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a  b  s  t  r  a  c  t

We  observe  the  electrochemical  formation  of  a silicon  layer  on  a molybdenum  (Mo)  electrode  at  850 ◦C
in a CaCl2 melt  containing  silicon  oxide  (SiO2) nanoparticles  (NPs).  A  stable  electrochemical  cell  for  high
temperature  molten  salt  was  fabricated  from  a  sealed  quartz  tube,  with  a glassy  carbon  counter  electrode
and a  Ca/Ca2+ dynamic  reference  electrode.  When  SiO2 NPs  are  added  into  the CaCl2 melt,  the  reduction
current  and  the  generation  of  a new  redox  couple  relating  to the  reduced  silicon  were  observed  in  a
eywords:
hotovoltaic
ilicon oxide
lectrochemistry

cyclic  voltammogram  at Mo.  Spectroscopic  analyses  confirmed  the  formation  of  a silicon  layer  from
the reduction  of  SiO2 NPs. Although  the  deposit  was  not  continuous,  XPS  shows  that  it is silicon  of
good  purity  and  XRD  shows  the  pattern  of  crystalline  silicon.  We  also  investigated  the  dissolved  silicon
species  generated  after  the  oxidation  of  electrodeposited  silicon  in  CaCl2 melt,  which  produces  a redox
couple  at  potentials  positive  of the  deposition  potential.  We  tentatively  attribute  it to  the  oxidation  and
re-reduction  of  an  insoluble  Si–Cl  surface  species.
. Introduction

Currently there is a high demand and consumption of silicon as
 material for photovoltaic (PV) devices. Most photovoltaic devices
re based on the crystalline silicon p-n junction, and accordingly,
he price of silicon has a great effect on the cost of these devices. The
urity of silicon required for photovoltaic devices, which is called

solar silicon’, is 99.9999% (6N), which is less pure than that for
lectronics applications (11N). There is therefore a strong inter-
st in developing a low cost production processes for solar silicon,
ompared to conventional high purity silicon production process
uch as the Siemens process, especially a process that can produce
hin films of needed purity and crystallinity directly. Generally, high
urity silicon is produced by the carbothermic reduction of SiO2
ith carbon at 2000 ◦C followed by the purification with HCl at

000 ◦C. These processes are highly energy-consuming with con-
iderable emission of CO2.

Electrochemical approaches for producing silicon have been
tudied; these are attractive because they could lead to a less
xpensive route to solar Si. In general electrochemical appara-
us is simpler than that for vacuum processes and it is easier to

ontrol the process variables [1].  Since the Si/SiO2 couple has a
ery negative potential for reduction and Si can be easily oxidized,
he electrochemical formation of silicon is usually carried out in

∗ Corresponding author. Tel.: +1 512 471 3761; fax: +1 512 471 0088.
E-mail addresses: ajbard@mail.utexas.edu, asn@mail.utexas.edu (A.J. Bard).

013-4686/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2012.01.008
© 2012 Elsevier Ltd. All rights reserved.

non-aqueous solution. Many studies [2–8] on silicon electrodeposi-
tion have been carried out in organic solvents or room temperature
ionic liquids, where silicon halide compounds such as SiCl4 and
SiHCl3 are usually used as precursors. However, the silicon deposits
obtained were coarse and impure. Moreover, the silicon was so
porous that it was  easily oxidized, and so far, has been unsuitable
for use as solar silicon. Another choice for electrolyte for deposit-
ing silicon is a high temperature molten salt [9–15]. LiF/KF/K2SiF6
(at 745 ◦C) has been investigated and is said to be capable of grow-
ing relatively pure (up to 4N) crystalline silicon. However there are
issues about the low deposition rate, which is an important con-
sideration in a manufacturing process and the safety in handling
fluoride compounds [9–11,15]. It is also possible to make silicon
from alkali or alkaline earth silicate melts such as BaO–SiO2–BaF2
and SrO–SiO2–SrF2 (at 1465 ◦C) [12–15].  The extremely high oper-
ating temperature results in high-energy consumption and leads to
liquid silicon formation, which is mixed with the melt and makes
it difficult to separate.

