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Abstract

The invention relates to processes for producing hollow bodies having a silicon-comprising
shell, by converting at least one silane in a non-thermal plasma, by means of a pyrolysis,
introduction of electromagnetic energy, or in a light arc, then dispersing in a wetting agent and

distilling, and then converting in an etching operation.
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Process for producing hollow silicon bodies

The invention relates to processes for producing hollow bodies having a silicon-
comprising shell, by converting at least one silane in a light arc or in a plasma,
preferably in a plasma which is operated in a non-thermal equilibrium, or converting or

pyrolysing it by means of electromagnetic waves, then dispersing in a solvent and

distilling, and then converting in an etching operation.

Metallic and semi-metallic particles such as silicon, for example, are important
functional materials. Because of their property of intercalating lithium ions, they play an
important role in the production of battery electrodes, catalysts or solar cells. In the case
of batteries, for example lithium ion batteries, cycling stability with simultaneous
prevention or inhibition of the formation of what are called dendrites or whiskers Is a
critical requirement. Inadequate cycling stability reduces the usability of the energy
storage means in the event of frequent, often incomplete, charging and discharging, and
whiskers can even destroy the battery as a result of internal short circuits. It is therefore
very important to prevent such processes and to make functional material available in a

large volume and in the purity required for the stated applications.

The application DE 102006059318 A1 proposes a process for producing porous silicon
particles which exhibit typical photoluminescence as known in the literature. For this

purpose, a plasma is produced by means of microwaves in a mixture of monosilane and
argon or hydrogen, and the reaction product is thermally aftertreated in a hot wall
reactor. The result is nanoparticles having solid amorphous cores. The nanoparticles
can join together to form aggregates or agglomerates. By first converting the
nanoparticles, aggregates or agglomerates with a solution of hydrofluoric acid in water
and then with nitric acid in water, porous silicon particles are obtained after the acid has
been consumed and the reaction has abated. Silicon particles of this kind have open

pores which can be utilized, for example, as channels for the transport of liquids.

If such silicon particles were used in a battery as electrode material or as separator, the

open pores would be large enough to promote the formation of whiskers which enter
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into typical transport operations for lithium ion batteries in the electrolyte and on the
electrode material. The whiskers penetrate the pores gradually and establish an
electrical connection between the battery electrodes, equivalent to an internal short

circuit. A battery equipped with such a material would be unusable after a few

charging cycles.

The problem addressed by the present invention was therefore that of providing a
process for producing an improved material and the material itself which IS suitable

for use in solar cells and/or energy storage means.

It has been found that, surprisingly, in the case of conversion of a silane or halosilane
in a non-thermal plasma, in a light arc, or generally in a pyrolysis, and subsequent
dispersion of the resulting phase in a wetting agent, subsequent distillation and
conversion of the distillate in a mixture of water, nitric acid and/or hydrofiuoric acid,

hollow bodies having a silicon-containing shell are obtained.

The invention therefore provides a process for producing hollow bodies having a
silicon-comprising shell, wherein, in a gas including at least one silane of the general

formula SinHons2.mXm With n = 1 to 4, m = 0 to 2n+2 and X = halogen,

(a) a non-thermal plasma is generated by means of an AC voltage of
frequency f, or a light arc is operated, or electromagnetic energy, preferably
in the infrared region, is introduced into this gas, giving a resulting phase

which

(b) is dispersed in a wetting agent and distilled, and then

(c) the distillate is contacted at least once with a mixture of at least two of
the substances hydrofluoric acid, nitric acid, water, giving a solid residue

comprising holiow bodies having a silicon-comprising shell after the

conversion reaction of the distillate with the mixture has abated or ended.

CA 2913549 2019-02-25
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There is further provided process for producing hollow bodies having a silicon-
comprising shell, wherein, in a gas including at least one silane of the general

formula SiHonso.mXm With n = 1to 4, m = 0 to 2n+2 and X = halogen,

(a) a non-thermal plasma is generated by means of an AC voitage of
frequency f, or a light arc is operated, or electromagnetic energy in the
infrared region is introduced into this gas, giving a resulting phase

which

(b) is dispersed in a wetting agent and distilled, to thereby form a distillate,

and then

(c) the distillate is subjected to a conversion reaction by contacting the

distillate at least once with a mixture of at least two of the substances

hydrofluoric acid, nitric acid, and water,

giving a solid residue comprising hollow bodies having a silicon-comprising shell after

the conversion reaction of the distillate with the mixture has abated or ended.

There is further provided hollow body having a silicon-comprising shell, obtained by a

process as described herein.

