Reduction of solid silicon monoxide by elemental metals
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Reaction of solid SiO with calcium in various ratios at 900 °C results in the formation of a mixture of CaO, CaSi
and CasSi;. When the reaction (in a 1:3 ratio) is carried out at 750 °C, CaO and Ca;SiO are formed. The structure
of the latter compound, which is erroneously described in the literature as “cubic Ca,Si”, was determined from
powder diffraction data. In the reaction mixtures of solid SiO with strontium or titanium, SrSi, SrSi, and TisSiy
were identified. Reaction with aluminium did not result in the formation of a silicide, but of elemental silicon

instead.

Solid SiO is an amorphous solid that is industrially prepared
from Si and SiO, at high temperatures via gaseous (molecular)
SiO. Despite its technical uses' and many physical investiga-
tions, the structure of SiO is still controversial. The reason for
the sometimes inconsistent results is probably that samples
with a different thermal history have been used.

With the plausible assumption that all silicon atoms in SiO
are tetrahedrally co-ordinated, 50% of the bonds must be
Si-Si and 50% Si-O. The bonding model that best accounts
for the observed spectroscopic results and the chemical reacti-
vity is the “mixed-phase model”,? according to which, Si and
SiO, regions of a few nm diameter are connected by a region
with an intermediate stoichiometry. We recently suggested a
modification of this model and postulated regions with an
accumulation of Si-Si bonds and other regions rich in Si-O
bonds.?

SiO is metastable with regard to disproportionation into
silicon and SiO, . However, this reaction only proceeds at rea-
sonable rates at temperatures >1000°C.> The dependence of
the properties of SiO on the annealing conditions after con-
densing SiO from the gas phase is consistent with the mixed-
phase model, as the structure of the metastable solid can
approach the thermodynamic equilibrium (Si + SiO,) to dif-
ferent degrees by a more or less extensive rearrangement of
Si-Si and Si-O bonds.

Little is known about the reactivity of solid SiO, although
this might allow conclusions on the basic units from which its
structure is composed. The current knowledge suggests that in
most reactions SiO behaves like highly dispersed silicon in
silica (although SiO definitely is not a mixture of silicon and
silica phases). For example: (i) SiO can be used for the prep-
aration of organosilicon chlorides instead of elemental
silicon;* (ii) SiO is oxidised to Si(tv) compounds under similar
conditions to those employed for the oxidation of elemental
silicon;>® (iii) reaction of solid SiO with Cul, Agl, AgCl or
AgF results in the formation of the silicon tetrahalides SiX,,
elemental silver or copper, and silica.”

We have recently shown that reaction with elemental mag-
nesium results in the formation of Mg,Si.> While investigating
this reaction in more detail, we found one of the few cases in
which SiO shows a unique reaction behaviour, not paralleled
by reactions of Si or SiO,. We observed a com-
proportionation reaction between Mg,Si and SiO to give
nanosized silicon particles.> This reaction with magnesium is

994 New J. Chem., 2001, 25, 994-998

the only reduction reaction of solid SiO discovered so far.
From the extension of the reduction reaction to other elemen-
tal metals, which are reported in the present paper, we
expected information on the magnitude of the oxidation
potential of SiO, and additional information on how much
SiO and Si resemble each other in their redox reactions.

Results and discussion

We used commercially available SiO (Patinal®),® a dark
brown amorphous powder, as a physically well-defined start-
ing compound with a defined preparation history. The reac-
tion products were analysed by powder XRD, and the
crystalline compounds were identified by comparison with the
data in the JCPDF database or with diffraction patterns cal-
culated from entries in the ICSD database.® This method-
ology implies that any amorphous by-products cannot be
detected and therefore that there is no information on how
quantitative the observed reactions are.

The reaction with elemental aluminium was investigated to
find out whether the formation of silicides is a driving force
for the reaction of SiO. The reactivity of elemental aluminium
is similar to that of magnesium; however, in contrast to mag-
nesium, aluminium does not form silicides. When solid SiO
was reacted with aluminium in an 8:3 ratio at 650 °C for 24 h,
the powder diffractogram of the reaction products showed the
reflections of elemental silicon, weak reflections of alumina
and reflections of unreacted aluminium. The latter was
extracted from the reaction mixture by aqueous HCl. The
XRD of the remaining mixture is given in Fig. 1. Silica is
reduced by aluminium under similar conditions, and elemen-
tal silicon and alumina are formed.'° Thus, solid SiO behaves
like silica in the reaction with elemental aluminium. Boron,
gallium and indium did not react with solid SiO.

