic devices indicated good reversibility, low
power consumption of £3 V in colored state, high variation of transmittance
changing of 64% in gel electrolyte, and lower 7% in membrane electrolyte and
good memory effect under open-circuit conditions.

CMC membranes have been used as a host for a GPE in lithium ion batteries
[123]. The morphology of the membrane can be fine-tuned by variation of
fine-adjusted by varying the ratio of the solvent and non-solvent mixture. The
membrane was capable to take up 76% electrolyte whereas the ionic conductivity (1
M LiPFg) at room temperatures reached up to 0.48 mS cm™'. Lithium ion trans-
ference was reported 0.46 (compare Celgard: 0.27) and when a battery was
assembled (LiFePO,), the materials exhibited excellent electrochemical perfor-
mance (higher reversible capacity, better rate capability, good cycling behavior). In
another report, the motivation was to spread the electrochemical operating window
of aqueous 2 M Li,SO,4 and 4 M LiClO,4 by addition of GPEs [124]. The main
result was that in the case of Li,SOy4-based electrolytes, the addition of CMC or
agarose increased the stability window.

PVA/CNC/SiO, nanocomposite films were prepared in different ratios as SPE
for fuel cells. The impact of CNCs on the performance was evaluated in a range
from 20 to 60 wt% CNC content. Realized conductivities ranged from 0.044 to
0.065 S cm ™" at 20 and 60 °C, respectively. The CNCs improved the dimensional
stability while maintaining the conductivity of existing anion exchange membranes
[125].

A PEO-CMC GPE for DSSCs was reported by Bella et al [126]. The GPE was
prepared by soaking liquid electrolyte containing supporting salts and I3 /I redox
couple into the polymer blend. A photovoltaic-chemometric approach allowed for
assembling a device with efficiencies up to 5.18% under 1 sun irradiation (~ 7%
under 0.4 sun). The durability of the device was good, showing excellent efficiency
as high as 98% even after 250 h under extreme aging conditions.

A similar application was also reported for agarose based gels [127]. GPEs with
different agarose concentrations (1-5 wt%) and various inorganic filler concentra-
tions (0-10 wt% TiO,) were investigated. By increasing the agarose and inorganic
filler amount, a decrease in Ty in the range of 1-2 wt% for agarose and 0-2.5 wt%
for TiO, was observed, which results in high conductivity. The electron lifetime in
TiO, of DSSCs increased with agarose contents, while it decreased with inorganic
filler contents. A cell with the electrolyte of 2 wt% agarose revealed an optimum
energy conversion efficiency of 4.1% while optimum efficiency of the DSSC with
added TiO, is 4.74% at 2.5 wt% loading.

A composite GPE based on thermoplastic polyurethane (TPU) and cellulose was
fabricated and studied for applications in Li batteries [128]. The GPE featured
acceptable ionic conductivities (4.8 x 10™* S cm™') at 80°, high Li ion transport
number (0.68) and improved electrochemical stability. An assembled LiFePO,4/Li
battery using the TPU/cellulose GPE exhibited good rate capacity and remarkable
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cycle performance at 80°. The discharge capacity was still 128.2 mAh g~ ! after 200
cycles, 95% of the capacity retention at a charge/discharge rate of 2 C.

PEO nano-fiber mats with MCC/CNC have been reported by Samad and
coworkers [129] for envisaged use in SPE is DSSCs. The reinforced fiber mats
showed a two-fold increase in the tensile strength and up to five times increase in
the Young’s modulus. Thermal behavior studies revealed that the electrolyte was
stable up to temperature of 200 °C. Tonic conductivity in the order of 107* S cm ™
was achieved for the samples at 100 °C, which is at the lower end for applications
in LIBs. In a different approach, non-modified MCC was used in combination with
different ionic liquids (MPII, EMISCN) to form GPE for DSSCs [130]. The pho-
tovoltaic performance of cellulose gel-based DSSCs has been optimized by mon-
itoring some key parameters, such as ionic liquid volume ratios and cellulose
contents. PCEs of up to 3.3% have been realized without any organic solvents, and
good stability was demonstrated during 8 h of exposition to simulated solar light.
A similar approach was chosen by Li et al. [131] with the main difference that
cellulose was grafted with acrylic acid in 1-butyl-3-methylimidazolium iodide
([Bmim]I) as reaction medium. KI and I, were chosen as ionic conductors which
were already dispersed prior to polymerization in BMIMI, and a conductivity of up
to 7.33 mS cm™ ! was realized. For the optimized composition of the GPE, a DSSC
was assembled with a PCE of 5.51% at 100 mW cm ~.