More recently, Nohira et al. [16,17] reported that solid SiO2
can be electrochemically reduced to crystalline silicon in a cal-
cium chloride melt. In a CaCl2 melt, electrons can be transferred
from a metal (molybdenum, tungsten, nickel) cathode directly to a
mechanically contacted solid quartz piece. The reduction reaction
starts at metal/electrolyte/metal oxide three-phase interface and

the oxygen ion is removed from the solid structure.

SiO2(s) + 4e−→ Si(s) + 2O2− (1)

dx.doi.org/10.1016/j.electacta.2012.01.008
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:ajbard@mail.utexas.edu
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dx.doi.org/10.1016/j.electacta.2012.01.008
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This seems to be a promising approach, because silicon dioxide
s a cheap and abundant source material and the operating condi-
ions are less severe than those for other molten salt systems. In
his study, we show that one can produce a silicon layer on Mo
urface from SiO2 NPs simply added into the CaCl2 melt. We per-
ormed cyclic voltammetry for this reaction in the CaCl2 melt, and
lso characterized the silicon deposit by SEM-EDS, XRD and XPS.
owever, the deposit still is not of sufficient quality to be useful for

olar applications.

. Experimental

.1. Apparatus and equipment

Experiments were performed in a quartz tube electrochemical
ell; a schematic diagram is shown in Fig. 1. A 40 cm long quartz
ube (5 cm dia.) with one open end was closed with a 316 stain-
ess steel cap, using an O-ring and clamp. The stainless steel cap
as electrode feedthroughs and in- and outlet valves for Ar gas.
he electrode feedthroughs were fabricated with 316 stainless steel
ube fittings (Swagelok, Essex Junction, VT) combined with 0.1 cm
ia. 304 stainless steel wires, which were coated with heat shrink-
ble Teflon tubes (Zeus, Gaston, SC) to insulate electrodes from the
ube fittings. The working electrode feedthrough was made of stain-
ess steel wire with a rubber stopper that facilitates the vertical

ovement of the electrode inside the closed tube cell. This made it
ossible to maintain the electrode above the molten salt and only

nsert the electrode into the CaCl2 after it melted and to remove
he electrode from the melt after the electrochemical reaction is
nished and hold it in the inert atmosphere. All connecting points
n feedthroughs were covered with vacuum seal (Varian, Milpitas,
A) to prevent air from entering the cell. Ar gas was fed into the cell
hrough a 20 cm long 304 stainless steel tube, which was connected
ith a stainless steel ball valve (Swagelok, Essex Junction, VT) and
as vented via a stainless steel bleed valve (Swagelok, Essex Junc-
ion, VT). All electrodes were connected to the feedthroughs via
omemade nickel line connectors and a nickel clamp. The quartz
ube assembled with a stainless steel cap was inserted into the
ertical tube furnace (21100, Barnstead/Thermolyne, Dubuque, IA)

Fig. 1. Schematic diagram of experimental apparatus used in this study.
 Acta 65 (2012) 57– 63

and heated to 850 ◦C at increments of 10 ◦C/min. Electrochemical
analyses were performed under argon gas (99.9995%, Praxair, Inc.,
Danbury, CT) over the melt.

2.2. Materials and chemicals

Calcium chloride dihydrate (CaCl2·2H2O, ≥99%, Sigma–Aldrich,
St. Louis, MO), used as the electrolyte, was dried in vacuum at
200 ◦C for over 6 h to remove water in CaCl2, bound chemically
and physically [18]. A sample of 32.5 g was then placed in a 3.5 cm
outer dia. cylindrical alumina crucible (99.8% Al2O3, Fisher Scien-
tific, Pittsburgh, PA) at the bottom of a quartz tube in a furnace. The
silicon precursor used in this study was colloidal silicon dioxide
(SiO2, 5–15 nm,  99.5%, Sigma–Aldrich, St. Louis, MO). The working
electrode was  a Mo  wire (1 mm dia., 99.94%, Alfa Aesar, Ward Hill,
MA) or Mo  foil (0.3 cm wide and 0.025 cm thick, 99.94%, Alfa Aesar,
Ward Hill, MA). N-type (1 0 0) silicon wafers (As-doped, 0.003 �/sq.,
0.3 cm wide and 400 �m thick, University Wafer, Boston, MA)  were
also used as working electrodes. The counter electrode was glassy
carbon (GC, 0.3 cm dia., Alfa Aesar, Ward Hill, MA)  or a graphite rod
(0.25 cm dia., Alfa Aesar, Ward Hill, MA).