The known silicides of titanium are TiSi, TiSi, and
TisSiy .11 After reaction of a 1:1 mixture of titanium and
silicon monoxide at 900 °C for 24-48 h, the reflections of hex-
agonal TisSi; were clearly identified (Fig. 2). A few weak
reflections could not be assigned unambiguously; however,
some of them indicate the presence of elemental silicon. An
interesting aspect of this reaction is that no crystalline TiO,
phase was obtained. The fate of the oxygen in this reaction
therefore remains unclear.
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Fig. 1 (a) Powder XRD pattern of the products from the reaction of aluminium and SiO (8:3 ratio) at 650 °C after leaching with aqueous HCL.

Calculated powder XRD patterns of silicon (b) and alumina (c).

To increase the reactivity of the metal, we also used the
higher alkaline earth metals. When a 3:1 mixture of calcium
and SiO was heated to 750°C, two crystalline phases were
identified in the product mixture. One was clearly identified as
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CaO. Part of the remaining reflections corresponded to a
compound that is described in the JCPDF database as cubic
Ca,Si with a lattice constant of 4.702 A.'2 The structure of
this compound is unknown and, apart from the JCPDF data
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Fig. 2 (a) Powder XRD pattern of the products from the reaction of titanium and SiO (1:1 ratio) at 900 °C. (b) Calculated powder XRD pattern

of TisSi, .

Table 1 Observed reflections for “Ca,Si”, their indexing and their intensities, compared with the values reported by Dow Chemical'?

hkl 20/° Intensity (a.u.) d/A

This work Dow Obs. Calc. Diff. This work Dow s deare dpow
200 18.833 18.807 0.0259 318 4.7081 4.7145

311 31.468 31.441 0.0266 125 2.8406 2.8430

222 111 32.899 32.878 0.0205 100.0 100 2.7203 2.7219 2.71
400 200 38.165 38.146 0.0188 79.3 83 2.3562 2.3573 235
331 41.730 41.721 0.0091 6.8 2.1627 2.1632

420 42.871 42.858 0.0137 13.8 2.1078 2.1084

440 220 55.067 55.049 0.0171 42.6 42 1.6664 1.6668 1.66
531 57.820 57.803 0.0167 6.3 1.5934 1.5938

600 58.711 58.703 0.0088 39 1.5713 1.5715

533 64.795 64.783 0.0119 3.8 1.4377 1.4379

622 311 65.638 65.626 0.0120 27.0 33 1.4213 1.4215 1.42
444 68.914 68.942 —0.0286 10.5 1.3615 1.3610

711 71.371 71.382 —0.0103 1.0 1.3205 1.3203

711 71.424 71.382 0.0425 1.0 1.3197 1.3203

731 77.690 71732 —0.0427 3.6 1.2281 1.2276

800 400 81.609 81.620 —0.0111 6.0 3 1.1788 1.1786 1.18
820 84.693 84.701 —0.0086 1.0 1.1435 1.1400
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Fig. 3 Powder XRD pattern of the products from the reaction of a 3:1 mixture of calcium and SiO at 750 °C (top) and the difference between

the calculated and observed intensities (refined relative weight of Ca;SiO and CaO: 33:67) (bottom). Ca;SiO: Ry, (Rg): 5.9 (11.7); CaO: R,

(Rp): 52 (3.7).

base entry, “cubic Ca,Si” has not been mentioned in the liter-
ature. In the Ca/Si system, orthorhombic Ca,Si, tetragonal
Ca;Si;, orthorhombic CaSi, rhombohedral/tetragonal CaSi,
and rhombohedral Ca,,Si,, are known.!*:13 The silicides are

Table 2 Atomic positions of Ca;SiO. Space group R3m,
a=6.6727(13), b =16.347(3) A. Ca-O(1) 2.37(3), Ca—O(2) 2.35(3),
Ca-Si 3.24(4), 3.35(3), 3.48(4) A

Bragg

mostly prepared from the elements at high temperatures;
CaSi, was also obtained from elemental calcium and silica.