Navarra and coworkers synthesized cellulose-based hydrogels (from different
cellulose sources) via low-cost synthetic routes for GPE membranes [132].
A crosslinking step was introduced to tune liquid uptake capability and ionic
conductivity. For this purpose, the redox behavior of electroactive species (Fe(CN)g
“/Fe(CN)?") entrapped into the hydrogels has been investigated by cyclic
voltammetry tests, revealing very high reversibility and ion diffusivity.

The same redox couple (Fe(CN)¢ /Fe(CN)") as in the previous report was
employed to realize thermoelectrochemical cells [133] (TECs). TECs are a
promising and cost-effective approach to harvesting waste thermal energy. The
electrolyte with 5 wt% cellulose achieved an optimum balance of mechanical
properties, Seebeck and diffusion coefficients and supported power outputs com-
parable to those of the liquid electrolyte systems.

GPEs for supercapacitors have been realized using different types of
cellulose-chitin hybrid gels. In all these applications ionic liquids (e.g.
1-butyl-3-methylimidazolium, 1-allyl-3-methylimidazolium bromide,
1-butyl-3-methylimidazolium chloride) are used. In all these applications, electric
double layer capacitors (EDLC) were reported [134]. Test cells with a hybrid gel
electrolyte showed a specific capacitance of 162 F g~ at room temperature, which
was higher than that for a cell with an H,SOy electrolyte (155 F g~"). The discharge
capacitance of the test cell was able to retain over 80% of its initial value in 100,000
cycles even at a high current density of 5000 mA g™ Ionic conductivity reached up
t0 57.8 Sm™ " at room temperature. The self-discharge measurements suggested that
leakage current and potential decay were suppressed by the application of the acidic
cellulose-chitin hybrid gel electrolyte. These results indicated that the acidic
cellulose-chitin hybrid gel electrolyte had a practical applicability to an advanced
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EDLC with excellent stability and working performance. A similar concept can also
be used for other polysaccharides. The same authors used alginates and chitosan for
the realization of EDLCs [135]. As ILs, hydrophobic 1-ethyl-3-methylimidazolim
tetrafluoroborate (EMImBF4) was used resulting in mechanically strong gels fea-
turing a high retention of EMImBF,. According to charge/discharge measurements,
the EDLC with alginate- and chitosan-based gel electrolytes exhibited excellent
discharge capacitance. Probably, the alginate featured high affinity to the activated
carbon electrode leading to a decrease in the electrode/electrolyte interfacial
resistance. A test cell with Alg/EMImBF, did not show any decrease of coulombic
efficiency (99.8%) during 5000 cycles.

A nanocomposite consisting of PEO/LiClO4/chitin nanocrystals (ChNC), pre-
pared by hot pressing, was proposed as PGE [136]. The ChNC acted as reinforcing
agent to improve mechanical properties of the PEO and the ionic conductivity of the
GPE was increased by one order of magnitude and the lithium transference number,
tris, rose from 0.24 to 0.51.

Chitosan and its derivatives have also been studied for SPE/GPE. Different types
of chitosan acetate films have been employed whereas the dependency of the
amount of plasticizer on the ionic conductivity was investigated [137]. Films of
chitosan acetate, plasticized chitosan acetate, chitosan acetate containing elec-
trolyte, and plasticized chitosan acetate-electrolyte complexes were cast. It turned
out that all films were highly amorphous favoring ion transport throughout the GPE.

Pectin-based gel electrolytes in a transparent film form were obtained by a
plasticization process with glycerol and addition of LiClO4 [138]. The ionic

Fig. 2.20 a KGM thin film. b KGM thin film after adsorb electrolyte on substrate bended by
tweezer. ¢ SEM image of KGM thin film. Reproduced from Ref. [139] with permission of Elsevier
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conductivity of the films was in an acceptable range whereas the glycerol content
directly correlated with the conductivity at room temperature (from 10> for 37%
glycerol to 5 x 10~ S cm™" for 68% glycerol). The authors proposed the materials
for usage as gel electrolytes in electrochromic devices.

Konjac glucomannan (KGM) was proposed as GPE in CdS/CdSe quantum
dot-sensitized solar cells (Fig. 2.20) [139]. The KGM was directly applied on a
Cu,S counter electrode in one step without mold, which simplified the cell fabri-
cation process. The conductivity of the KGM was determined to be 0.074 S cm ™" at
room temperature. The cell based on this GPE exhibited a PCE of 4.0% at 100 mW
cm? with excellent stability compared to that of liquid-based quantum dot solar
cells.