2.3. Electrochemical analysis

The choice of reference electrode is not trivial for electrochem-
istry in high temperature molten salts. In this study, we used a
dynamic Ca/Ca2+ reference electrode. This was  made by cathodi-
cally polarizing a Mo  wire with respect to an auxiliary electrode by
connecting it to a battery (to prevent interaction with the potentio-
stat) and a resistor, as shown in Fig. 1, to continually generate Ca at
a current density of about 10 mA/cm2 [19]. By controlling this cur-
rent, we  can define and fix the potential of the reference electrode.
A few previous studies have used dynamic reference electrodes
in high temperature molten salts [20–22].  In the CaCl2 melt, the
reduction of calcium ion occurs on the cathodically polarized Mo
electrode, and chlorine gas is generated on the carbon auxiliary
electrode. The adjustable resistor used in this study was in the range
of 104–105 �,  which is much higher than the resistance of the CaCl2
melt and the reaction resistance of the Ca2+ reduction, and there-
fore the current passing through the Mo  electrode is determined by
this resistor. The current on the Mo  electrode was  monitored with a
multimeter by measuring the potential drop across the resistor. The
dynamic reference electrode was  stable for more than 8 h within
±5 mV.  When the CaCl2 melts containing SiO2 NPs were used, the
reference electrode was a graphite quasi-reference electrode, and
all potentials were later calibrated and are reported with respect
to the Ca/Ca2+ dynamic reference electrode.

Cyclic voltammetry and constant current electrolysis were
carried out with an Eco Chemie Autolab PGSTAT30 potentio-
stat (Utrecht, Netherlands). The length of the working electrode
immersed in the electrolyte was 0.7 cm.  After the experiments were
finished, the whole cell was  cooled slowly (∼2 ◦C/min) under Ar
flow and the electrode was  cleaned and sonicated in water.

2.4. Spectroscopic analysis

The Si deposit was  examined with a scanning electron micro-
scope (SEM, Quanta 650 FEG, FEI Company, Inc., Hillsboro, OR). The
composition and crystallinity of the Si deposit were characterized
by energy dispersive spectroscopy (EDS) (XFlash® Detector 5010,
Bruker, Fitchburg, WI), X-ray photoelectron spectroscopy (Kratos
XPS, Kratos Analytical Ltd, UK) equipped with a monochromatic Al

X-ray source, and X-ray diffractometry (XRD) with a D8 ADVANCE
(Bruker, Fitchburg, WI)  equipped with a Cu K� radiation source. In
the case of XPS, a specimen could be loaded in the XPS chamber
without exposing the specimen to air. After the electrochemical
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Fig. 2. Cyclic voltammogram of Mo  electrode (1 mm dia. wire, 0.22 cm2) (a) at a
S.K. Cho et al. / Electroch

eaction, the specimen was removed from the CaCl2 melt by pulling
p the stainless steel feedthrough in the rubber stopper, and cooled
lowly under an Ar atmosphere. Then, the whole cell was put into
he Ar-filled glove box (Vacuum Atmospheres Corp., Hawthorne,
A) and the specimen was removed from the cell. Solidified CaCl2
esidue was removed by dipping the specimen in hydrazine (anhy-
rous, 98%, Sigma–Aldrich, St. Louis, MO), in which CaCl2 is highly
oluble [23]. The specimen was cleaned further with propylene car-
onate (anhydrous, 99.7%, Sigma–Aldrich, St. Louis, MO)  and was
ried on a hot plate at 40 ◦C. Finally it was transferred to the XPS
hamber for analysis using a homemade airtight kit, which can load
he specimen into the XPS chamber without air exposure.

. Results and discussion

.1. Cyclic voltammetry at Mo  electrode in CaCl2 melt in the
bsence of SiO2 NPs

Fig. 2 shows cyclic voltammograms (CVs) and chronopoten-
iograms (CPs) on a Mo  electrode in CaCl2 melt, with potential,
, vs. a Ca/Ca2+ dynamic reference electrode. Mo is an exception-
lly stable material at high temperature, so it is frequently used
s a working electrode in electrochemical studies in molten salts.
he CVs on Mo  show that almost no reaction occurs in the neg-
tive potential region prior to the onset of reduction current for
he reduction of Ca2+. Since the reaction at the dynamic reference
lectrode is also the reduction of Ca2+, the current, as expected,
ncreases sharply near 0 V and the potential for the Ca2+ reduction
s progressively shifted positively according to the current density
f the dynamic reference electrode, until the CV is only slightly
ependent on the current density of the dynamic reference elec-
rode (Fig. 2a). Even with the large reduction current observed,
here is no, or only very little, re-oxidation current of the reduced
a on a reverse scan, because Ca is a liquid (melting temperature
42 ◦C) at the melt temperature and soluble up to 3 mol% in a CaCl2
elt [24,25].  Thus, dissolved Ca can mass transfer away from the