All the strong reflections of the compound obtained from
the reaction of solid SiO with Ca can be indexed by the
reported cell of “cubic Ca,Si”. However, the diffractogram
obtained from the reaction product of SiO with Ca contained
additional weak reflections, which do not originate from CaO.
When the lattice constant was doubled to a = 9.4291(8) A
(refined by least squares and pattern fitting), we were able to
index all reflections of the reaction mixture not belonging to
CaO (Table 1).1* The systematically absent reflections indicate
a face-centred cell, a possible space group being Fm3m. We
suppose that the weak reflections were not observed by the
previously used recording technique, which led to the erron-
eous assignment of the unit cell.

Atom x/a y/b z/c B
Si 0 0 0.265(2) 0.5(5)
Ca 0.163(5) —0.163(5) 0.089(2) 1.89(15)
o) 0 0 0 1.0(4)
o) 0 0 0.5 1.0(4)
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Fig. 4 (a) Powder XRD pattern of the products from the reaction of calcium and SiO (3:1 ratio) at 900 °C. Calculated powder XRD patterns of

CaO, (b) Ca,Si; (c) and CaSi (d).
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Fig. 5 (a) Powder XRD pattern of the products from the reaction of strontium and SiO (3:2 ratio) at 900 °C. Calculated powder XRD patterns

of SrSi (b), SrSi, (c) and SrO (d).

A reasonable refinement of the structure (Xtal 3.213:16 on
extracted intensities from the FullProf!” powder diffraction
analysis package) was possible in the space group R3m, a sub-
group of Fm3m (Table 2, Fig. 3). The composition of the com-
pound turned out to be Ca;SiO with a distorted
anti-perovskite structure similar to that of Ca,;GeO.!®
Ca;GeO was refined in the cubic space group; it should be
mentioned, however, that for Ca;GeO a rather high atomic
displacement factor was observed for the Ca atom, which also
indicates some distortion.

Ca;SiO is not stable at higher temperatures. When the 3:1
mixture of calcium and SiO was heated to 900 °C instead of
750°C, this phase was no longer observed, and a mixture of
CaSi, Ca;Si; and CaO was obtained (Fig. 4). Reaction of mix-
tures of Ca and SiO with lower molar Ca:SiO ratios (8:3,
2:1, 1:1) at 900°C also resulted in the formation of this
mixture, which apparently are the most stable compounds in
this system. The ready formation of this mixture could explain
why CaO is formed at 750 °C, together with Ca;SiO, starting
from the 3:1 mixture; the silicide phases are possibly not suffi-
ciently crystalline at this temperature.

The formation of an oxide silicide phase—as in the reaction
of SiO with calcium— was not observed with the more reac-
tive strontium, at least not as a major reaction. Upon reaction
of strontium with solid SiO at 900 °C in a 3:2 ratio, SrO, SrSi
and SrSi, were formed (Fig. 5). We cannot exclude the pres-
ence of a minor fourth phase, which could not be identified.
The structurally characterised silicides of strontium are
Sr,Si,, cubic and tetragonal Sr,Si, SrSi, Sr,Si, and SrSi, .!!

The alkali metals also reacted with solid SiO. However, the
products obtained did not crystallise very well and were diffi-
cult to handle. The product obtained from the reaction with
lithium gave strong reflections, which, however, could not be
assigned to a known lithium silicide or elemental silicon. In
the reaction products of SiO and Na, K or Rb, the known
silicides RbSi and MgSi,s (M = Na, K) were identified by
comparison of the powder diffractograms.

Conclusions

While a number of reactions are known in which SiO is oxi-
dised to Si(tv) compounds, little is known about reduction
reactions. The reactions reported previously® and in this
article show that SiO can also be reduced to form either ele-
mental silicon or metal silicides. The metals that react with
SiO have redox potentials less than — 1.6 V, while metals that

did not react have less negative potentials. For example, zinc
(E%n/zn2+ —0.76 V) did not react. Although other factors cer-
tainly influence the reduction behaviour of SiO as well, this
result allows the prediction that only compounds with a
potential of less than —1.2 + 0.4 V will be able to reduce SiO.

The outcome of these reactions mainly mirrors the behav-
iour of elemental silicon. While calcium, strontium, the alkali
metals and titanium form silicides upon reaction with silicon,
aluminium does not. The experiments described herein do not
allow a conclusion on how the silicides are formed. The first
possibility is that silicon is formed first, which then, in a faster
reaction, reacts with excess metal to give the silicides. An
alternative would be the intermediate formation of ternary
metal, oxygen, silicon phases. This possibility is suggested by
the identification of Ca;SiO as a product of the reaction of a
3:1 Ca:SiO mixture at 750 °C.

