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Abstract: Si has attracted enormous research and manufacturing attention as an anode material
for lithium ion batteries (LIBs) because of its high specific capacity. The lack of a low cost
and effective mechanism to prevent the pulverization of Si electrodes during the
lithiation/delithiation process has been a major barrier in the mass production of Si anodes.
Naturally abundant gum arabic (GA), composed of polysaccharides and glycoproteins, is
applied as a dual-function binder to address this dilemma. Firstly, the hydroxyl groups of the
polysaccharide in GA are crucial in ensuring strong binding to Si. Secondly, similar to the
function of fiber in fiber-reinforced concrete (FRC), the long chain glycoproteins provide
further mechanical tolerance to dramatic volume expansion by Si nanoparticles. The resultant
Si anodes present an outstanding capacity of ca. 2000 mAh/g at a 1 C rate and 1000 mAh/g at
2 C rate, respectively, throughout 500 cycles. Excellent long-term stability is demonstrated by
the maintenance of 1000 mAh/g specific capacity at 1 C rate for over 1000 cycles. This low
cost, naturally abundant and environmentally benign polymer is a promising binder for LIBs

in the future.
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1. Introduction

In the development and implementation of sustainable energy technologies, lithium ion
batteries (LIBs) are among the most important and attractive power sources serving as the
dominant power sources for portable electronics, electrical vehicles and smart energy utility
grids. Silicon (Si) is an attractive anode material candidate due to its superior theoretical
specific capacity of ca. 4200 mAh/g assuming full lithiation to Lis4Si, which is an order of
magnitude higher than that of conventional graphite anodes [1, 2]. Si anodes are however, still
far from commercialization due to significant challenges such as substantial volume change
(ca. 300%) during lithiation/delithiation processes [3-6]. This volume change causes high
stress and even electrode pulverization in the electrode laminate, which eventually breaks the
integrity of the electrode, resulting in rapid degradation of the electrode and short cycle life.
Tremendous efforts have been devoted to addressing this issue. Compared with complicated
and costly Si nano-manipulation processes [7-10], the engineering of polymer binders is the
most promising and practical approach because it can tune the mechanical and electronic
characteristics of the binders. To date, polymers with tailored electronic properties, binding
strength, wettability, flexibility and even self-healing abilities have been proposed to replace
conventional polyvinylidene difluoride (PVdF) binder [11-17].

Besides the strong binding capability, an excellent polymer binder should guarantee the
electronic and ionic conductivity at the active material particles surface/electrolyte interface
[14]. The thermal and electrochemical stabilities of the polymer binder are also of primary
importance to guarantee battery performance. In terms of the mechanical properties
(particle/particle cohesion and laminate/current collector adhesion), the state-of-the-art roll-to-
roll lamination process in industry specifically requires a flexible and ductile polymer
binder/electrode laminate to avoid crack generation and propagation, especially in the case of

high volume change Si electrodes [18]. In strong contrast with research into electro-active
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Figure 1. Schematics of the concept to address volume change issue in battery

materials. GA with dual functionality could keep both the strong chemical bonding and

the ductile property to tolerate the expansion during lithiation/delithiation processes.
materials, the lack of significant progress in binders impedes the industrialization of Si anodes
[19, 20].

In the 21% century, the adoption of environmentally friendly sustainable materials and
industrial processes prevails in the research and industrial world. Naturally carboxyl
methylated cellulose (CMC) polymer binder attracted the initial attention in this regard as it
opens up water-based process for electrode manufacture [21, 22]. Limited success has been
achieved due to the single function of the CMC binder — the hydroxyl functional groups
afford the chemical bonding with Si based materials, mainly due to CMC could not handle
such a dramatic volume change resulting in physical contact breaks (see Figure 1). Herein, we
apply gum arabic (GA) polymer as a dual function binder utilizing the concept of fiber-
reinforced concrete (FRC) in LIB electrode fabrication. It is well-established that the fibers
reinforce the rigidity and flexibility in the “concrete” laminate [23-26].

