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Abstract: Silicon and silicon-based materials find extensive applications in metallurgy, microelectronics, and other emerging industries.
The field of use of synthesized silicon varies based on its morphology and purity. This study employs voltammetry, galvanostatic electrolysis,
and scanning electron microscopy to examine the impact of KI surfactant (in mol.%) to 66.5KF—33.3KCI—0.23K,SiFg melt at 750 °C on the
electrowinning kinetics of silicon ions and the morphology of silicon deposits formed on a glassy carbon electrode. The findings demonstrate
that the addition of potassium iodide to the KF—KCI—-K,SiF4 melt at a concentration of 2 mol.% induces changes in interfacial tension at the
boundary between the glassy carbon, melt, and atmosphere. Consequently, the wetting of the glassy carbon with the melt decreases, leading to
areduction in the actual working surface area and, consequently, a decrease in cathode current while maintaining current density. Taking into
account this effect and employing an algebraic estimation of the influence of the melt meniscus shape, it is postulated that the addition of KI
does not significantly affect the kinetics of the cathode process. Nevertheless, the impact of KI addition on the morphology of electrodeposited
silicon is mentioned. During the electrolysis of the KF—KCI—-K,SiFg melt, fibrous silicon deposits with arbitrary shapes are formed on the
glassy carbon electrode, whereas the addition of 2 and 4 mol.% of potassium iodide to the melt leads to the agglomeration and smoothing of
silicon deposits under the same electrolysis conditions (cathode current density: 0.02 A/cmz, electrolysis duration: 2 h). The obtained results
indicate the potential to manipulate the morphology of electrodeposited silicon for specific applications in various fields..
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B nanHo# paboTe MeTOIaMU BOJIbTAMIIEPOMETPUH, TaIbBAHOCTATUYECKOTO JIEKTPOJIM3a M CKAHUPYIOIIEH 3JIEKTPOHHO MUKPOCKOITMU
U3YYeHO BIUSHME TOBEPXHOCTHO-aKTUBHOII no6aBku KI B pacruias (Mon.%) 66,5KF—33,3KC1-0,23K,SiFg npu temmneparype 750 °C Ha
KMHETHKY 3JIEKTPOBOCCTAHOBJIECHMSI MOHOB KPEMHUS ¥ MOP(MOJIOTUIO MOIYYAeMbBIX Ha CTEKJIOYTJIEPOAHOM KAaTOAEe KPEMHUEBBIX OCal-
koB. [Toka3ano, uro BBenenue B pacriaaB KF—KCI—K,SiF ifonnaa xanus B koanuecTse 2 M0oJ1.% NPUBOAUT K U3MEHEHUIO MexX(a3HOro
HaTsKeHU sl Ha rpaHulle CTEKJIOyIiepoAd—paciaB—arMocdepa, a UMEHHO K CHUKEHUMI0 CMauMBaEMOCTU CTEKJIOYIJIepoja paciljiaBoM, B
pe3ysibTare 4ero peajibHasi pabovas TOBEPXHOCTh, 8 COOTBETCTBEHHO, M KATOMHBIN TOK YMEHbBIIAIOTCS MTPU COXPAHEHU U TIJIOTHOCTH TOKA.
C y4eTOM IMOmOOHOr0 BO3AEMCTBUS U aJaredpanuecKoil OLEeHKH BAUSIHUS (OPMBI MEHUCKA PACIIaBa CAEIAaHO MPEAIOI0KEHHE, YTO J0-
6aBka KI npakTuuecku He CKa3blBaeTCs Ha KMHETMKE KaTOAHOro mpoiecca. [Ipu 3ToM oTMeYeHO 3aMeTHOe BiusiHUe 106aBoK KI Ha
Mop@doJioruio anekTpoocaxaaemoro kpemuus. I1pu anekrpoause pacrapa KF—KCI-K,SiFg Ha creknoyriaepone ¢popmupyrorcst Bo-
JIOKHUCTBIE OCAKW KPEeMHUST TTPOU3BOJILHON (POPMBI, B TO BpeMs Kak nobasieHue 2 U 4 Mon.% ioguaa Kajlus B paciijiaB IPUBOAUT K
arJIOMepaLny U CIIAaXMBAHUIO 0CALKOB KPEeMHMSI IIPU TPOYIX PABHBIX YCIOBUSIX SJIEKTPOIN3a (KaTOLHAsSI IUIOTHOCTH Toka — 0,02 A/cm?,
BpeMs ayieKTposin3a — 2 4). [loydeHHbBIE pe3yIbTaThl yKa3bIBAIOT Ha BO3MOXHOCTD PEryJIUPOBaHUsI MOPGHOIOr MU 3JIEKTPOOCAXKIAEMOTrO
KPEMHMUS C LEeJIbIO JajbHEM1ero ero NpuMeHeHU s B TOM MJIM MHOM cepe.