The successful structure refinement of Ca;SiO with a dis-
torted anti-perovskite structure clearly shows that the diffrac-
tion data reported for “cubic Ca,Si” must instead be assigned
to Ca,SiO.

Experimental

Small pieces of Ca were used and strontium was mechanically
ground in an inert gas atmosphere. Aluminium and titanium
was employed as fine powders. Commercially available SiO
(Patinal®)® was used as received. All reactions were carried
out in corundum crucibles to avoid reaction of quartz vessels
with the metal. The corundum boat was charged with the
reaction mixtures in an inert gas atmosphere. The boat was
then placed in a quartz ampoule. After sealing under vacuum,
the ampoules were slowly (12-24 h) heated to the desired tem-
perature, held at this temperature for 1-2 days and then
slowly cooled to room temperature. The subsequent oper-
ations were performed under an argon atmosphere. The reac-
tion products were transferred from the ampoules to quartz
capillaries under argon, sealed again and analysed by powder
XRD.

The powder diffraction data were collected in transmission
geometry on Siemens D5000, Stoe Stadi P and Philips PW
1710 instruments with Cu-Ka radiation (Ge monochromator).

Acknowledgements

We thank the “Fonds zur Forderung der wissenschaftlichen
Forschung”(FWF), Vienna, for supporting this work. We
thank Prof. H. J. Deiseroth, H. Hirt and T. Nilges, Siegen, E.

New J. Chem., 2001, 25, 994-998 997



Halwax and M. Weil, Vienna University of Technology, and
C. Lengauer, University of Vienna, for the powder XRD mea-
surements.

References and notes

(9] S LW -

O 003

10

998

F. Stetter and M. Friz, Chem. Ztg., 1973, 97, 138.

R.J. Temkin, J. Non-Cryst. Solids, 1975, 17, 215.

E. Fiiglein and U. Schubert, Chem. Mater., 1999, 11, 865.

G. N. Bokerman, J. P. Cannady and C. S. Kuivila, US Pat. 5,051,
247, 1991 and 5,120,520, 1992.

E. W. Zintl, W. Krings and W. Brauning, US Pat. 2,242,497,
1941.

A. Weiss and A. Weiss, Z. Anorg. Allg. Chem., 1954, 276, 95.

E. Biehl and U. Schubert, Monatsh. Chem., 2000, 131, 813.

Merck Patinal® particle size <0.044 mm, used as received.
Crystal Structure Data for Inorganic Compounds, ICSD data-
base, F1Z, Karlsruhe, Germany.

F. E. Weston and H. R. Ellis, Z. Elektrochem., 1909, 16, 44; F.
Weibke and E. Frey, Z. Elektrochem., 1939, 45, 807.

New J. Chem., 2001, 25, 994-998

11

12

13

14

15

16

17

18

P. Villars and L. D. Calvert, Pearson’s Handbook of Crystallo-
graphic Data for Intermetallic Phases, 2nd edn., ASM Internation-
al, Materials Park, OH, 1991.

The Dow Chemical Company Midland, MI; private communica-
tion, cited in JCPDF database 1996, entry number 03-0798.

A. Currao, S. Wengert, R. Nesper, J. Curda and H. Hillebrecht,
Z. Anorg. Allg. Chem., 1996, 622, 501; K. H. Janzon, H. Schafer
and A. Weiss, Z. Naturforsch. B, 1968, 23, 1544; V. Louis and H.
H. Franck, Z. Anorg. Allg. Chem., 1939, 242, 11.

WERNER indexing program: P. Werner, L. Eriksson and M.
Westclah, J. Appl. Crystallogr., 1985, 18, 367.

Xtal 3.2 Reference Manual ed. S. R. Hall, H. D. Flack and J. M.
Stewart, Universities of Western Australia, Geneva and Mary-
land, 1992.

Further details of the crystal structure investigation may be
obtained from the Fachinformationszentrum Karlsruhe, D-76344
Eggenstein-Leopoldshafen, Germany, on quoting the depository
number CSD 411689.

J. Rodriguez-Carvajal, in Collected Abstracts of the Powder Dif-
fraction Meeting of the XVth Congress of the IUCr, Toulouse,
France, 1990, p. 127.

C. Rohr, Z. Kristallogr., 1995, 210, 781.