GA is widely produced in nature and has many applications (eg. emulsifier and thickening
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agent in food, binder for painting and printmaking, etc.) [27]. Essentially, GA is a complex
mixture of polysaccharides and glycoproteins. Polysaccharides are long carbohydrate
monosaccharide’s units with abundant hydroxyl groups. Glycoproteins are proteins that
contain long oligosaccharide chains covalently attached to polypeptide side-chains (See
Figure S1) [28, 29]. As shown in Figure 1, the functional groups on polysaccharides provide
the physiochemical and chemical binding while the long spiral glycoprotein chain behaves
like the fibers in concrete [17, 30, 31]. Fibers for reinforcement in laminate can be classified
into two categories: (i) low modulus, high elongation fibers such as nylon, polypropylene and
polyethylene. This type of fibers could primarily enhance the energy absorption of composites
in the post-cracking stage (as glycoprotein in GA) and (ii) high modulus and mechanical
strength fibers such as steel, glass and asbestos that could enhance the strength and the
toughness of the composites [23-26, 32-36]. The natural gum-derived polymer GA is applied
as the binder to enhance the tolerance to cracking from volume expansion in Si anode
materials.
2. Result and discussion

In this work, GA is used as the green binder to immobilize Si electrode materials
and conductive additives onto the copper current collector by forming a Si and GA
laminate (Si@GA). Si and CMC (Si@CMC) are prepared under identical conditions as
a control sample. The mechanical properties of the resultant laminates are quantified
using nano-scratch and nano-indentation tests. The normal force in the scratch test is
set to 500 uN and the scratch length is set to 10 um. During the scratch tests, lateral
force is real-time recorded and the friction coefficient can be calculated from it with
known applied normal force, as shown in Figure 2a. The average friction coefficient of
Si@GA electrode is higher than that of CMC. Moreover, the friction coefficient of

Si@GA remains more constant along the whole scratch process even after 200 cycles.
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Figure 2. (a) The nano-scratch tests for Si@GA, Si@GA after 200 cycles and

Si@CMC electrodes. (b) The nano-indentation tests represent the average reduced

modulus variation with different indentation depth for GA/Si and CMC/Si electrodes.

(c) 3D in-situ SPM image of Si@GA after nano-scratch tests. (d) 3D in-situ SPM

image of Si@CMC electrode after nano-scratch tests.
Scanning Probe Microscopy (SPM) is used to obtain the 3D in-situ images of nano-scratch
impressions, as shown in Figure 2¢ and d. The higher and stable friction values of the Si@GA
electrode imply better mechanical properties including the binding force, than the Si@CMC
electrode. Furthermore, the SPM of the electrodes after a scratch test between Si@GA and
Si@CMC electrodes show drastic differences. The scratch track of the GA based electrode is
smooth, with limited cracks of the laminate. In contrast, the CMC based electrode shows
irregular distribution patterns on its scratch track. Because the scratch test simulates the stress
induced by the volume change, this result demonstrates that GA binder is more compliant and
might provide greater tolerance to volume change than CMC due to the FRC eftects.

Nano-indentation tests on Si@GA and Si@CMC electrodes are undertaken with

the force vary from 0.4 mN to 10 mN. A partial unload function was adopted in the
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tests to obtain the variation of reduced modulus E7 and hardness H. The indentation

depth Er is a combined modulus of the indenter and the specimen and is given by:

E, E E'

1 (1-v? La —v'?)

Where, E and v are the Young’s modulus and Poisson’s ratio of the specimen respectively, £’
and v’ are the elastic modulus and Poisson’s ratio of the indenter respectively. For a standard
diamond indenter probe, £’ is 1140 GPa and V' is 0.07. To ensure representativeness of
experimental results, at least seven indentations were conducted at different locations on each
sample. The averaged reduced modulus £, and hardness H variation with different indentation
depth for Si@GA and Si@CMC electrodes are shown in Figure 2b. The higher reduced
modulus value for Si@GA represent much better binding force among the Si particles
compared with that of CMC. Materials such as glass, sugar and rosin crystals have reduced
modulus values as high as the Si@GA electrode, but are quite brittle. Hence, measurement of

hardness H is evaluated here by the mean contact pressure at full load and is given by:

Where, A4 is the projected area of contact (as distinct from the actual curved area of contact),
Pax 1s the maximum load. Interestingly, in the GA binder system, the higher H value
compared with Si@CMC (See Figure S2a) implies higher ductile property and energy absorb
ability, which differs from brittle glass and sugar crystals. The detailed indentation process
profiles are also included in the supplementary information (see Figure S2b and c) [15, 37,
38].