Kirouessbie c10Ba: KpeMHUI, BOJIbTAMIIEPOMETPU S, 3JIeKTpoocaxaeHue, mopdosorus, pacniaaB KF—KCI.

BaaronapaocT: AHaIM3bl 0CaIKOB KPEMHMUSI ObLIIY BBIIIOJHEHBI Ha 000pyAoBaHUY LleHTpa KO1eKTUBHOr O Nos1b30BaHUs «CocTaB Bellle-
cTBa» MHCTUTYTa BRICOKOTEeMIIepaTypHoii anekTpoxumuu YpO PAH.
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Introduction

In contemporary industry, silicon and silicon-based
materials hold substantial significance. Silicon finds
extensive application in the manufacturing of alloys
comprised of ferrous and non-ferrous metals, functio-
nal powdered materials, photoelectric converters, and
electronics [1—3]. The considerable lithium capacity
of silicon enables the utilization of composite materials
derived from it as anode materials in lithium-ion power
sources [4].

Silicon with specific properties and morphologies
such as solid deposits, nano- and micro-sized wires, fi-
bers, and tubes can be obtained through the electro-
chemical deposition of silicon from molten salts and
ionic liquids [5—14]. Electrochemical techniques are
well studied for production and refinement of various
materials in molten salts [15—20]. In this context, here-
with, it is feasible to regulate the electrodeposition pro-
cess by adjusting factors such as cathode current densi-
ty, cathode overvoltage, process temperature, and melt
composition [21—23].

The commonlyusedelectrolytesinlaboratorysettings
for silicon production are water-soluble KF—KCI based
melts [8—12]. These electrolytes facilitate electrolysis
within a temperature range of 650—750 °C. Currently,
the kinetics of the cathode process has been extensively
investigated in relation to temperature, concentration of
silicon-containing electroactive ions, substrate materi-
al, and polarization conditions. Experimental batches of
silicon deposits were obtained under various electrolysis
parameters, and a diagram was proposed to illustrate the
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impact of these parameters on the morphology of silicon
deposits [12]. In the examined melt with K,SiF¢ concen-
trations up to 5 wt.% on graphite, it is possible to pro-
duce solid, porous, and well-developed silicon deposits
in the form of fibers with arbitrary shapes and ordered
submicron particles. The formation of a solid deposit is
favored by a low cathode current density, while an in-
crease in current density results in a deposit with high-
er specific area. This phenomenon can be attributed to
several factors:

— an excess growth rate of existing nuclei compared
to the growth rate of new nuclei;

— silicon primarily deposition on the surface of nuc-
lei due to diffusion limitations concerning the supply of
electroactive ions to the cathode surface;

— co-deposition of potassium and its intercalations
into graphite.

The likelihood of potassium co-deposition is sup-
ported by the observation that solid silicon deposits were
formed on a silver cathode at elevated cathode current
densities [12]. This further validates the previously men-
tioned ability to manipulate the morphology of depo-
sited silicon during the electrolysis of molten salts by
modifying the process parameters.

