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The behaviour of copper silicide and of some iron silicides with different silicon contents to lithium
deposited electrochemically from organic solvents is investigated. The silicide phases show marked
differences. Whereas with copper silicide a time-dependent alloy formation with lithium is observed, the
iron silicides exhibit a behaviour ranging from no alloy formation to very rapid alloy formation
(depending on the silicon content). The alloyed lithium may be recovered during oxidation with high
yields. If some lithium is deposited at the supporting grid of iron silicide electrodes with high silicon
content, a rapid surface diffusion with alloy formation is observed.

1. Introduction

Solids exhibiting pure ionic conductivity are of
considerable interest for applications as solid
electrolytes [1]. Also of increasing interest is the
investigation of compounds with mixed conduc-
tivity (ionic and electronic) for eventual appli-
cations as electrode materials in batteries [2, 3].
In the present investigation the behaviour of some
iron silicides and of a copper silicide phase to
electrodeposited lithium in some organic solvents
is examined.

2. Experimental

The results were obtained using a conventional
arrangement for cyclic voltammetry: potentiostat
FR 0-5 (G. Bank, Géttingen), voltage scan gener-
ator SMP 69 (G. Bank), X-Y recorder HP 7004B.
The cell was a double H-type with the anodic com-
partments separated from the cathodic compart-
ment by glass (D,) diaphragms. The potential was
measured near the surface of the working electrode
by means of a Luggin capillary filled with the
same electrolyte as used in the cell. An aqueous
SCE (Radiometer type K 401) separated from the
measuring cell by a diaphragm was used as a refer-
ence electrode. The counter electrodes were two
pieces of lithium. The solvent dimethylformamide
(DMF) used during these experiments was not
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especially purified, whereas the propylene carbon-
ate (PC) was dried over molecular sieves (4 A) and
distilled twice.

The silicides were technical products and had
the analytical compositions (values supplied by
Siiddeutsche Kalkstickstoffwerke and Luitpold-
hiitte) shown in Table 1. The measuring electrodes
were prepared by pressing finely ground powders
of the alloys onto platinum or nickel screens at a
pressure of about 11 000 bar.

3. Results

During this work, the behaviour of iron silicides
with variable silicon content to electrodeposited
lithium was investigated. Besides these compounds
a copper silicide phase with high copper content
was tested. In spite of this very high copper con-
tent the behaviour of this phase is completely
different from that of pure copper. Whereas
metallic copper under normal conditions shows
virtually no tendency to alloy with lithium, the
copper silicide exhibits an alloy formation. This
alloy formation may be easily demonstrated by
cyclic voltammetry.

In Fig. 1 the behaviour of copper silicide in
different solvents is shown. Whereas lithium depo-
sition onto the silicide starts quite near the poten-
tial expected for this reaction and there is only a
small shoulder (especially marked at slow scan
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Table 1. Silicide compositions

wt%)
Silicide Fe Cu Si Al Ti Ca Mg
copper silicide 882
iron silicide 4-63 92-4 1-57 0-07 0-87 0:13 traces P, S
iron silicide 23-87 75-1 0-97 0-06
iron silicide 530 45-4 2:0

rates) before bulk deposition is observed, during
the stripping of the lithium two clearly separated
oxidation peaks are observed (Fig. 1a). Whereas
the peak at more cathodic potentials is due to the
reoxidation of unalloyed lithium from the surface,
the second peak may be attributed to the reoxi-
dation of alloyed lithium. As shown in Fig. 1b the
coulombic efficiency of the second peak increases
when the potential is held at the open-circuit
potential, whereas the coulombic efficiency of the
unalloyed lithium is diminished. There is a rela-
tively good correlation between the two peak
areas, thus indicating that lithium from the surface
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Fig. 1. (a) Cyclic voltammogram of copper silicide
(pressed onto platinum screen) in 0-5 M LiClO ,~DMF
(scan rate, 1-66 mV s™*). (b) Cyclic voltammograms of
copper silicide in 0-5 M LiClO,—PC; first cycle without
stop; (— - —) second cycle 2 min stop; (— — —) fourth
cycle 6 min stop between reduction and oxidation; the
reduction halfcycles coincide, therefore only one cycle
is shown (scan rates, S mV s™'; reference electrode, SCE;
counter electrodes, lithium).

penetrates into the copper silicide lattice. From
this behaviour it may be concluded that a diffusion
of lithium into the host lattice is possible but to
some extent hindered and that it is a time-
dependent reaction.

