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Abstract

The electrochemical performance of SiO-SnCoC composite anode for high energy lithium-ion batteries was
evaluated with particular emphasis on the impact of Alginate as a polymeric binder, as well as fluoroethylene
carbonate (FEC) as electrolyte additive. It was found that the presence of FEC, and the use of Alginate pH3 as
binder help to improve the electrochemical stability of the composite anode, showing the best electrochemical
performance with a high specific capacity, great capacity retention and excellent coulombic efficiency. Particularly,
the high precision self-discharge current study revealed that the alginate binder slowed down the parasitic reactions

between the lithiated anode and the non-aqueous electrolyte.
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1. Introduction

The demand of high quality, clean and mobile energy is increasing every day, making it necessary to have

new renewable energy sources like wind power and solar power, which require a large scale energy storage system



to handle the phase shift between power generation and the consumption. In this regard, lithium-ion battery
technology has become one of the most promising candidates, and it has already been used as power sources in
modern portable electronics, hybrid electric vehicles and electric vehicles[1-3]. In order to meet the demanding
requirements for emerging applications in transportation system, it is necessary to develop lithium-ion devices with
high power density, low cost, safe and long cycle/calendar life. Up to date, graphite has been the dominant anode
material in commercial batteries, but it cannot meet the energy-density requirement, mainly because of its relatively
low specific capacity [4, 5]. Currently, the materials that show greater promise than graphite are metallic composites
that can store lithium via alloying processes. In this regard, SiO and Sn have high theoretical capacity and the alloys
of these materials show excellent specific capacity [6-10].

The problem that faces these metallic composite materials is that they experience a large volumetric
expansion and contraction during lithium uptake and release that induces cracking of particles, leading to the
electrical isolation of particles and the collapse of the composite electrode, both of which lead to the deterioration of
the electrochemical reversibility [11, 12]. Recent studies have shown that the use of alternative binders other than
polyvinylidene difluoride (PVDF) can improve the reversibility and the mechanical properties of the electrodes
based on lithium alloying components. It has been reported that polymers that contain carboxylate and hydroxyl
functional groups such as, carboxymethyl cellulose (CMC) [13, 14], poly(acrylic acid) (PAA) [15, 16], alginate
(Alg) [17, 18] and others [19-21], can effectively improve the cycling stability of Si-based electrodes [22, 23]. All
these binders present a great amount of carboxylate and hydroxyl functional groups that are believed to promote
chemical/physical interactions with the native hydroxyl groups on the surface of the active material. Another
advantage of these binders (CMC, PAA, Alg) is that they can be prepared in agueous medium for low cost and
environmental friendliness [24].

Recent studies have shown that electrodes using Alg as a binder present great electrochemical performance
[17], [25]. Alg is a naturally occurring polymer typically obtained from brown seaweed, and has been extensively
investigated for many applications [26]. Alginate is now known to be a whole family of linear copolymers
containing blocks of (1,4)-linked B-D-mannuronate (M) and a-L-guluronate (G) residues. The viscosity of alginate
solutions increases as pH decreases, and reach a maximum around pH = 3-3.5, as carboxylate groups in the alginate

backbone become protonated and form hydrogen bonds among monomers.



It is important to note, that the binder plays a key role in maintaining a good mechanical integrity of the
electrode and in forming a protective layer on the surface of the composite, thus protecting the electrode from
further electrolyte decomposition, which leads to the so-called solid electrolyte interphase (SEI). Thus, the increased
mechanical stability provided by the binder will slow down the parasitic reactions between the anode and the
electrolyte preventing the formation of new SEI formation during cycling. The additives in the electrolyte, is also
considered as an economical method of improving the performance of lithium batteries [27]. They form different
decomposition products from the ones formed by the base electrolyte, which are incorporated into the SEI layer,
enhancing the performance of the electrode [28,29]. Among additives, Fluoroethylene carbonate (FEC) is one of the
best-known and most studied and has proven to be one of the most effective additive, not only for graphite based
electrodes, but also for silicon based electrodes [30-32].