Furthermore, the morphology of silicon deposits
can be regulated by incorporating additives that affect
the physicochemical properties of the electrolyte. Par-
ticularly, this pertains to modifications in the electrical
conductivity and surface tension of the molten medium.
As such, in previous studies [24—26], the use of molten
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electrolytes based on iodides (KF—KCI—KI—K,SiFg,
Nal—KI—K,SiF¢) has been proposed for silicon elec-
trodeposition. However, it should be noted that the
iodide concentrations in these systems are 75 mol.% and
higher, which complicates the comprehensive under-
standing of iodide’s influence on both the kinetics and
mechanisms of silicon recovery from electroactive ions,
as well as the resulting deposit morphology during elec-
trolysis.

The present work focuses on investigating the impact
of KI on the kinetics of the cathode process on glass car-
bon in a KF—KCI melt, as well as the morphology of
deposits formed during electrolysis.

Experimental

The measurements and electrodeposition tests were
conducted using salts of chemical purity grade (Vek-
ton, Russia), which were subjected to precleaning pro-
cedures. The salts were purified by hydrofluorination
(KF, K,SiFg) [9], iodination (KI) [20], and prelimi-
nary potentiostatic cleaning electrolysis in molten salts
[27]. The electrochemical measurements and silicon
electrodeposition were performed under an argon at-
mosphere using a sealed stainless-steel retort (Fig. 1),
which was placed inside a vertical resistance furnace.
The electrolyte was contained in a glassy carbon cru-
cible within a graphite beaker. In order to maintain the
argon atmosphere upon the addition of KI to the melt,
the cell design was equipped with a gateway. A glassy
carbon electrode served as the working electrode, while
monocrystalline silicon was utilized as a reference
quasi-electrode and auxiliary electrode. Tungsten rods
were used as current leads for the electrodes. The melt
temperature was set and controlled at 750+2 °C using
Pt/Pt—Rh thermocouples and a TP703 thermoregula-
tor (Varta, Russia).

Current voltage dependencies were recorded using
a glassy carbon electrode immersed in a melt consisting
of 66.5KF—33.3KCI—0.23K,SiF¢ (mol.%) at a tem-
perature of 750 °C. The measurements were conduct-
ed using an AutoLab 302N potentiostat—galvanostat
(Metrohm, Netherlands). In order to assess the impact
of KI on wetting behavior of the glassy carbon electrode
with the KF—KCI—K,SiFg melt, the experiments were
performed with a partially immersed electrode. The
depth of immersion was varied from 5 to 15 mm. Elec-
trolysis of the 66.5KF—33.3KC1—0.23K,SiF¢ (mol.%)
melt, with the addition of 2 and 4 mol.% KI, was car-
ried out under the same condition of cathode current
density (0.02 A/cm?) and glassy carbon cathode im-
mersion (15 mm).
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Fig. 1. Schematic view of experimental cell

1 — stainless-steel retort; 2 — graphite stand; 3 — nickel screen;

4 — cooling shell; 5 — rubber seals; 6 — quasi-reference electrode;
7 — working electrode; § — gateway; 9 — auxiliary electrode;

10 — inlet/outlet channels of inert gas; 11 — glassy carbon crucible;
12 — melt

Puc. 1. CxeMa akcniepuMeHTa bHOM siueiiKu

1 — peTopTa U3 HepxKaBelollieii ctanu; 2 — rpaduToBasi MoACTaBKa;

3 — HUKeNeBBIN cTakaH; 4 — KOXYX OXJXKICHUs; 5 — YITIOTHEHUST

13 BAaKyyMHOU PE3UHBI; 6 — JIEKTPOJI CPAaBHEHUST; 7 — paboumii
3JIEKTPO[; § — 1UTI03; 9 — BCIIOMOTaTe/IbHbIN 371eKTpo; 10 — KaHabl
MOIBOJIa,/0TBOIa MHEPTHOTO Ta3a; 11 — CTEeKIOYTJIepOIHBIN TUTEITb;
12 — pacriaB