lectrode surface by convection. Strong convection in the melt due
o the thermal gradient between the melt bottom and the top facing
he incoming Ar gas flow probably occurs. This is consistent with
he chronopotentiometric results shown in Fig. 2c. In chronopoten-
iometry with reversal (50 mA  for reduction followed by −50 mA
or oxidation) on a 0.1 cm dia. Mo  wire (giving a current density of
27 mA/cm2), only the oxidation of Mo  electrode was  observed in
he oxidation step even though Ca was deposited at the Mo  elec-
rode in the forward step (Fig. 2c). Note that the oxidation of the

o electrode occurs above 2 V vs. Dyn. Ca/Ca2+ as shown in a CV on
o  (Fig. S1 in the Supporting information). When the Mo  electrode
as left at open circuit after the Ca2+ reduction step, the electrode
otential gradually recovered to that of the Mo  electrode (Fig. 2c).
hese results indicate that Ca was removed spontaneously from
he surface. The reversal oxidation peak of the Ca deposit could
e observed in CV when a large amount of cathodic charge was
ollected by reversing the potential after a large reduction current
e.g., over 600 mA)  as shown in Fig. S1 in the Supporting informa-
ion. Moreover, this loss of Ca from the electrode surface due to
ts solubility in the melt caused a considerable shift of the Dyn.
a/Ca2+potential from Eo′

(Ca/Ca2+). Supporting information Fig. S1
hows that the backward scan after Ca generation intersects the
ero current x-axis at around −0.35 V, which is the equilibrium
otential of Ca/Ca2+ with unity activity for both species. This indi-
ates that the Dyn. Ca/Ca2+ potential is positively shifted by 0.35 V
rom Eo′

(Ca/Ca2+). Generally, the potential difference between a

ynamic reference electrode and a normal reference electrode is
ainly caused by the dynamic reference electrode current × the

ncompensated resistance, which is very small (<10 mV)  because
f the small current employed [19]. However, for the dynamic
scan rate of 100 mV/s with different current densities passing on dynamic reference
electrode (1 mm dia. Mo wire, 0.22 cm2) and (b) at a scan rate of 20 mV/s (with
10  mA/cm2 passing on dynamic reference electrode), and (c) chronopotentiogram
of  Mo electrode (1 mm dia., 0.22 cm2) with the current steps in 850 ◦C CaCl2 melt.

reference electrode in this study, the activity of Ca in Dyn. Ca/Ca2+

is significantly smaller than one, leading to a positive shift of the
potential. Therefore all reported potentials can be referenced to
the Ca/Ca2+ electrode by adding 0.35 V. Upon increasing the cur-
rent sensitivity as shown in Fig. 2b, we  observed small redox peaks
near 0.5 V vs. Dyn. Ca/Ca2+, which are presumed to be related to the
formation and removal of a Mo-Ca phase. Note, however that the
presence of convection within the melt suggests that little useful
information about products can be obtained from reversal experi-
ments, except when products are insoluble or irreversibly adsorbed
on the electrode.
3.2. Electrochemical reduction of SiO2 NPs on Mo  in CaCl2 melts

The addition of SiO2 NPs to the CaCl2 melt led to the change in CV
on a Mo  foil electrode (Fig. 3). The increase in the reduction current
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ig. 3. Cyclic voltammograms of Mo  foil (0.3 cm width, 0.42 cm ) (a) with different
oncentrations of SiO2 nanoparticles in 850 ◦C CaCl2 melt, and (b and c) with the
ultiple scans in 850 ◦C CaCl2 melt containing 0.2 M SiO2 at a scan rate of 20 mV/s.