There is further provided use of the hollow bodies as described herein for production

of solar cells or of electrode materials in energy storage cells.
The invention is elucidated in detail hereinafter.

Fig. 1 shows, in schematic form and by way of example, the inventive reactor (R).
According to the invention, the gas (G) is introduced into the reactor (R) and a
plasma discharge (Pl) is generated by means of a device for generating an AC

voltage (HV). The resulting phase (RP) that leaves the reaction space is shown

schematically.

CA 2913549 2019-02-25
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Fig. 2 shows, in a TEM image, a cluster of the hollow bodies obtained in accordance

with the invention.
Fig. 3 is a TEM image of the distillate obtained after step (b).

The hollow bodies obtained in accordance with the invention include silicon or

compounds of silicon, preferably predominantly silicon, in their shells, meaning that at

CA 2913549 2019-02-25
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least 50% of the mass of the hollow bodies obtained by the process is silicon. The

shells of the hollow bodies may be closed or open.

Preferably, in the general formula of the silane used, n = 1 and/or 2, X = chiorine and m
= 0 to 6. Particular preference is given to using monosilane, TCS, STC or a mixture of

these silanes. Very particular preference is given to using monosilane.

In step (a), it may be advantageous to use high-purity silane, meaning a boron content

of about 1 ppt to 10 ppm and a phosphorus content of about 1 pptto 10 ppm.

In addition, it may be advantageous, in step (a), to use microwaves or electromagnetic

energy In the region of mid-infrared wavelengths, meaning 3 to 50 ym.

IFor a definition of non-thermal plasma and a gas discharge in non-thermal equilibrium,
reference is made to the relevant technical literature, for example to "Plasmatechnik:
Grundlagen und Anwendungen — Eine Einfiihrung” [Plasma Technology: Fundamentals
and Applications - An Introduction]; collective of authors, Carl Hanser Verlag,
Munich/Vienna; 1984, ISBN 3446-13627-4.

The non-thermal plasma can be produced by a gas discharge in the at least one silane-
containing gas stream. Preferably, the plasma is produced by means of transient high-
voltage discharge In a bipolar electrode arrangement having a reference potential
electrode and a high-voltage electrode. The electrodes may be functionalized or

equipped with an electron exit auxiliary, for example BaO.

Paschen’s law states that the ignition voltage for the plasma discharge is essentially a
function of the product p-d, from the pressure of the gas, p, and the electrode distance,
d. The electrode separation is also referred to as gas arc distance, abbreviated to GAP.
For the planar electrode arrangement, which is preferred in the process, this product,
which defines the ignition voltage, is preferably about 10 mm-bar. The discharge can be
iInduced by means of various AC voltages and/or puilsed voltages from 1 to 1000 kV.

The magnitude of the voltage depends, in a manner known to the person skilled in the
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art, not only on the gas arc distance of the discharge arrangement but also on the
process gas itself. The voltage used with preference in the process may be pulsed and
may preferably be about 10 kilovolts peak (10 kV,) and have a half-height puise
duration rounded to 700 nanoseconds and a repetition rate of about 14 000 s'. The
profile of this voltage against time may also be rectangular, trapezoidal, or composed of
sections of individual profiles against time. Any combination of profile against time

composed of these forms may be used.

The specific energy flux density which is introduced for generation and/or maintenance
of the non-thermal plasma may be chosen in the range from 0.01 to 1000 W-s-cm?. It is
further preferable to conduct the specific energy input by means of exact-phase
measurement of the instantaneous power with a bandwidth of at least 250 kHz. This
measurement of instantaneous power may be effected in a coaxial reactor having

discharge area 100 cm”. A coaxial reactor is preferably a tubular reactor, especially a

rotationally symmetric tubular reactor.

The energy input to form the non-thermal plasma is preferably effected in such a way
that very substantially homogeneous conditions are established in the plasma which
forms for the reaction of the silanes themselves, for exampie with nitrogen- and/or
germanium-containing compounds. It is especially preferable here to operate the non-
thermal plasma at a voltage at which the discharge covers the entire electrode area.

This may be the case in the event of a glow discharge, as familiar to those skilled in the
art.

The at least one silane-containing gas may be introduced by means of at least one
nozzle. The gas used may be a mixture comprising at least one silane and at least one
inert diluent gas. A preferred specific flow density of the gas with 10% monosilane In
argon is around 40 cm's™, the value obtained from a volume flow rate of 240 cm’ min”
per cm* of electrode area. The residence time during which the particles reside in the
reaction space and are at least partly converted in the plasma is up to 10 000 ms,
preferably within a range from 1 to 1000 ms. The conversion in the plasma leads to

generation of chemical free radicals from which silicon-containing particles form in turn.
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These particles may, as well as silicon, likewise include SiN, SiO and/or SIC, depending

on the composition of the gas.