The concentration of silicon in the melt before and
after electrolysis was determined through atomic emis-
sion spectroscopy with inductively coupled plasma,
employing an iCAP 6300 Duo Spectrometer (Thermo
Scientific, USA). The morphology of the silicon de-
posits was examined utilizing a JMS-5900LV scanning
electron microscope (JEOL, Great Britain), while
the phase composition was assessed using a Rigaku
D/MAX-2200VL/PC diffractometer (Rigaku, Japan).

Results and discussion

Electrochemical measurements. Figure 2 illustrates
the current voltage dependencies acquired at a glassy
carbon cathode immersed in a KF—KCI—K,SiF¢ melt
at a temperature of 750 °C, both with and without the
addition of 2 mol.% KI.
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Fig. 2. Current voltage dependencies obtained on glassy carbon at 750 °C in 66.5KF—33.3KCI-0.23K,SiF4 (I—4)
and 65.2KF-32.6KC1-2.0K1-0.23K,SiF¢ (I"—4") melts (mol.%)

Potential scanning rate, V/s: 1, I’ — 0.1; 2, 2" — 0.2; 3, 3" — 0.4; 4, 4" — 0.7

Puc. 2. Boapr-aMIiiepHble 3aBUCHUMOCTH, IOJyYeHHBIE Ha CTeKI0yTIepoae npu remieparype 750 °C B pacriaBax (Moj1.%)
66,5KF-33,3KCI1-0,23K,SiFg (I—4) n 65,2KF-32,6KCI-2,0K1-0,23K,SiFg (1'—4")
CxopocTb pa3BepTKu NoTeHimana, B/c: 1, I’ —0,1;2,2"—0,2; 3, 3" — 0,4; 4,4 — 0,7

The dependencies display a distinct cathode peak
and an anode peak, indicating the electroreduction
of silicon ions and the oxidation of electrodeposited
silicon, respectively. The presence of a single cathode
peak suggests that the cathodic process occursin a sin-
gle stage: Si*" + 4¢~ = Si’. The non-symmetry of the
anode peak suggests a two-stage oxidation of silicon,
involving the oxidation of silicon to various electro-
active ions and the sluggish diffusion of silicon-con-
taining ions within the electrode vicinity. As the scan-
ning rate increases, the peak potential of the cathode
current density shifts towards the negative region. This
behavior is typical for electrochemical reactions fol-
lowing a mechanism of quasi-reversible or irreversible
electrochemical processes. Furthermore, at potentials
more negative than —0.2 'V, a distinct wave is observed,
indicating the initiation of electroreduction of potas-
sium cations.

Similar trends were observed in the KF—KCl—
K,SiF¢ melt with the addition of 2 mol.% KI, indi-
cating that the underlying mechanism of the pro-
cess remains unchanged. However, some differences
were observed in the current-voltage dependencies
obtained with the addition of KI. These differences
include lower cathode currents and narrower anode
peaks, indicating alterations in the kinetics of anodic
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dissolution of silicon. The reduction in cathode cur-
rent can be attributed to a change in the wetting angle
between the glassy carbon electrode and the melt upon
the addition of potassium iodide. This change is like-
ly caused by modifications in the interfacial tension

Fig. 3. Changes in meniscus shape upon KI addition

to KF—KCI-K,SiFg melt

1—w/oKI;2—2mol.% KI

Puc. 3. Cxemaruueckoe oToOpakeHue U3MEeHEHU T (hOpMBbI
MeHucka npu no6asnenun Kl B pacrrap KF—KCI-K,SiFg
1—06e3KI; 2 —2wmon.% KI
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at the boundary between the glass carbon electrode
and the KF—KCI—K,SiFg¢ melt due to the presence
of KI. It should be noted that the influence of KI may
primarily affect the surface of the working glass car-
bon electrode rather than directly affecting the cath-
ode current. This effect is illustrated schematically in
Fig. 3.