In the present article, we study the impact of Alginate as a binder using SiO-SnCoC as anode material comparing the
obtained results with the commonly used PVDF; and evaluate the effect of incorporating fluoroethylene carbonate
(FEC) as additive in the electrolyte in the electrochemical performance by means of electrochemical, spectroscopic
(FTIR) and microscopic (SEM) studies. We also evaluate the importance of controlling the pH when using Alginate
as the binder and the important effect Alginate has slowing down the parasitic reactions by means of self-discharge

study.

2. Experimental Section

2.1. Materials

The SiO-SnCoC composite material was used as obtained [6]. Briefly, 50 wt % SiO/50 wt % Shno3C00.3Co.4 Were
mixed overnight using a rotary mixing machine. Then, 150 g of the mixture powder were milled with the presence
800 g of 1/4 in. diameter stainless steel balls using a home-built high-energy ball-milling machine. When making
electrodes, both Na-Alginate (from sigma Aldrich) and PVDF (from Solvay) were used as the polymeric binders to

investigate the impact of the binder.

2.2. Electrode preparation and electrochemical characterization.



The electrode laminate was prepared by doctor-blade casting (175 um) on a copper foil. The slurry was composed of
33 wt% active alloy material, 57% Hitachi Mage graphite, 5% Timcal C45 carbon black and 5% binder. All these
components were physically mixed in a ball milling mixer before being cast onto copper foil. In the case of using
Alg as a binder, it was previously dissolved into acetic acid buffer solution at the corresponding value of pH. PVDF
was dissolved in N-methyl-2-pyrrolidone (NMP). The loading density of the active material was around 1.3 mg
cm2 and the electrode area was 1.54 cm?,

The electrochemical performance of anode electrodes was characterized in a CR 2032-type coin cell configuration,
with polypropylene (Celgard 2325) as the separator and a lithium foil as the counter electrode. The base electrolyte
(without additive) consisted of a 3:7 weight ratio of ethylene carbonate and ethyl methyl carbonate, with 1.2 M
LiPFe. The electrolyte containing the FEC additive was prepared by blending the base electrolyte with fluorinated
ethylene carbonate (FEC, from Solvay) to a final concentration of 10 % w/w of the additive.

The cells were assembled in argon-filled glovebox and tested within the potential window between 0.01 V and 1.5 V
vs. Li*/Li with a constant current corresponding to C/20 for the first two cycles and then to C/3 for the next 100
cycles. Assuming a straightforward composition of 57 % graphite Hitachi mage and 33% of the alloy material and
theirs capacities, the calculated theoretical capacity value of the total active material was 600 mAhg™.
Charge—discharge profiles and cycle performance data were collected with a MACCOR battery cycler (Maccor,
Inc., Tulsa). To perform the rate capability experiments, the electrodes were discharged and charged at C/20 for 7

cycles and then at C/10 for 5 cycles, C/5, C/3, C/2, 1C, 2C and then back to C/20 for 5 cycles each time.

2.2.1. Kinetic study of parasitic reactions

After formation at C/20 for 2 cycles, the coin cells were conditioned in an environmental chamber at 30°C, and a
high precision source meter (Keithley 2401) was used to charge/discharge the cell to a specific potential before
measuring the leakage current as in Ref [33]. To measure the leakage current, the working electrode was held at a
specific potential using the source meter, presuming that the state of the charge (SOC) or the lithium concentration
in the working electrode will reach an equilibrium state after the constant-voltage charge/discharge. During this
process, the electron loss from the negative electrode to reduce the solvent will be electrochemically monitored by
the external circuit (Keithley 2401). Therefore, the measured leakage current is practically proportional to the

reaction rate of parasitic (side) reactions between the working electrode and the electrolyte. Hence, the static leakage



current can be used as a quantitative indicator for the reaction rate of the side reactions between the lithiated anode

and the electrolyte. The analysis of the data was performed as described in ref [33].

2.3. Physical characterization

The morphology of the laminates before and after cycling was characterized using a high-resolution field emission
scanning electron microscope (FE-SEM, Hitachi S-470011) at the Electron Microscopy Center (EMC) of Argonne
National Laboratory. Fourier transform infrared (FT-IR) spectra were obtained from a Nicolet iS5 spectrometer
(Thermo Scientific) with a diamond ATR window. The measurements were performed in an Ar filled glove-box (O2
< 0.1 ppm, H20O < 0.1 ppm) to avoid any negative effect. All the spectra were collected in the wavenumber from
4000 cm't to 550 cm* with a resolution of 4 cm™, under an automatic-baseline-correct mode with 20 iterations and a

polynomial order of 2.