The resulting phase includes these particles and is pulverulent. The particles may occur
individually, specifically with diameters of the particles of 3 to 300 nm, preferably of 50
to 300 nm. The particles may likewise be aggregated in the form of clusters. The
clusters may be formed by aggregation of individual crystalline particles in the course of
production and may optionally continue to grow. Both the isolated particles and the
clusters have at least one, preferably exactly one, crystalline phase of pure silicon. The
clusters may be present in the form of linear chains, wires or the like, or else In

branched form.

If the gas is kept at a temperature of 100 to 500°C, preferably at 500°C, during step (a)
or at the end of step (a), the resulting phase comprises predominantly particles not

agglomerated to clusters. If temperatures greater than 500°C are chosen, preferably a
temperature of 550°C to 1300°C, predominantly particles agglomerated to clusters are

obtained.

The clusters may have a size of 20 nm to 6 um, preferably of 20 nm to 3 pm, further
preferably of 400 nm to 6 um, more preferably of 100 nm to 3 pm, even more preferably

of 300 nmto 3 um, 500 nmto 3 um, 1o 3 pm.

The resulting phase comprising the clusters and/or particles leaves the reaction space

and/or may be deposited in the reaction space.

In the context of the invention, the reaction space is understood to mean the interior of
the reactor. Within this volume, the plasma discharge, glow discharge or pyrolysis, or
the glowing of the light arc, takes place, or the electromagnetic energy Is introduced.
Fig. 1 shows such a reactor (R) in schematic form and by way of example. According to
the invention, the gas (G) is introduced into the reactor (R), and a plasma discharge (P1)
is generated therein by means of a device for generating an AC voltage (HV). The

resulting phase (RP) that leaves the reaction space is shown in schematic form. In order



10

15

20

25

30

CA 02913549 2015-11-26

201200478

that the resulting phase is not deposited or does not remain entirely in the reaction
space, it can be drawn out of the reactor by means of a vacuum pump. Possible uses of

apparatuses for evacuation and suitable pressures or gas flows are known to those
skilled In the art.

In step (a) of the process according to the invention, it is possibie to use a plasma
reactor, induction reactor, pyrolysis furnace or light arc furnace, and the reaction space

of the reactor or furnace may preferably be manufactured from glass, oxide ceramic,

carbide ceramic or graphite.

More preferably, it is possible to use metal-free ceramic, metal-free glass, or ceramic or
glass, having high purities. Preference is given to using a reactor which may be
constructed as a module from partial elements or manufactured in one piece. The
energy input can preferably be effected by an electromagnetic route, for example by

means of plasma electrodes.

The wetting agent which is used in step (b) may be selected from at least one alcohaol,
water, nitric acid, or a mixture of these substances. At least one alcohol and water are

used with preference.

In step (b) of the process according to the invention, it may be advantageous first to

degas the resulting phase and then to disperse in a wetting agent selected from water

and ethanol.

For the degassing, it is possible to use a compression stage. Preferably, the phase can
be dispersed in high-purity water or in a mixture of high-purity water and ethanol, and
then distilled off. More preferably, the phase can be dispersed in ethanol and then
distilled off. Preferably, an amount of 10 to 50 g of water, more preferably 15 to 25 g of
water, is used per gram of distillate obtained at the end of step (b). Additionally
preferably, 10 to 50 g of alcohol, more preferably 15 to 25 g of alcohol, may be used per

gram of distillate obtained at the end of step (b). Most preferably, equal masses of water
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and alcohol, preferably ethanol, are used per gram of distillate obtained at the end of

step (b).

In step (c) of the process according to the invention, the distillate is preferably contacted
first with a mixture of water and nitric acid and then with hydrofluoric acid, giving a solid

residue after the conversion reaction has abated, which is washed, filtered and/or dried.

Preferably, step (c) is conducted once, further preferably at least once. During at least
one performance of step (c), preferably from 3 to 10 g, more preferably from 3 to 6 g, of
nitric acid are used per gram of the distillate obtained at the end of step (b). The
concentration of the nitric acid is preferably 70%. In addition, during at least one
performance of step (c), preferably from O to 70 g of hydrofluoric acid HF is used per
gram of the distillate obtained at the end of step (b), more preferably from 0 to 60 g of
HF, even more preferably from O to 45 g of HF and most preferably from 0 to 10 g of

HF. The concentration of the hydrofluoric acid may be chosen in the range from 4% to

12%, preferably from 5% to 10%.