tarts at ∼0.8 V vs. Dyn. Ca/Ca2+, which rises to a current density
f about 5 mA/cm2 at about 0.5–0.6 V (Fig. 3a), considerably before
he reduction of Ca2. Note that all bulk electrolyses were carried
ut at potentials positive of the Ca2+ reduction potential, so direct
eduction of SiO2 by dissolved Ca was avoided. The potential for
eduction of SiO2 as estimated is similar to the value reported in
he literature on the reduction of a solid quartz piece [26,27]. We
ttribute this to the reduction of SiO2 (Eq. (1)). Contrary to the usual
lectrodeposition process, this is not a reaction of dissolved SiO2,
ecause it is insoluble in the CaCl2 melt, but rather from colloidal

iO2. In spite of the insolubility of the SiO2 NPs, the reduction
urrent still depended on the SiO2 concentration, as illustrated in
ig. 3a. As observed in a solid phase reaction, the process involved
ere might consist of (1) mass transfer or adsorption of SiO2 to
 Acta 65 (2012) 57– 63

the Mo  surface, (2) electron transfer to the SiO2 NPs, and (3) mass
transfer of oxide ion from the SiO2 NPs with some surface pro-
cesses such as the surface diffusion, nucleation, and coalescence of
silicon. As mentioned earlier, an exact treatment of the mass trans-
fer of the SiO2 NPs in the high temperature CaCl2 melt is difficult
because the unfavorable electrode geometry and the unknown con-
vection. Moreover, the size distribution of the particles in the melt
is not known. In general, the limiting current (il) of the reduction
controlled by the mass transfer of reactant can be expressed as:

il = nFAmC (2)

where n is the number of electron involved, and F is faraday con-
stant, and A is the surface area (0.42 cm2), m is the mass transfer
coefficient, and C is the concentration of the reactant. When the
NPs move to the electrode and are reduced, the current can be esti-
mated by Eq. (2).  The concentration of SiO2 added here is about
0.2 M (in terms of moles Si) which corresponds to ∼1.6 × 10−5 M in
terms of the concentration of NP, since each SiO2 NP contains about
thirteen thousand SiO2 molecules. When a large mass transfer coef-
ficient (e.g., 10−2 cm/s) is assumed for the convection, the reduction
current can be roughly estimated as ∼30 �A assuming only 4 elec-
trons transferred to NP; this is much smaller than the actual value
(∼4 mA)  estimated at 0.4 V vs. Dyn. Ca/Ca2+. The currents shown in
Fig. 3a are approximately proportional to the concentration of SiO2
NP and show a steady value consistent with convection. The best
explanation of the observed current is that the effective number
of electrons for the reduction of a given SiO2 NP is very large, e.g.
about 600, implying that a few hundred SiO2 molecules in a single
NP are reduced when it collides with the electrode (and probably
sticks). Similar effects have been observed for IrOx NPs, where all of
the centers are accessible in a particle [28]. However, the effective
number of electrons is only a fraction of the estimated number of
molecules in each NP, and the curves of the reduction currents in all
CVs show a gentle slope, suggesting that the reduction reaction is
kinetically slow. Since SiO2 is an insulator (its resistivity is around
109 � cm at 900 ◦C) [29] and the Si forms a solid film, the rate of
electron transfer from Mo  to SiO2 and the escape of oxygen ion
from SiO2 structure could be kinetically very slow for some forms
of SiO2. This is probably the reason why  many papers dealing with
the electroreduction of a larger quartz piece or a silicon dioxide
pellet report the requirement of a long electrolysis time and the
difficulty for the complete conversion to elemental Si [16,17,30].
This reaction should be much easier and faster with NPs relative
to a piece of bulk quartz, but the heterogeneous kinetics for the
reduction could still be the rate-determining step.

Following the reduction wave, on scan reversal, an oxidation
peak appears at around 1.05 V vs. Dyn. Ca/Ca2+ in the CV. This peak
is about 0.4 V positive of the reduction wave for SiO2. After scanning
over this oxidation wave, a new reduction peak appears on reversal,
which was  not present in the initial scan and is clearly connected to
the oxidation peak in multi-cycle CV. The peak heights of this redox
couple built up gradually with repeated scans (Fig. 3b) and appear
to be related to the oxidation and re-reduction of silicon formed
during the CV. When the electrode was  scanned further negative,
the reduction current of SiO2 decreased in the next scan (Fig. 3c),
since the electrode surface was gradually covered by silicon, which
forms a resistive layer on the Mo.  The passivation of the electrode
by silicon deposit has also been observed in silicon electrodeposi-
tion from an organic solvent [8].  Because of the strong convection
in the molten salt, reversal waves signal surface species rather than
products diffusing away from the electrode. Thus the redox peaks
observed in the potential range of 0.9–1.1 V (Fig. 3b and c) can be