3. Results and discussion
It is known that the stability and the quality of the SEI have an important impact on the general battery performance,
and that its composition is highly dependent on the electrode materials, composition of the electrolyte, and
electrolyte additives. First, we evaluate the electrochemical performance of the electrode using two binders (Alg at
pH3 and PVDF), with and without FEC as additive in the electrolyte. Fig. 1a and 1b show the voltage profiles for
the first cycle of the SiO-SnCoC anode and the cycling performance respectively for both binders in the absence and
presence of FEC. Generally, we saw that both the binder and additive have important impact on the electrochemical
performance of the cell. As it can be seen in Fig. 1a and table 1, with the presence of the additive FEC, the first
discharge capacity was higher and better capacity retention was obtained regardless of the binder used. In addition, a
higher reversible specific capacity was observed for those cells using Alg pH3 as the binder. It can also be seen in
Fig. 1b that at the beginning, the curves present a “concave” shape in accordance with the observation of Liu et al.
[6] due to the fact that some particles are not involved with the lithiation reaction due to its relatively large particle
size, and it takes some cycles to form new enough lithium diffusion paths. Once all the particles interact with the
electrolyte, the full capacity can be reached. It can also be seen that this concave shape is more pronounced when
using FEC as electrolyte additive. The additive is well known for forming a robust artificial SEI on the surface of the

anode to slow down the deconstructive process that changes the mechanical structure of the anode materials, as well



as the electrode laminate. This can also slow down the “cracking” process of the active material during the initial

cycling to reduce the size of big particles. Hence, it can lead to a longer activation process.

PVDF Alg pH3
NA FEC 10% NA FEC 10%
1%t Discharge Capacity (mAhg?) 757 794 768.5 901.5
1%t cycle Coulombic Efficiency (%) 78 79 70 70
Capacity retention at 50th cycle (%) 4.5 15 51 59

Table 1. Specific discharge capacity, coulombic efficiency for the first cycle and capacity retention after 50

cycles using PVDF or Alg pH 3 as binders, in absence (NA) or presence of 10% w/w FEC as additive

It can be seen from Table 1, that the values of 1% cycle efficiency are higher for cells using PVDF binder, but the
capacity retention is much worse than those using Alg pH3. Regarding the coulombic efficiency of the first cycle,
the main contribution to the high initial capacity loss is the electrochemical activation of SiO, in which LiO is
irreversibly formed by the reduction of the SiO active material, according to the previous study conducted by Liu et
al. [6]. In terms of long time cycling, the cells using Alg pH3 binder shows a much better performance than those
using PVDF as can be seen in Table 1 and Fig. 1b. The capacity retention is further improved with the presence of
the additive FEC for both binders (full circles Fig. 1b). The use of FEC as additive allows achieving a better
electrochemical performance for both binders, extending the cycle life of the electrode and the coulombic efficiency,
which are in agreement with previous results found in literature [30-32]. In this case, FEC would improve the
transportation of lithium through the SEI as proposed by Schroder et al [32], as in dQ/dV profiles (not shown) there
is a greater shift in the lithiation and delithiation potentials without FEC than whit it when the first and 50" cycles of
the electrodes are compared due to an increased resistant to ionic transportation in the SEI in absence of FEC. In this
point it also worthy to note that if the specific capacity is taken considering only SiO-SnCoC as the active material,
capacities obtained are much higher, in the order of 1600 mAhg* for the 100" cycle using Alg pH3 as binder and

FEC 10 % as additive, figure not shown.