If the conversion reaction comes to a stop during at least one performance of step (c)
without any further action, this is referred to as "abating” in the context of the invention.
The recognition of the abatement of the conversion reaction in step (c) Is familiar to

those skilled in the art. According to the invention, abatement occurs if the acid(s)

has/have been fully converted and the distillate has not been fully converted. In this
case, the solid residue comprising hollow bodies having a silicon-comprising shell is

obtained in accordance with the invention.

In an alternative embodiment of the invention, the conversion reaction is stopped,
terminated or greatly slowed during at least one performance of step (c) before the
distillate is fully converted. This is referred to as "ending” in the context of the invention.
In this case too, the solid residue comprising hollow bodies having a silicon-comprising

shell is obtained in accordance with the invention.
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Quite generally, the full conversion of the distillate should be avoided in any
performance of step (¢). The course of action required for this purpose is known to
those skilled in the art. This is because the conversion reaction in step (c) is an etching
reaction. If no further etching reaction is taking place and only a liquid is apparent to the
eye, no solid residue is present. It is then necessary to produce a resulting phase again

in accordance with the invention.

The presence of the solid residue can be established easily by the person skilled in the

art, since the solid residue is visually well-differentiated from the liquid which is obtained

on abatement or ending of the conversion reaction during step (c).

Preferably, in the case of performance of step (c), it is necessary to use such an amount
of mixture with acid or acids that the distillate is not converted fully. Preferably,
abatement of the conversion reaction is obtained by using from 3 to 5 g, more

preferably 5 g, of nitric acid per gram of distillate during a performance of step (c).

It is likewise preferable to end the conversion reaction by diluting the mixture with water
during at least one performance of step (c¢) and/or removing the distillate from the
mixture prior to the abatement, for exampie by filtering it off in a manner known to those

skilled In the art.

It iIs additionally preferable to select the ending of the conversion reaction by adding

water, more preferably distilled or purified water, during step (c).

In the process according to the invention, the solid residue can be washed, filtered
and/or dried, or the conversion reaction is preferably ended, preferably by adding water,
In which case the solid residue is subsequently washed, filtered and/or dried. More
preferably, it can be filtered through a membrane, preferably through a cellulose mixed
ester membrane, and washed and dried at a temperature of 20°C to 100°C, preferably

at 60°C, most preferably under reduced pressure.
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The time during which the conversion reaction is allowed to run may be up to 3.5 days

in batchwise mode. Preferably, the conversion reaction is allowed to abate.

During at least one performance of step (c¢), the conversion reaction can be ended or
abated without any further action. It may additionally be advantageous to conduct step
(c) more than once. The abating and/or ending is preferably selected during a single

performance, more preferably during the first and the second performance, of step (c).

Preferably, in the at least first repetition of step (c), after the reaction has abated or

ended, water and nitric acid can be added again to the reaction product.

More preferably, small amounts of HF can be added repeatedly to the reaction product
after the reaction has abated or ended, meaning repeated addition of HF in an amount

of 5% to 50% in each case, based on the amount of nitric acid added.

The invention likewise provides hollow bodies having a silicon-comprising shell which

are obtained by the process according to the invention.

The hollow bodies may have regular or irregular shapes. They may, for example, have a
spherical shape, egg shape or irregular shape. The hollow bodies may be present as
individual bodies. Individual bodies may also have aggregated to form clusters. The
clusters can also be referred to as agglomerates, a cluster in the present case being
understood to mean aggregated or fused bodies. For instance, the bodies can form
clusters in which at least two bodies are fused to one another at their surfaces. These
clusters may take the form of linear chains, be in the form of wires or else be In
branched form, and have a size known to the person skilled in the art for the particles

which are used as electrode material in batteries, for example in zinc-carbon, alkaline or

lithium ion batteries. Preferably, these sizes are in the range from 20 nm to 6 pm.

Without being bound to a theory, the inventors suspect that the so-called Kirkendall
effect could be a driving effect in the formation of the shell as opposed to the wholly or

partly surrounded volume. This is because, during step (c), nitrogen compounds diffuse
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more quickly out of the particle interior than silicon compounds or silicon atoms or

silicon ions into the interior of the particles being converted.

Preferably, the silicon-comprising shell of the hollow bodies according to the invention,
or those obtained in accordance with the invention, has a thickness, determined by

transmission electron microscopy, of 5 to 40 nm.

The invention likewise provides for the use of the hollow bodies according to the

invention, or of those obtained in accordance with the invention, for production of solar

cells or of electrode materials in energy storage cells.

The invention is elucidated in detail hereinafter by examples.