attributed to a surface electrochemical reaction and their areas
are essentially equal, indicating the oxidized species is stable. The
position of the new re-reduction peak is less negative than that for
SiO2 reduction. Further electrochemical analyses by the scan rate
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Fig. 4. SEM images of Si deposited on (a) Mo,  (b) n-type Si wafer, and (c) glassy carbon. Si was deposited at 0.45 V vs. Dyn. Ca/Ca2+ for (a) 3000 s, (b) 2000 s, and (c) 1500 s
i he films are composed of (a) Si 43 at.%, O 3 at.%, C 11 at.%, and Mo 43 at.%, (b) Si 88 at.%, O
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small (∼10 A/cm ) photocurrent responses were detected, which
revealed that a Si deposit was not as pure as solar grade silicon. The
high porosity of the Si film led to a high background current origi-
nating from a dark reaction occurring on the exposed Mo surface,
n  850 ◦C CaCl2 melt containing 0.2 M SiO2 nanoparticles. EDS analyses shows that t
 at.%, and C 11 at.%, and (c) Si 34 at.%, O 58 at.%, and C 8 at.%, respectively.

ependency of the CV peak and chronoamperometry are essential
or a more detailed mechanistic study on the reduction of SiO2, but
e have been unable to prepare a useful ultramicroelectrode or a

otating disk electrode for quantitative electrochemical analyses
n the high temperature molten salt.

The same CV behavior, irreversible reduction current and the
ormation of a new redox couple, was also observed with a

o electrode contacting or wrapped around a piece of quartz
r in a CaCl2 melt containing sodium silicate (Na2SiO3) powder
Fig. S2 in the Supporting information). The reduction of quartz into
ilicon powder was reported in several papers [16,17,30],  and we
lso found that sodium silicate can also be used as a Si precursor in

 CaCl2 melt. Since silicate is composed of a chain polymeric anion
ith a SiO4 tetrahedral structure, which is similar to that in SiO2, a

imilar reaction scheme probably is valid with Na2SiO3 in CaCl2.

.3. Characterization of silicon deposit by SEM-EDS and XPS

SEM-EDS analysis confirmed the formation of a silicon layer
rom SiO2 electroreduction in CaCl2 melt. Fig. 4 shows SEM images
f silicon deposited on Mo  foil, an n-type silicon wafer, and glassy
arbon. EDS analysis showed that the large amount of silicon
43 at.%) formed on the Mo  surface with small oxygen and carbon
ontents. However, the deposit is granular, composed of grains a
ew �m size. The deposited material was not a continuous film, but
as rather closer to those of previous studies of the reduction of

 quartz piece or SiO2 pellet in CaCl2 [17,30,31].  The reaction from
olid SiO2 perhaps involves a small interaction with the substrate
aterial, even with a silicon wafer, where the nucleation and sur-

ace diffusion of the deposited silicon atoms are slow, resulting in
hree-dimensional growth of silicon. Although the film is not con-
inuous, it shows polycrystalline structure as shown in Fig. 5. Si
1 1 1), (3 1 1), and weak (2 2 0) crystallites were detected on a Si
1 0 0) wafer after Si growth though those peaks are small com-
ared to the (4 0 0) peak from the substrate. The grain size of Si
1 1 1) calculated from the Scherrer equation is about 33 nm, which
s much smaller than those of the granules that appear in the SEM
mages. This is significantly different from silicon electrodeposited
t room temperature in non-aqueous solution, which generally pro-
uces amorphous silicon. The high operating temperature probably
ssists in silicon crystallization. Fig. 6 shows the XPS Si 2p spectrum
f a silicon deposit on Mo.  The strong peak at 99.5 eV corresponds to

lemental silicon, with a smaller native oxide peak (103.0 eV), indi-
ating that the electrodeposited silicon is in the elemental state. In
ddition to the silicon peak, a strong Mo  (3d) peak was also detected
n the surface, indicating that the silicon did not cover the whole
Fig. 5. �–2� X-ray diffraction spectrum of silicon deposit on n-type silicon (1 0 0)
wafer. Si was  deposited at 0.40 V vs. Dyn. Ca/Ca2+ for 2000 s in 850 ◦C CaCl2 melt
containing 0.2 M SiO2 nanoparticles.