High Li" ionic conductivity will facilitate the fast ion transport especially beneficial
for high rate operation [39]. With regard to the ionic conductivity of the polymer binder, the
electrolyte uptake is important for allowing facile Li" transportation through the polymer
binder to the active material [12]. The high electrolyte uptake is beneficial for high Li"

diffusion efficiency and subsequently facilitates the high capacity and better power
6
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Figure 3. (a) TGA plots of GA and CMC polymer binders in the nitrogen atmosphere
with the ramp 5 °C/min to 800 °C. (b) CV measurements evaluating the
electrochemical stability of the GA polymer binders at a scan rate of 0.2 mV/s over
the potential window of 0.01-1.00 V. (¢) Peeling test of Si electrodes using GA and

CMC binders. (d) FTIR of GA and CMC polymer binders.

performance of the Si electrode. In the GA binder system, the electrolyte uptake is accounting
for ca. 19.5 wt% of its final weight, which is higher than the CMC’s uptake percentage (ca.
12.6 wt%) in the electrolyte (See Figure S3).

The thermal stability for GA is a necessary condition for battery performance [16].
The thermal stability of the natural binders is examined using thermogravimetric analysis
(TGA) ramping up to 800 °C at the rate of 5 °C/min to determine the water content and the
carbonization temperature of the polymer binders with SiO, as a reference. The thermal

gravimetric analysis revealed that 9.2 wt% and 2.1 wt% water is adsorbed by the GA and



CMC binders, respectively. (See Figure 3a) The steep curves show the carbonization process
until 800 °C with the initiation temperature of ca. 210 °C for GA and ca. 235 °C for CMC.

The electrochemical behaviour of GA is evaluated through cyclic voltammetry (CV) at
0.2 mV/s (See Figure 3b). The CV profile demonstrates that GA is electrochemically stable in
the anode working voltage range of 0.01-1V [40-42]. This inert electrochemical property
during the 0.01-1 V range guarantees that the GA binder will not impede the
lithiaion/delithiation processes.

To allow free electron transfer, a primary requirement of polymer binders in LIBs is to
enable particle/particle cohesion and electrode laminate/current collector adhesion.[41] Low
adhesion in electrodes leads to delamination of active materials from the current collector and
ultimately causes significant capacity loss during repeated charge/discharge cycles [31, 40,
43]. The adhesion strength can be quantified via peel test as shown in Figure 3c. The
Si@CMC laminates can persist on the current collector with no cracks or delamination
observed, which is consistent with the literature [13, 44]. Moreover, Si@GA electrode
performs even better than CMC through the entire adhesion test affording ca.0.3 pounds more
peel force than CMC. The sufficient adhesion between electrode laminate and current
collector ensures the electron collection from the circuit.

Hydroxyl and carboxylic functional groups contribute to improved cycle lifetime.
Polyacrylic acid (PAA), CMC and alginate binders are reported as binders for Si based
materials, all taking advantages of the hydroxyl or carboxyl functional groups. These
functional groups can be directly verified by Fourier Transform Infrared (FTIR) spectroscopy.
Figure 3d shows the FTIR spectra of the binder polymers. The strong and wide absorption
peaks centred at ca. 3400 cm™ suggests the abundant —OH functional groups within GA and
CMC polymers, which are different to the inert PVDF binder. Two strong bands at 1620 cm™
and 1430 cm™ are due to asymmetric and symmetric stretching vibrations of the carboxylic

acid salt -COO" of the GA and CMC [45]. It is estimated that the functional groups in the GA
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Figure 4. Electrochemical performance of Si@GA and Si@CMC electrodes
(Si:C:binder = 2:1:1, wt %). Reversible Li-extraction capacity of the Si electrodes
versus cycle number collected at (a) C/10 rate (420 mA/g), (b) 1 C rate (4200 mA/g)
and (c) 2C (8400 mA/g) over the potential window of 0.01-1 V (versus Li/Li"). (d)
Reversible Li-extraction capacity and CE of the Si electrodes versus cycle number
for Li insertion level fixed to 1000 mAh/g Si at 1 C rate (4200 mA/g) over the

potential window of 0.01-1 V (versus Li/Li").

molecules can potentially adsorb onto the SiO, on the Si particle surfaces via hydrogen
bonding when GA binder is mixed with Si and conductive additives in the slurry [13, 14, 31,
46].