[Figure 1]



Fig 1. (a) Lithium insertion/extraction profile for the first cycle of SiO-SnCoC anode using PVDF (black) and
Alginate pH3 (red) in without (empty symbols) and in presence of 10% of FEC (full symbols). (b) Cycling
performance for PVDF (black) and Alg pH 3 (red) at a rate of 0.05 C for the first two cycles and then charge at 0.33

C for the subsequent cycles

In brief, we can say that the combination of using Alg pH 3 and FEC as the electrolyte additive allows the electrode

to maintain a better integrity and cyclability. As Alg has a value of pKa around 4, the alginate backbone becomes
protonated at pH3 and can form hydrogen bonds with the active material SiO-SnCoC. This leads to a better
tolerance of volumetric changes during charge/discharge cycling and allows maintaining the conductivity among the
particles, instead of PVDF binder that present weak van der Waals forces with the active material. These results are
in agreement with previous studies conducted by Kovalenko et al. [25] that showed that Alg helps building a
deformable and stable SEI on Si-based electrodes and provides a good access to Li ions to the active material
surface.
After the initial cycles, the Coulombic efficiency (Fig. 2a) rapidly increases to 99.6 % and remain stable thereafter
when Alg pH 3 is used as the binder, demonstrating that the formed passivating layer (SEI) on the electrode stayed
intact allowing an excellent reversibility. It can also be noticed that the coulombic efficiency even persists at a mean
value of 99.6% in the presence of the additive while in the absence of it there is a decrease in its value. When using
the PVDF as binder, there are fluctuations in the coulombic efficiency values both in presence and absence of FEC.
This can be explained due to the lack of a good interaction between the binder and the active material and
continuous irreversible electrochemical reactions, resulting in a mechanical instability of the negative electrode.

It has been widely accepted that the PVDF binder is too brittle to tolerate the large volumetric change of metallic
alloys during repeating charge/discharge cycling. Due to the lack of needed elasticity, some of the active particle can
temporally lose electric contact, becoming inactive, at the deep degree of discharge, and can become active again
when accidentally gaining electric contact during the following charge/discharge cycling. Phenomenally, one can
observed a large fluctuation of the columbic efficiency during cycling, some are substantially lower than 100%, and

some are higher than 100%.



We also studied the effect of the binder on the rate capability of the SiO-SnCoC anode as can be seen in Fig. 2b.
After stabilization cycles at 0.05C, the cells were charged and discharged at different rates, according to section 2.2.
When PVDF is used as a binder, the electrode shows a continuous capacity fading at all current rates. For example,
at a rate of 0.1C the capacity drops from 419 to 276 within subsequent cycles. The capacity obtained was of 578,
357, 132, 34, 3, 0.01978 and 0.0033 mAhg* at 0.05C, 0.1C, 0.2C, 0.33C, 0.5 C, 1C and 2C respectively. It is
important to note that at high rates, there is almost no electrochemical activity when using PVDF as the binder. On
the other hand, when Alg pH3 is used as the binder, a capacity of 625, 591, 522, 422, 350, 247 and 159 mAhg™ was
obtained at 0.05C, 0.1C, 0.2C, 0.33C, 0.5 C, 1C and 2C, respectively. Even more, the reversible capacity remains
stable for all rates. Compared to the capacity obtained at a slow rate (C/20), the cell delivered about 93% of its

reversible capacity at C/10.

[Figure 2]

Fig 2. (a) Coulombic efficiency of the electrode at each cycle. (b) Rate capability of SiO-SnCoC in presence of 10%

of FEC using PVDF (black) and Alg pH 3 (red) as the binder

In Fig. 3 we can see the surface condition of the electrode in different binders, Alg pH3 (a, c, ) and PVDF (b, d, f)
before (a, b) and after cycling in absence (c, d) and in the presence of FEC (e, f). It can be seen from Fig. 3a and 3b
that the electrodes are not uniform, with different geometric shape and sizes for both binders and porous that would
allow, in both cases, to accommodate the volume expansion. After cycling (C, D, E, F) it can be seen that the surface
of the particles became smoother, the electrode has lost pores and its morphology has changed as they get covered
by the solid-electrolyte interphase (SEI) formed during the first cycles. It can also be seen that in the case of the
PVDF binder (C, E) many spherical particles are seen covering the SiO-SnCoC particles with a lot of agglomerate
granules on the surface after cycling the electrode. These is in agreement with results found in literature that states
PVDF binder tends to shrink and cover the particles, blocking the migration of Li during cycling [21]. On the
contrary, for Alg pH3 (D, F) the SEI layer seems to be thicker and more uniform than in the case of PVDF even
without FEC additive in agreement with the higher capacity retention observed in Fig 1B. using Alg pH3 as a

binder.