2.3 Electrode Materials from Polysaccharides

In the past decade, a wide range of polysaccharide based sources has been
employed for the generation of carbonaceous materials for electrode fabrication. In
order to get porous structures usually a pre-carbonization step is employed followed
by carbonization using different types of additives. These additives either create
highly porous structures (e.g. KOH) having high specific surface area or are used to
incorporate additional functionality for doping purposes (e.g. N or P). The appli-
cations of such materials are manifold and cover all areas of energy storage and
conversion with supercapacitors being currently the most important one. A wide
range of materials has been used as carbon precursor for supercapacitors and an
exemplary list containing just waste materials is depicted in Table 2.1.

However, supercapacitors based on polysaccharides have been covered in a
separate book and will not be covered explicitly again here. We refer the reader to a
recently published book [155]. Further, for batteries high specific surface area is not
necessarily an advantage since electrochemical processes in the bulk are most
important.

In the following, a few selected examples will be provided which strategies can
be followed for successfully implementing polysaccharide derived carbons into
battery applications. One strategy is to use the polysaccharide as template during
carbonization to control the aggregation and/or clustering of additional electrode
materials. A very convenient example is the use of chitosan which was used to
control the formation of citrate capped iron oxide composites which subsequently
were employed as anode materials in LIBs [156]. In the first step, the chitosan
effectively interacted with the citrate capped Fe;O, (C-Fe3;0,4) nanoparticles via
electrostatic interactions between carboxylate groups of C-Fe;O,4 and free amine
groups of the chitosan. The second step, calcination of chitosan—linked Fe;O4
particles, led to carbon—coated Fe,O; (Fe,O;@carbon) with a high degree of
mesoporosity (pore size: 20-30 nm). This mesoporous Fe,O;@carbon composite
exhibited a rather high capacity retention which was twice of bare Fe,Oj3 after the
50th cycle at 0.1 C. The amount of crosslinking of the iron oxides was studied and
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Table 2.1 Waste materials used in the preparation of supercapacitors and their corresponding
electrochemical performance parameters

Carbon Pyrolysis SSA Cm (Fg™") |Electrolyte | Capacitance
source °C) (m? g_l) retention
Potato waste 700 1052 255 at 2 M KOH 93.7% after 5000
[140] 1Ag! cyclesat 5 A g”!
Rice brans 700 2475 265 at 6 M KOH 87% after 10,000
[141] 10A g™ cycles at 10 A g™!
Coconut 800 2440 246 at 05M 93% after 2000
shell [142] 025Ag™! H,SO,4 cycles at
025 A g™’
Corn husks 800 928 356 at 6 M KOH | 95% after 2500
[143] 1Ag! cycles at 5 A g”!
Bamboo 750 169 171 at 1 M KOH | 92%/90% after
[144] 1Ag! 1M 2000 cycles at
221 at H,SO0, 4Ag!
1Ag!
Fish scale 700 1300 332 at 6 M KOH 100% after 5000
[145] 1Ag™! cyclesat 1 A g™
Hemp [146] 1000 1173 204 at 1 MLIOH |99% after 10,000
1Ag! cycles at 10 A g7!
Willow HT, 234 189 at 1M 98.6 after 1000
catkin [147] MnO, 1A gfl Na,SOy4 cycles at 1.0 A gf1
Cabbage 800 3102 336 at 2M KOH | 95%/after 2000
[148] 1Ag! cycles at 5 A g”!
Soybean 700 582 215 at 2 M KOH 92% after 5000
curd residue 05Ag" cycles at 5 A g”*
[149]
Cat tail [150] 850 1951 336 at 6 M KOH | Not given
2mVs!
Pomelo peel 600 2105 342 at 2 M KOH Not given
[151] 1Ag"
Banana peel 1000 1650 206 at 6 M KOH 98.3 after 1000
[152] 1Ag™! cycles at 10 A g~*
Sunflower 700 2585 311 at 30% KOH | Not given
seed shell 025Ag"!
[153]
Coffee beans 900 1840 361 at 1M 95% after 10,000
[154] 10A g H,SO,4 cycles at 5 A g

SSA denotes to the specific surface area and C,, to the mass specific capacitance

