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Abstract: The possibility of using Si-based anodes in lithium-ion batteries is actively investigated
due to the increased lithium capacity of silicon. The paper reports the preparation of submicron
silicon fibers on glassy carbon in the KI-KF-KCI-K:SiFs melt at 720°C. For this purpose, the
parameters of silicon electrodeposition in the form of fibers were determined by cyclic voltammetry,
and experimental samples of ordered silicon fibers with an average diameter from 0.1 to 0.3 pm
were obtained under galvanostatic electrolysis conditions. Using the obtained silicon fibers, anode
half-cells of lithium-ion battery was fabricated, and its electrochemical performance under multiple
lithiation and delithiation was studied. By means of voltametric studies, it is observed that charging
and discharging of the anode based on the obtained silicon fibers occurs at potentials from 0.2 to
0.05 V and from 0.2 to 0.5 V, respectively. A change in discharge capacity from 520 to 200 mAh g
during the first 50 charge/discharge cycles at a charge current of 0.1C and a Coulomb efficiency of
98-100% was shown. The possibility of charging silicon-based anode samples at charging currents
up to 2C was also noted; the discharge capacity ranged from 25 to 250 mAh g-.

Keywords: silicon; electrodeposition; fibers; Si-anode; lithium-ion battery; electrochemical
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1. Introduction

In order to increase the share of renewable energy utilization in the global energy industry, it is
necessary to continuously improve materials and devices for energy conversion and storage [1]. One
of the ways is to increase the energy density in lithium-ion batteries (LIBs). This can be achieved by
using anode materials with capacitance exceeding that of graphite. Promising materials are silicon
[2,3], germanium [4,5], transition metal oxides [6,7], as well as various compositions of the above
materials with graphite. Despite the high theoretical capacity of silicon, its performance in lithiation
and delithiation can be ensured only by using nanosized and submicron particles or thin films [8].

Traditionally, obtaining silicon of the specified sizes involves a number of operations: reduction
of quartz to silicon of metallurgical purity; chlorination and hydrochlorination of metallurgical
silicon; reduction of chlorosilanes to silicon crystals; zone recrystallization of silicon and obtaining
silicon-based anodes by plasma or laser sputtering methods [9]. Methods of electrolytic deposition of
silicon of a given morphology from molten salts are an alternative [1,10-12].

One of the most promising and frequently used electrolytes for silicon production are water-
soluble KF-KCI melts with KaSiFe, 5iO2, and SiCls additives [13-15]. Nowadays, the kinetics of the
cathodic process depending on the substrate material and polarization conditions has been well
studied, experimental samples of silicon deposits depending on the electrolysis parameters have been
obtained, and a diagram characterizing the influence of these parameters on the morphology of
silicon deposits has been proposed [15]. The regulation of silicon deposits morphology can also be
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realized by introducing additives into the electrolyte that influence the physicochemical properties
of the electrolyte and the parameters of electrochemical nucleation. This is primarily concerned with
changing the electrical conductivity and surface tension of the melt. Earlier [16] it was proposed to
use halide melts based on iodides for this purpose. As a result of studies, the possibility of obtaining
thin silicon films and their microalloying was shown [17].

The present work shows the possibility of using KI-KF-KCI-K:SiFs melt for electrodeposition of
submicron silicon fibers for their application in the anode of a lithium-ion battery.

2. Experiment

For measurements and electrodeposition we used chemically pure salts (JSC "Vekton"), which
were preliminary purified from impurities by hydrofluorination (KF, K:SiFs) and iodination (KI), as
well as preliminary potentiostatic electrolysis [14,16]. Silicon electrodeposition was carried out in a
sealed stainless steel retort [14] filled with electrochemically purified argon. The container for the
melt was a glassy carbon crucible placed in a graphite container. A graphite cylinder was used as the
working electrode, while monocrystalline silicon served as the counter electrode and quasi-reference
electrode. The retort was placed in a vertical resistance furnace and heated to the operating
temperature of 720°C. The melt temperature was set using an S-type thermocouple and a USB-TC01
thermocouple module (National Instruments, USA). At the end of electrolysis, the deposits were
washed from the electrolyte residue in aqueous HF solution and dried in a vacuum at 200°C.

The morphology and elemental composition of the obtained samples were investigated by using
a Tescan Vega 4 scanning electron microscope (Tescan, Czech Republic) with an Xplore 30 EDS
detector (Oxford, UK).

Electrochemical performance of obtained silicon fibers was investigated in a 3-electrode half-cell
[18]. An electrically conductive additive of 10 wt% graphite and 10 wt% binder (CMC in deionized
water) were used in order to fabricate Si-based anode. LIBs anode half-cell fabrication was performed
in an argon-filled glove box (Oz, H20 < 0.1 ppm). Stainless steel mesh with the investigated anode
material was used as the working electrode and two separate lithium strips as the counter and
reference electrodes. All electrodes were divided by 2 layers of polypropylene separator and tightly
placed in the cell. The cell was filled with 1 ml of electrolyte—1 M LiPFs in a mixture of EC/DMC/DEC
(1:1:1 by volume). Electrochemical measurements and cycling experiments were performed using a
P-20X8 PGSTAT (Electrochemical Instruments, Russia).