[Figure 3]

Fig. 3. SEM images of SiOSn-CoC prepared using different binders. PVDF (a, c, ) and Alginate at pH 3 (b, d, f),

before cycling (a, b), after cycling in absence (c, d) and in presence of FEC 10 % (e, f)

It can be seen that in the presence of FEC (e, f) there is a thicker film on the surface of the particles smearing it out
due to the difference in the SEI formation and composition in the presence of this additive in contrast to the images
in absence of FEC (c, d) where the particles under the SEI layer are still visible.

Considering the fact that Alg has carboxylic functional groups, it can be inferred that the pH of the binder
solution has an important impact on its interaction with the active material and on the rheological and mechanical
characteristics of the binder. For this reason, we also evaluated the impact of the pH of Alg solutions on the
electrochemical cycling performance of the electrode. Fig. 4 shows the specific capacity (Fig. 4a) and the coulombic
efficiency (Fig. 4b) versus cycle number for electrodes prepared in Alg in water (pH~5) (black), Alg pH 3 (red) and
Alg pH 5 (green) in presence of FEC additive. As it can be seen, the best electrochemical performance is obtained
with Alg at pH3. This is due to the fact that at this value (lower than its pKa) alginate presents the highest viscosity
and the greatest amount of protonated carboxylic groups, increasing its interaction with the SiO-SnCoC affecting the
resulting electrode morphology and its electrochemical performance, as found in literature for binders presenting
carboxylic groups [34]. At a value of pH 5 (higher than Alg pKa) the degree of protonation is lower, diminishing the
viscosity and interactions with the active material changing the mechanical properties of the resulting electrode and
obtaining a worse electrochemical performance than when alginate is prepared at pH3. The better performance
observe at a reduced pH value is in agreement with results found by Bridel et. al [14] using CMC binder.

In the case of Alg prepared in water (black squares in Fig. 4), the discharge capacity always remains lower
than at pH3 and a decrease of the capacity retention with the cycling number is also observed. It is also worth to note
that the pH value measured for Alginate prepared in water is around 5. The results also show that the electrode
prepared in buffer solution at pH 5 has a better electrochemical performance, higher specific capacity and better
capacity retention as well as higher coulombic efficiency for at least hundred cycles. This results are in accordance
with the ones reported previously by other authors [14, 34] that also found that when the pH is controlled by a buffer

solution the electrochemical performance is much better. In the case of the solution in water, the pH changes with



time due to the consumption of protons by the carboxylic and SiO groups. The presence of the buffer solution allows

to control the value of the pH during the electrode preparation and to cushion the changes in pH.

[Figure 4]

Fig. 4. (a) Specific capacity (b) and coulombic efficiency versus cycle in presence of FEC 10% using Alginate
prepared in water (black), Alginate at pH 3 (red) and Alginate at pH5 in acetic acid solution. (Rate of 0.05 C for the

first two cycles and then charge at 0.33 C for 100 cycles)

Fig. 5 shows the FTIR spectra for Alg solutions at different pH values used alone and for the active material SiO-
SnCoC (blue line) (A), and the electrode laminates using these binders and PVDF as comparison (B), this last study
has the advantage of studying directly the interaction that the active material has with all the other elements that are
part of the electrode. When an interaction takes place in the material, there is a shift to lower or higher wavenumbers
of the peaks assigned to a specific functional group in the IR spectrum, or a new peak rises in the spectrum.