Mo  surface and is somewhat porous. We  attempted to measure
the photo-oxidation of N,N,N′,N′-tetramethyl-p-phenylenediamine
or the photo-reduction of ethyl viologen in acetonitrile solution
under UV–vis light irradiation of a Si deposit on Mo [32]. Only very

−6 2
Fig. 6. X-ray photoelectron spectrum of Si 2p of silicon deposit, which was grown
on  Mo  at 0.45 V vs. Dyn. Ca/Ca2+ for 2500 s in 850 ◦C CaCl2 melt containing 0.2 M
SiO2 nanoparticles.
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Fig. 7. (a) Cyclic voltammograms at n-type silicon (1 0 0) and (1 1 1) wafers
( 2 ◦
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0.003 �/sq., 0.3 cm width, 0.42 cm ) in 850 C CaCl2 melt at a scan rate of 20 mV/s,
nd SEM images of an n-type silicon wafer (b) oxidized at 1.2 V vs. Dyn. Ca/Ca2+ for
00 s, and (c) immersed (without the oxidation), in 850 ◦C CaCl2.

hich made the reliable measurement of the photocurrent even
ore difficult.
The silicon deposit obtained from Na2SiO3 (Fig. S3 in the Sup-

orting information) morphology and composition was very
imilar to those obtained from SiO2 NPs.

.4. Electrochemistry of silicon in CaCl2 melt

As discussed above, the electroreduction of SiO2 on Mo  leads to
he appearance of a new pair of redox peaks in the CV. A similar
edox couple was also observed with an n-type Si wafer working
lectrode in CaCl2 melts without SiO2 NPs (Fig. 7a). This confirms
hat the generation of the redox peak is due to the formation of

 silicon layer on the Mo  surface. The shape of the reduction peak
ndicates it is related to a reaction that is confined to the surface. The
xidation of a Si wafer at 1.2 V vs. Dyn. Ca/Ca2+ for 400 s generated
its and pores on the surface (Fig. 7b) whereas a non-oxidized wafer
urface did not change in a CaCl2 melt (Fig. 7c). The oxidative dis-

olution of an n-type Si wafer might be caused by holes created by

 small amount of light (photooxidation) from the glow of the fur-
ace, or by the increased charge carrier density at high temperature
ausing the Si to become degenerate and more conductive [33]. The
Fig. 8. X-ray photoelectron spectrum of Si 2p of an n-type silicon wafer (0.003 �/sq.)
oxidized at 1.2 V vs. Dyn. Ca/Ca2+ for 600 s in 850 ◦C CaCl2 melt.

anodic oxidation and dissolution of silicon in HF solutions has been
widely investigated [34–38] and the dissolution rate, expressed as a
current density, can be as high as a few tens to 100 mA/cm2 or more
with increasing applied potential. On the other hand, the oxidation
of a Si wafer in a CaCl2 melt showed a relatively small current peak
followed by a small limiting current as shown in the CV (Fig. 7a).
Analogous silicon dissolution phenomena are observed in alkaline
solutions such as KOH and NaOH [34,35,39–41]. In these media
passivation of the surface with OH-terminated silicon prevents fast
dissolution and produces a small oxidation peak in CV with the peak
height less than 1 mA/cm2, which is related to the number of active
silicon sites exposed to the electrolyte. OH-terminated silicon is
slowly converted to Si–2OHads and Si–3OHads, and finally aqueous
species, Si(OH)4, accompanied by silicon bond breakage, resulting
in the slow dissolution of silicon.[34,35,41] A similar mechanism
could apply to the oxidation in the CaCl2 melt. Because chloride ion
can act as a Lewis base in molten salts [42], it can coordinate with
the surface dangling bond of silicon. The formation of this Si–Clads
layer might passivate the silicon surface, with perhaps higher com-
plexes, e.g. Si–2Clads and Si–3Clads formed with further oxidation,
and finally leave the surface as, for example, SiCl4 or a related form.
The silicon bond breakage would not be as fast as in HF solution
since the polarizing effect of chloride is smaller than that of flu-
oride. As shown in Fig. 7a, the oxidation peak of Si(1 1 1) is much
smaller than that of Si(1 0 0) in CaCl2 melt. This behavior is simi-
lar to that observed in an alkaline aqueous solution but different
from that observed in HF, where there is little difference between
Si(1 0 0) and Si(1 1 1) in the oxidation current and the dissolution
rate [34,35]. The Si oxidation rate in a CaCl2 melt is thus limited
by the number of active silicon sites exposed to the electrolyte and
the rate of the silicon bond breakage as in alkaline solution. The
oxidation peak current density (5.8 mA/cm2 on Si (1 0 0)) here is
a little higher than that in alkaline solution. Since the oxidation
peak current density in 2 M KOH solution depends on temperature,
∼0.4 mA/cm2 at 25 ◦C and ∼1.6 mA/cm2 at 65 ◦C [40], compared to
the 5.8 mA/cm2 in the melt at 850 ◦C.