it was found that the capacity increased with increasing chitosan volume. Porosity
can also be introduced by carbonizing already porous cellulosic materials such as
aerogels. Huang and coworkers reported on a three-dimensional (3D) carbonaceous
aerogel which was obtained from carbonization of bacterial cellulose (BC) [157].
The 3D carbonized BC (CBC) had a highly interconnected nanofibrous structure
and featured rather good electric conductivity as well as mechanical stability and
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was proposed as electrode in Li—S batteries. The intrinsic porous structure allowed
for a relatively high sulfur loading of 81 wt%. The authors demonstrated that the
sulfur species were well dispersed and wrapped around the CBC nanofibers.
Although the loading as already high, the S/CBC composite still contained free
space to accommodate the volume expansion of sulfur during lithiation. A further
advantage was that an ultralight CBC interlayer, placed in between the sulfur
cathode and separator, resulted in a significant improvement in active material
utilization, cycling stability, and Coulombic efficiency. The authors also indicated
that, to some extent, the CBC interlayer was capable to absorb migrating poly-
sulfides. The nanofibrous nature of the CBC interlayer acted as an additional col-
lector for sulfur and thus could prevent the over-aggregation of insulated sulfur on
the cathode surface. Another CBC material was reported by Wang et al. [158]. They
showed that the CBC materials could be used in LIBs using 1 M PF6 in DMC/EC
electrolytes using PVDF as binders. The electrochemical performance of the
materials was very good, exhibiting high capacities (386 mAh g ™" at 0.2 C over 100
cycles) and stable cycling behavior with low capacity fading (ca. 0.07% per cycle).
CBC involving Fe,O; for use in LIBs have been reported by Huang [159]. The
materials were simply prepared by soaking BC sheets with a solution containing
iron nitrate, followed by thermal treatment. As for the previous reports, superior
electrochemical performance was reported compared to neat carbon materials.

Carbonized filter paper was employed for preparation of electrode materials
involving Sn@C nanospheres as negative electrode materials for SIBs [160]. Both,
the carbonization of the filter paper and the reduction of SnO, to elemental Sn
proceeded at the same time. During the carbonization, the Sn aggregated to form
nanoparticles which were encapsulated with carbon sheaths. It was proposed by the
authors that the formation mechanism of the spherical Sn@C nanospheres was
based on the unique properties of molten tin which preferably forms with spherical
droplets. Slices of the carbonized filter paper decorated with Sn@C nanospheres
were assembled into electrochemical cells without any further treatment or additives
and higher capacities and better Coulombic efficiencies than that of bare carbonized
filter paper were observed.

In a different approach, the cellulose based material was used in paper based
electrodes [161]. In the first step, LTO, cellulose nanofibers (C-CNF) and CNTs
were processed in a papermaking process (Fig. 2.21). The obtained sheet-like
materials were subjected to carbonization and hierarchical nanocomposites were
obtained which served as flexible free-standing paper anode and as lightweight
current collector for lithium-ion batteries at the same time. The in situ carbonization
of CNF/CNT hybrid film immobilized with uniform-dispersed LTO induced a large
increase in electrical conductivity and specific surface area. Therefore, the car-
bonized paper anode exhibited extraordinary rate and cycling performance com-
pared to the paper anode without carbonization. Another option to create high
performance composites is to blend CNFs with well aligned GO [162]. After car-
bonization, the obtained microfibers featured a conductivity of 649 £+ 60 S/cm
whereas the GO acted as a template during CNF carbonization. Further, the car-
bonized CNF can accomplish for defects of reduced GO (rGO) and linked rGO
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Fig. 2.21 Schematic illustration of preparation process of the flexible single-layer paper electrode.
Reproduced from Ref. [163] with permission of the American Chemical Society

sheets together. The conductive microfibers showed promising behavior for a use in
LIBs.

In another work, ordered cellulose nanocrystals (CNCs) have been transformed
into porous carbon [163]. The obtained carbonaceous materials were characterized
by an increased short-range ordered lattice and percolated carbon nanofiber at a
carbonization temperature of 1000 °C. The CNC derived porous carbons showed
superior performance with one of the highest reversible capacities (340 mAh g71 at
100 mA g™ ') so far reported for carbon anodes for SIBs. The excellent electro-
chemical performance (rate capability and cycling stability) was correlated to the
larger interlayer spacing, porous structure, and high electrical conductivity arising
from the ordered carbon lattice and the percolated carbon nanofiber. This was
supported by both molecular dynamic simulations and in situ TEM measurements.

In a different study, pulp fibers were used as precursor for carbons with intended
use in SIBs [164]. The fibers have been pretreated with TEMPO before they were
subjected to carbonization and electrode manufacturing. The obtained materials
showed good performance as anode material with Coulomb efficiency of 72%, and
a capacity of 240 mAh g~ over more than 200 cycles. Zhu et al. [165] prepared an
anode material which consisted of a Sn thin film deposited on a hierarchical pulp
fiber substrate. The authors proposed that the ‘soft’ nature of the pulp fibers is
capable to compensate for the mechanical stresses associated with the sodiation
process, while its the mesoporous structure acted as an electrolyte reservoir,
allowing for ion transport through the outer and inner surface of the fiber. An initial
capacity of 339 mAh g~ was reported and stable cycling over 400 cycles was
observed.
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