Alginate solutions (Fig. 5a) exhibits a peak at 1631 cm* corresponding to -O-C=0 asymmetric vibrations and a peak
at 1413 cm* corresponding to the -O-C=0 symmetric vibrations for the carboxylate group. The peak at 1287 cm™*
can be attributed to the C-C-H and O-C-H deformation of pyranose rings. It can be seen that this peak shows a more
intense signal for Alg at pH3 (black line in inset of Fig. 5a) since at this value of pH the interaction within the
structure is larger due to hydrogen bonds between the protonated pyranose rings. For SiO-SnCoC it can also be seen
the signals at 998, 1570 and 2100 cm, which corresponds to Si-O-Si of the active material. In the case of the
electrode laminates (Fig. 5b) the IR spectra shows that the peaks that corresponds to -O-C=0 vibrations decreases
considerably compared to pure alginate evidencing the chemical interaction between alginate and the active material
(Fig. 5b). It can also be seen that the IR intensity due to Si-O-Si is higher for the case of PVDF, suggesting that this
binder does not cover the particles properly, and in this way there is not a good interplay of this binder whit the
active material leading to cycling life failure, as observed in the electrochemical results. In the case of alginate, the
intensity of the peak due to Si-O-Si decreases considerably due to the strong interaction between the alginate and the
active material, being this effect more important for Alg pH3. It can also be seen a shift of the peaks of -COOH (~
1630 cm™) and Si-O (~1000 cm™) to lower wave numbers for the laminate using Alg as a binder, evidencing the
strong chemical interaction between Alginate and SiO-SnCoC active material. These shifts are more important as
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the value of pH binder decreases. The same effect has been observed for other polysacharides [35], [21]. This
strong interaction has been previously proven to be one of the critical factors that affect the stability of the electrode

[14][36].

[Figure 5]

Fig. 5. (a) FTIR spectra of alginate at pH 3 (black line), Alg in water (orange line) and Alg at pH 5 (green line) and
active material SiO-SnCoC (blue line). (b) FTIR spectra of laminates prepared in different binders Alginate at pH 3

(black line), Alg in water (orange line) and Alg at pH 5 (green line) and PVDF (red line)

In order to evaluate the influence of the binder and electrolyte additive on the side reactions that take place
whit the active material, we evaluated the dependence of the self-discharge current at different lower cutoff
potentials after the cells were stabilized at the fourth cycle, as described in ref [31]. This type of measurement allows
us to only consider the contribution from the electrochemical and chemical reactions that take place on the working
electrode, without the contribution from the chemical reaction that take place between lithium metal and the non-

aqueous electrolyte in half cells.

[Figure 6]

Fig. 6. Dependence of self-discharge current at 30°C on the upper cutoff potential for PVDF in absence (blue

squares) and presence of 10% FEC (black squares) and Alginate pH 3 in absence (green) and presence of FEC (red)

Fig. 6 shows the leakage current obtained from half cells at 30 °C. It can be seen that when using Alg pH3 as a
binder, the self-discharge current are closer to zero than those observed in other cases, indicating that the parasitic
reactions using this binder are slower than using PVDF as a binder. Even more, it can be seen that this protective
effect is more evident in the presence of the additive FEC. This effect demonstrates that Alg produces a better SEI

layer on the surface, protecting the active material and improving the final performance of the electrode.
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4. Conclusions

We have studied Alginate as a binder for SiO-SnCOC anode material and compared it with the generally
used PVDF. We have studied the effect of pH value in the Alg solutions in order to understand why the electrode
prepared with Alg shows a much better electrochemical performance than in the case of PVDF. The results show
that Alg pH 3 has the best electrochemical performance among not only PVDF, but also the others Alg solutions.
Comparing the results obtained for Alg at buffered and un-buffered solutions, we can conclude that controlling the
value of pH is mandatory when preparing polysaccharides or polymers with carboxylic groups. This is so because
fixing pH allows some control of the protonation of carboxylic groups. At pH 3 most of carboxylic groups of Alg
are protonated, leading to the formation of hydrogen bonds with the SiO-SnCoC material, delivering a better
rheological and mechanical characteristic of the binder and a better electrochemical performance. For both binders it
was found that the presence of FEC allows obtaining better capacity retention and electrochemical performance.

It is concluded that the protonated functionalities of Alg at low pH values promote the physical/chemical
interactions between the binder and the alloy anode material. In particular, a better coverage of Alg on the anode
material is expected, leaving less exposed surface area to non-aqueous electrolyte that acts as the active sites for the
continuous parasitic reactions during the charge/discharge cycling. Therefore, a better electrochemical performance
was observed when Alg at pH 3 was used as the binder. In addition, the parasitic reactions were further suppressed
by adding fluorinated ethylene carbonate as electrolyte additive, which forms in situ an artificial SEI layer on the
surface of the anode materials to the non-aqueous electrolyte. This suggests that controlling the parasitic reactions

provides an excellent approach to enhance the electrochemical performance of Si-based alloy anodes.
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FIGURES:

Fig. 1

Voltage vs. Li/Li*
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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