Analysis of KI influence. In order to consider the
impact of the meniscus formed during polarization on
the three-phase boundary between the electrode, melt,
and atmosphere, current-voltage dependencies were ob-
tained with varying immersions of the working electrode
into the melt. The goal was to account for the actual sur-
face area of electrode-electrolyte contact affected by the
presence of the melt meniscus. The measurement error
associated with the true electrode surface area was es-
timated based on the cathode peak currents using the
following equations:

L /(S +AS) =L /(S +AS) =L /(S3+AS), (1)

AS= (6,5, — LS/, — 1) =
=183 — LS)/( = 1) = (LS — L8)/(5—- 1), (2

where I, I, I; represent the currents of the cathode
peak corresponding to electrode submersions of 5,
10 and 15 mm, respectively, A; S, S,, S3 denote the
measured working surface areas of the electrode at the
same submersions, cm?; AS represents the measure-
ment error of the true electrode surface area caused by
the occurrence of the melt meniscus at the three-phase
boundary, cm?.

Figure 4 depicts the current density of the cathode
peaks as a function of the potential scanning rates
for different submersions of the glass carbon elec-
trode. When the electrode is submerged to a depth of
5 mm in the KF—KCI—K,SiFg melt without KI, the
peak of the cathode current density, taking into ac-
count the measurement error AS, is at its maximum.
However, the peak decreases as the depth of electrode
submersion increases. Conversely, in the presence of
2 mol.% KI, the trend is reversed. This suggests that
the addition of KI leads to a decrease in the wetting
angle of the glassy carbon electrode, as illustrated in
Fig. 3.

The analysis based on Equations (1) and (2) indi-
cates relative changes in the true surface area of the
working electrode due to the formation of a melt me-
niscus during polarization. For the KF—KCI—K,SiFg
melt the estimated relative change is +12.9 %, while
for the same melt with the addition of 2 mol.% KI, the
relative change is —10.9 %. These calculations were

i, Alem?

0.4+

0.3

0.2

0.1+

0 T T T T T

0.2 0.4 0.6 0.8 1.0 V,Vl/s

Fig. 4. Current density of cathode peaks

as a function of potential scanning rate with various
immersions (1, I’ — 5mm; 2, 2" — 10 mm; 3, 3" — 15 mm;
4, 4’ — calculated with accounting for AS)

of glassy carbon in KF—KCI-K,SiFg melt with addition
of 2 mol.% KI (1'—4") and without it (I—4)

Puc. 4. 3aBucuMOCTU MIOTHOCTU TOKA KATOAHBIX MUKOB
OT CKOPOCTH pa3BepTKU MOTEHMaTa

pu pa3HbIx orpyxeHusx (I, I’ — 5 mm; 2, 2”7 — 10 Mm;
3,3” — 15 Mm; 4, 4° — paccuutaHHbIe ¢ yueToM AS)
CTEKJIOYTJIEPOIHOTO DIIEKTPOIA

B pacraBe KF—KCI-K,SiF ¢ no6askoii 2 mon.% K1 (1I'—4)
u 6e3 Hee (I—4)

performed under equivalent conditions. Considering
the wetting phenomena, the actual peaks of cathode
current density in the KF—KCI—K,SiF¢ melt with and
without 2 mol.% KI differ by 9 % (as shown in Fig. 4),
which falls within the range of measurement error.
Therefore, based on the voltammetry measurements, it
can be concluded that the addition of 2 mol.% KI does
not significantly affect the rate of silicon electrodepo-
sition. However, it is worth noting that KI may exert a
more noticeable influence on the formation of silicon
nuclei, which, in turn, can impact the morphology of
the deposited material.