Example 1.

Electromagnetic energy with a power of about 100 W was introduced into a gas

composed of monosilane (SiH,), within a wavelength range known to those skilled in the

art of about 500 nm to 4 ym, corresponding to a temperature of 1150°C.

The resulting phase which included 1.1 g of pulverulent silicon was dispersed In a

wetting agent composed of 20 g of ethanol and distilled.

The distillate, shown in a transmission electron microscopy (TEM) image (Fig. 3), was
subsequently admixed with a mixture of 20 g of H,O and 6 g of 70 per cent HNO3. The
expressions "70 per cent HNO3" and "HNO3 (70%)" are equivalent in the context of the

present invention and are familiar to the person skilled in the art as a mixture of HNO3

and water in the corresponding proportions.

After 3.5 days had passed, the reaction had abated, and a light-coloured residue was
present. 10 g of 5 per cent hydrofluoric acid were added thereto. After the conversion
reaction brought about thereby had abated, a solid residue was obtained, which was

filtered off.
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In the TEM image, this solid residue showed the hollow bodies obtained in accordance

with the invention (Fig. 2).

Example 2.

As Example 1, but with the differences which follow.

After the distillate had been admixed with a mixture of 20 g of H,O and 5 g of HNOs;
(70%) and the conversion reaction had been left to take place for 1.2 days, another
mixture of 20 g of H,O and 5 g of HNOs; (70%) was added.

After the conversion reaction had abated, 40 g of 5 per cent hydrofluoric acid were
added. After the conversion reaction that then took place had abated, a solid residue

was obtained, which was filtered off. The hollow bodies according to the invention were

obtained.

Example 3.

As Example 1, but with the differences which follow.

The resulting phase was dispersed in a mixture of 5 g of H,O and 10 g of HNO3; (70%)
and distilled.

After the distillate had been admixed with 5 g of HNO3; (70%) and then with 45 g of 10

per cent hydrofluoric acid, the conversion reaction was left to take place for a period of 3

days.

After this period had elapsed, the conversion reaction was ended by the addition of 100

g of water.
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After the ending, a solid residue was obtained, which was filtered off ana which

comprised the hollow bodies according to the invention.
Comparative Example 1.

As Example 3, except that the conversion reaction was not ended after the addition of

the 45 g of 10 per cent hydrofluoric acid, but was left to abate.

No solid residue was obtained.
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CLAIMS:
1. Process for producing hollow bodies having a silicon-comprising shell,
wherein,

in a gas including at least one silane of the general formula SinHzn+2-mXm

5 with n=1to 4, m =0 to 2n+2 and X = halogen,

(a)  anon-thermal plasma is generated by means of an AC voltage of

frequency f,
or a light arc is operated,

or electromagnetic energy in the infrared region is introduced into this

10 gas, giving a resulting phase which

(b) is dispersed in a wetting agent and distilled, to thereby form a distillate,

and then

(c) the distillate is subjected to a conversion reaction by contacting the

distillate at least once with a mixture of at least two of the substances

15 hydrofluoric acid, nitric acid, and water,

giving a solid residue comprising hollow bodies having a silicon-comprising

shell after the conversion reaction of the distillate with the mixture has abated

or ended.
2. Process according to Claim 1, wherein in step (a) a plasma reactor, induction
20 reactor, pyrolysis furnace or light arc furnace Is used, and the reaction space

of the reactor or furnace has been manufactured from glass, oxide ceramic,

carbide ceramic or graphite.

CA 2913549 2019-02-25
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Process according to Claim 1 or 2, wherein in step (b) the resulting phase Is
first degassed and then dispersed in a wetting agent selected from water and

ethanol.

Process according to any one of Claims 1 to 3, wherein in step (c) the distillate
is contacted first with a mixture of water and nitric acid and then with

hydrofluoric acid giving the solid residue after the conversion reaction has

abated. which is washed, filtered and/or dried.

Process according to any one of Claims 1 to 3, wherein the solid residue is

washed, filtered and/or dried.

Process according to Claim 4 or 5, wherein the conversion reaction Is

ended and the solid residue is then washed, filtered and/or dried.

Process according to Claim 5, wherein the conversion reaction is ended by

adding water.

Hollow body having a silicon-comprising shell, obtained by a

process according to any one of Claims 1 to 7.

Hollow body according to Claim 8, wherein the silicon-comprising shell has a

thickness, determined by transmission electron microscopy, of 5 to 40 nm.

Use of the hollow bodies according to Claim 8 or 9 for production of solar cells

or of electrode materials in energy storage celis.

CA 2913549 2019-02-25
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