The electrochemical performance of the Si@GA anode is tested in terms of
galvanostatic discharge-charge cycling. Figure 4a shows the typical lithiation/delithiation
profiles expected for Si combined with GA binder when at a current density of C/10 (420
mA/g). The first discharge and charge capacities are 4056 mAh/g and 3574 mAh/g,
respectively, with an initial Columbic efficiency (CE) of 88.11 % (See Figure S4). All current
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density and specific capacity calculations are based on the active mass of Si. The performance
of Si@CMC is performed in Figure S5 for comparison. The irreversible capacity loss during
the first cycle can be ascribed to the expected side reaction with the components of the
electrolyte (slope from 0.7 V to 0.2 V). In the side reaction, solvent (EC, DEC and FEC)
molecules and salt anions are reduced on the active materials surface, thus forming insoluble
Li salt that precipitates to form a passivating film surface i.e., solid electrolyte interface, (SEI),
which prevents further reaction between the components of the electrolyte and the Si active
material [47-49]. The initial reversible specific capacity is found to be higher than 3500
mAbh/g which is close to the theoretical limit of Si electrodes (4200 mAh/g corresponding to
the composition of the compound Li4 4Si). After the first two cycles, the CE rapidly increases
to ca. 99% and, remains highly stable throughout the cycles, indicating that the SEI layer
remained intact and showed excellent reversible cycling after the surface reactions are
completed. The reversible capacity after 100 cycles at C/10 is 2708 mAh/g, which
corresponds to 75.7% retention of the initial capacity.

Figure 4b also shows that the Si@GA anode has a high discharge specific capacity of
1419 mAh/g after 500 cycles at the current density of 1C (4200 mA/g). Also, the CE remains
steady at more than 99% indicating excellent reversibility (See Figure S6). When the current
rate is increased to 2C (8400 mA/g), the specific capacity can be stable at ca. 1000 mAh/g
throughout 500 cycles (Figure 4c and Figure S7). A slight decrease in the specific capacity is
observed with cycling at C/10 and increasing the current rate from C/10 to 1C and then 2C.
This decrease can be ascribed to limitations in Li" ions diffusion and electron transport
through the porous anode active material grains. The charge-discharge cycling performed
with Li insertion capacity limited to 1000 mAh/g show stable anode performance for more
than 1000 cycles (Figure 4d and Figure S8). The SEM images in Figure S9 demonstrate the
typical morphology before and after lithiation. The formation of solid electrolyte interface

(SEI) film on the surface of Si@GA and Si@CMC electrodes (Fig S9c and d) could promote
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the stability during the long-term cycling and facilitate the lithium ion conductivity.
Furthermore, the SEM cross section for electrodes based on GA and CMC are demonstrated
in Figure S10. With the synergistic effect of FRC on GA@Si, the thickness after lithiation is
ca. 28 um (ca.115 vol% increase) of the original thickness (ca. 13 um). In stark contrast, the
CMC@Si electrode has as high as ca. 184 vol% expansion (37 pm), which is responsible for
the deterioration of electrode integrity and the decline of conductivity with the increase of
cycling times.

Information on the incorporated Si anode materials is detailed through morphology
observation and X-ray diffraction. (See Figure S11). The Si particle size distribution is ca. 200
nm diameter, with some particles reaching micron scale. All the XRD peaks correspond well
with standard crystallographic data [International Centre for Diffraction Data (ICDD) File No.
001-0791]. The scanning electron microscopies (SEM) of the Si electrode based on GA are
presented in Figure S11c and d. The uniform distribution of Si particles in the electrode is
confirmed by the energy dispersive X-ray spectroscopy (EDS) presented in Figure S12. The
Si electrodes are subjected to deep cycling (1 V-0.01 V) and then extracted for observation
with EDS element analysis (See Figure S13). After 1000 cycles, the content of fluorine that
decomposed from the electrolyte (LiPF) increases to ca. 45.6 atom%, which can be ascribed
to the formation of solid electrolyte interface [50]. Based on the glycoprotein-reinforced Si
electrode, the GA with polysaccharides is a promising binder for high specific capacity Si
anode in LIBs.

3. Conclusion

A glycoprotein-reinforced Si electrode with high binding strength and ductility is achieved
based on the gum arabic (GA) natural polymer binder. The concept of Fiber-reinforced
concrete (FRC) is applied to the LIBs electrode fabrication process. There are two main
benefits of GA are claimed as the origin of the performance enhancement: hydroxyl groups in

polysaccharide increase the binding force and glycoproteins improve the mechanical
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properties including the tolerance of volume expansion. The resultant anodes, i.e., SI@GA
anodes, have excellent adhesion to Si nanoparticles and current collector, ductility and more
importantly, endure dramatic volume changes (up to 300%) of Si thereby prohibiting physical
fracture during lithiation/delithiation processes. These outstanding properties stem from the
concrete tensile structures formed by the abundant functional groups as well as the
glycoprotein chain. A stable cycling performance is demonstrated at various C rates based on
GA binder while a promising long-term performance of 1000 cycles is observed when

limiting the specific capacity to 1000 mAh/g at 1 C.
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