To determine the nature of the Si species on the surface formed
by oxidation in the melt, XPS analysis was performed on the oxi-
dized silicon wafer (Fig. 8). After oxidizing at 1.2 V vs. Dyn. Ca/Ca2+

in the CaCl2 melt for 600 s, the silicon wafer was  transferred to
XPS chamber without exposure to air. The detailed procedure is
described in Section 2. Although the wafer following oxidation
and washing was not exposed to air, some native oxide as iden-
tified via Si 2p peak at 103.2 eV and an oxygen peak were found
in the spectrum, probably due to the result of the presence of a

few ppm oxygen and water present in the glove box. In addition,
it was difficult to remove the CaCl2 residue completely from the
silicon surface so that strong Ca 2p and Cl 2p peaks were also seen
in the spectrum. Nevertheless, some silicon 2p peaks in different
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xidation states were found as well as bulk Si and native oxide
eaks. The peaks at 100.9 eV and 102.2 eV correspond to Si+ and
i2+, respectively [36], which are almost equal to those of Si–Clads
nd Si–2Clads compound on a Si wafer [43,44]. This is consistent
ith our speculation about the oxidation of silicon in the CaCl2
elt.
In summary, during the oxidation of silicon in a CaCl2 melt, the

ilicon is passivated by chloride ion with the formation of unknown
urface compounds, probably involving Cl. The following reduction
eak represents the reduction of these silicon–chloride species to
ilicon with a CV peak suggesting a surface-confined reduction.
he amount of charge in the reduction, which is ∼20 mC/cm2, is
arger than that of a electroactive surface monolayer (equivalent
o a few hundreds �C/cm2) on the Mo,  suggesting roughness of
he surface and the true area becoming larger with the formation
f pores on the surface as shown in Fig. 7b. The charge associated
ith the reduction peak was about 90% of that of the oxidation peak,

ndicating that roughly 10% might be related to the formation of a
oluble or gaseous by-product. SiCl4 in CaCl2 melt did not gener-
te a distinct reduction peak in CV when it was directly introduced
nto the CaCl2 melt with Ar carrier gas through an alumina tube
Fig. S4 in the Supporting information). A moderate bubbling of
iCl4 did not cause any change in the CV on Mo  in a pure CaCl2
elt, indicating that SiCl4 probably did not dissolve to an apprecia-

le level in the melt. Although vigorous bubbling of SiCl4 resulted
n a very noisy CV, a reduction peak did not appear in the first scan.
ctually, a very small amount of a silicon deposit (<4 at.% from EDS
nalysis) was obtained on the Mo  surface during this experiment,
resumably due to the reduction occurring at more negative poten-
ials from gas phase SiCl4. This reduction led to generation of a Si
xidation peak in the reverse sweep and a re-reduction peak in the
ext scan.

. Conclusions

A silicon layer was obtained by reducing SiO2 NPs in 850 ◦C CaCl2
olten salt. The CVs on a Mo  electrode show an irreversible cur-

ent for the reduction of SiO2 NPs and the generation of a new redox
ouple at more positive potentials that is characteristic of silicon in

 CaCl2 molten salt. This couple involves surface species, proba-
ly with the Si complexed with chloride ion. The silicon deposit
btained was not a continuous film, but it was in pure elemental
tate and crystalline. No photocurrent was found with these films,
owever.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.electacta.2012.01.008.
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