3. Results and Discussion

Voltammetry in KI-KF-KCI-K:SiFs melt. To determine the parameters (potential, current
density) of silicon electrodeposition on glassy carbon in KI-KF-KCI-K:SiFs melt voltammetry
dependence was obtained, which is shown in Figure 1. The investigated process starts at potentials
negative to 0 V relative to the silicon quasi-reference electrode with the formation of a single cathodic
peak of electroreduction of silicon ions at a potential of about -0.17 V and a cathodic current density
of 0.08 A cm?2. Further shifting of the glassy carbon potential leads to potassium release and electrode
destruction. When sweeping the working electrode potential into the anodic region, a single
dissolution peak of electrodeposited silicon is also formed at a potential of 0.08 V and an anodic
current density of 0.08 A cm?2. The form of the voltametric dependence indicates the occurrence of
the investigated process in one 4-electron stage under the experimental conditions. Similar
dependences were obtained in halide melts of other compositions [3,12-17]. Based on electrochemical
measurements, a cathodic current density of 0.05 A cm? was chosen for electrodeposition of silicon
in the form of particles with a high specific surface.
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Figure 1. Typical voltametric dependence obtained on glassy carbon in (mol%) 75KI-16KF-8KClI-
1K2SiFs melt at temperature 720°C and potential sweep rate 0.02 V s

Morphology of the obtained silicon. The electrodeposition of silicon from KI-KF-KCI-K:SiFs
melt on glassy carbon was carried out at a cathodic current density of 0.05 A cm?2 The cathode
potential ranged from -0.1 to -0.2 V relative to the potential of the silicon quasi-reference electrode.
SEM-images of the obtained silicon after washing in HF solution are shown in Figure 3. The obtained
silicon deposits were represented by orderly shaped fibers with average diameter from 0.1 to 0.3 um
and length from 5 to 20 um. This morphology provides a high specific surface area for lithium
intercalation. EDS analysis shows 99.2-99.8 wt% silicon in obtained samples with expected oxygen
residual impurities.

D1=0.33 pm

Figure 2. SEM-images of silicon deposits obtained by electrolysis of KI-KF-KCI-K2SiFs melt on glassy
carbon at cathodic current density of 0.05 A cm? and temperature 720°C for 60 min.

Electrochemical performance. Figure 3a shows cyclic voltametric dependences for the initial 6
charge-discharge cycles. By the 3 cycle, the reproducibility of the obtained dependences is observed.
In the cathodic region, one can note peaks in the potential region negative to 0.2 V associated with
the discharge of lithium ions and the formation of Li:Siy-type compounds of variable composition [8].
To prevent the release of elemental lithium, the sweep was carried out to a potential of 0.05 V relative
to the potential of the lithium electrode. In the anodic region, two distinct peaks are formed at
potentials around 0.3 and 0.48 V, associated with the oxidation of lithium from the obtained LixSiy
compounds. Figure 3b shows the charge-discharge dependencies corresponding to the initial 6 cycles
in potential-capacity coordinates. According to the given data, the charge proceeds in the potential
region from 0.2 to 0.05 V, while the discharge proceeds at the potential from 0.2 to 0.5 V. This indicates
the capacitive character of the lithium reduction reaction with its subsequent intercalation into the
silicon volume.

The dependences in Figure 4 characterize the electrochemical behavior of the anode based on
the obtained silicon fibers under multiple lithiation with 0.1C current (Figure 4a) as well as with
different currents (Figure 4b). During the first 50 cycles, the discharge capacity decreased from 520 to
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200 mAh g, after which it stabilized at the value of 200-220 mAh g'. Figure 4b shows the possibility
of charging the studied samples at high currents up to 2C. Also, despite the relatively low values of
the discharge capacity, the operability of the fabricated anode half-cell during a relatively high
number of cycles is noted. At current C, the fabricated anode was cycled for 600 cycles. The discharge
capacity at the first cycle was 41 and at the last cycle it was 9 mAh g, indicating a gradual
degradation of this material.

The results obtained are comparable to the results of studies on the electrochemical behavior of
electrodeposited silicon fibers from other melts [3,16], while the relatively low capacitance and its
decrease during cycling may indicate degradation of the liquid electrolyte or the substrate-anode
interface. Therefore, the behavior of the obtained silicon fibers should be studied with other
electrolytes and structural materials.
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Figure 3. Cyclic voltammetry (a) and charge-discharge dependencies (b) characterizing the behavior
of the silicon fiber-based anode during the initial 6 lithiation/delithiation cycles.
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Figure 4. Variation of discharge capacity and Coulombic efficiency of silicon fiber-based anode at
multiple lithiation/delithiation with 0.1C current (a) and different charge currents (b).

4. Conclusions

The cathodic process on glassy carbon in the (mol%) 75KI-16KF-8KCI-1K2SiFs melt at 720°C has
been studied by cyclic voltammetry. It is shown that the investigated process proceeds in one stage:
silicon electroreduction takes place in the potential range from 0 to -0.3 V relative to the potential of
the silicon quasi-reference electrode. On the basis of electrochemical measurements, the parameters
of silicon electrodeposition in the form of deposits with a high specific surface were chosen: cathodic
current density of 0.05 A cm2 with control of the cathode potential. During galvanostatic electrolysis
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of KI-KF-KCI-K:SiFs melt, silicon particles in the form of ordered-shaped fibers with an average
diameter from 0.1 to 0.3 um and length from 5 to 20 um were obtained.

The obtained silicon fibers were used to fabricate a sample of anode half-cell of LIB in order to
study the electrochemical behavior of the obtained silicon during lithiation/delithiation. It is shown
that the charge of the anode based on the obtained silicon fibers takes place at potentials from 0.2 to
0.05 V relative to the lithium potential, which is due to the formation of lithium-silicon compounds.
Accordingly, the anode discharge occurs at potentials from 0.2 to 0.5 V. A change in discharge
capacity from 520 to 200 mAh g during the first 50 charge/discharge cycles at a charge current of
0.1C and a Coulomb efficiency of 98-100% is shown. The possibility of charging silicon-based anode
samples at charging currents up to 2C was also noted; the discharge capacity was 25 to 250 mAh g-.

It is concluded that it is necessary to conduct further studies using alternative materials of
electrolyte and current supply to the anode.
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