Electrodeposition of silicon from KF—KCI—KI—
K,SiFg melts. The effect of iodide addition on the mor-
phology of silicon deposits during electrodeposition
from KF—KCI—K,SiFs melt was investigated. The
experiments were conducted using melts without K1, as
well as with the addition of 2 and 4 mol.% KI. The elec-
trolysis was performed at a temperature of 750 °C, using
galvanostatic mode with glassy carbon plates prepared in
a similar manner as the cathodes. The cathode current
density was set at 0.02 A/cmz, and the electrolysis dura-
tion was 120 minutes.

Figure 5 presents SEM-images of the obtained silicon
deposits. In the melt without KI, the deposits appear as
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Fig. 5. SEM-images of silicon deposits obtained upon electrolysis of KF—KCI—K,SiFg melt on glassy carbon at cathode

current density of 0.02 A/cm? and at 750 °C
KI content, mol. %:a —0;b—2;¢c—4

Puc. 5. MukpodoTorpaduu ocagkoB KpeMHUS, IOJIY4eHHBIX 1pu 31ekTponuse pacmiasa KF—KCl-K,SiFg
Ha CTeKJIOYIJIEpOJE TIPH KaTOIHO! IIoTHOCTH ToKa 0,02 A/cM? 1 TeMmepatype 750 °C

Conepxanue KI, mon.%:a—0;b—2;¢c—4

fibers with arbitrary shapes, having an average diameter
of 1—2 um. Upon adding potassium iodide in amounts
of 2 and 4 mol.% to the melt, the silicon fibers agglome-
rate, resulting in the formation of solid silicon deposits.
Energy dispersion analysis of the deposits revealed the
presence of silicon and oxygen, with the oxygen content
reaching up to 5 wt.% in terms of silicon dioxide. X-ray
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phase analysis of the deposits yielded similar results (see
Fig. 6).

The findings from the electrochemical measurements
and experiments on silicon electrodeposition highlight
the significant influence of iodide on the morphology of
silicon deposits. Specifically, with the addition and in-
creased concentration of iodide in the melt, a smoothing
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Fig. 6. Diffraction pattern of typical silicon deposit obtained
upon electrolysis of KF—KCI1-K,SiF¢ melt
with KI addition

Puc. 6. ludpakrorpamma TUMTUIYHOTO OCaKa KPEeMHUS,
TOJTyY€HHOTO TIPU 2JIEKTPOIM3e paciiyiaBa
KF-KCI-K,SiFg ¢ no6askoii KI

effect on the deposit can be expected, assuming all other
conditions remain constant.

Conclusions

The influence of potassium iodide (KI) as a sur-
factant on the kinetics of electroreduction of silicon
ions and the morphology of silicon deposits on a glassy
carbon cathode was studied using voltammetry, gal-
vanostatic electrolysis, and scanning electron mic-
roscopy. The research was conducted in a 66.5KF—
33.3KCI1—0.23K,SiFg melt (mol.%) at a temperature
of 750 °C.

The results demonstrated that the addition of
2 mol.% KI to the KF—KCI—K,SiFg melt alters the
interfacial tension at the boundary between the glassy
carbon electrode, melt, and environment. This leads
to a decrease in the wetting of the glassy carbon elec-
trode by the melt, resulting in a reduction in the actual
working surface arca and cathode current while main-
taining current density. By accounting for this impact
and estimating the influence of the melt meniscus
shape, it was concluded that the addition of KI does
not significantly affect the kinetics of the cathode pro-
cess. During the electrolysis of the KF—KCI—K,SiFg
melt, fibrous silicon deposits with arbitrary shapes
are formed on the glass carbon cathode. However, the
addition of 2 and 4 mol.% KI to the melt causes the
silicon deposits to agglomerate and become smooth-
er under equivalent electrolysis conditions (cathode
current density: 0.02 A/cm2, electrolysis duration:
2 hours.

These findings indicate the possibility of adjusting
the morphology of electrodeposited silicon, which can
be advantageous for specific applications in various
fields.
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