The effect of time-dependent alloy formation
may be demonstrated even more clearly by a
galvanostatic reduction and oxidation curve as
shown in Fig. 2. In curve A the yield of unalloyed
lithium is 56-1% and that of alloyed lithium is
43-5%, whereas in curve B which was recorded
with a period of 21 minutes between reduction
and oxidation the yield of unalloyed lithium
decreases to 33-2% and that of alloyed lithium
increases up to 58:6%. The smaller overall yield in
experiment B (91-8%) which is nevertheless very
high, may be attributed to a reaction of lithium
with the solvent.

Furthermore, a galvanostatic deposition of
lithium followed by immediate anodic stripping
shows that if only low current densities are
applied during plating, more alloyed lithium is
recovered than if the plating is done at higher
current densities (Fig. 3).

The smaller overall yields in Fig. 3 are due to
the fact that the solvent was unpurified. Con-
sequently side reactions during lithium plating
and stripping play a more important role than in
the purified and more stable solvent PC.

The two effects (time dependence and current
dependence) indicate that the alloy formation is
not very favourable in this case. SEM pictures of
copper silicide electrodes after cathodic lithium
plating (I h, 1 mA) show that the whole electrode
surface is covered by a film of lithium. This visual
observation is confirmed by an X-ray analysis of
the surface. By this technique only traces of
copper are detected at the surface, thus indicating
the formation of a relatively thick and dense film'
of lithium or reaction products of lithium with
the solvent.
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Fig. 2. A. (dashed curve) Galvanostatic
deposition and redissolution of lithium at
copper silicide (pressed onto nickel screen)
in 0-5 M LiClO,—PC (current density during
deposition, 1 mA cm™?; during reoxidation,
0-5 mA cm~?). B. Analogous conditions
but with a period standing in the solvent

An effect of alloying is that lithium is to some

extent protected against reactions with the solvent.

Whereas lithium deposited from unpurified DMF-
LiClO, solutions at a copper substrate could not
be reoxidized after a few minutes standing in the
solvent, lithium deposited under the same con-
ditions onto copper silicide electrodes could be
reoxidized to some extent (from the alloy) even
after some hours.

The behaviour of the iron silicides is in some
contrast to that of the copper silicide. Whereas
silicides with high silicon content show a very
rapid alloy formation with lithium, the iron
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Fig. 3. Galvanostatic deposition and redissolution of
lithium at copper silicide (pressed onto nickel screen) in
0-5 M LiC10,—DMF; current density, 0-5 mA cm™2.
Dashed curve, same electrode; current density, 0-15 mA
cm™? Immediate stripping in every case.

L (21 min) between deposition and reoxi-
dation of lithium (counter electrodes,
lithium; reference electrode, SCE).

silicides with 45 wt% silicon content show none or
only a very slight lithium alloy formation, indicated
by a certain dissymmetry of the lithium oxidation
peak (Fig. 4).

With compounds containing 75 wt% or about
90 wt% silicon, however, a very rapid alloy for-
mation is observed (Fig. 5).

*2F

i/mAcni?

E/V

Fig. 4. Cyclic voltammograms of iron silicide (45 wt%)
in 0-5 M LiClO,—~PC (pressed onto nickel screen) (scan
rates, S mV s*; reference electrode, SCE; counter elec-
trodes, lithium). (—— —) second and third cycle of this
electrode.
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Fig. 5. Cyclic voltammogram of iron silicide (92 wi%)
(pressed onto nickel screen) in 0-5 M LiClO,—PC (scan
rate, 5 mV s™!; reference electrode, SCE; counter elec-
trodes, lithium).

Cyclic voltammetric as well as galvanostatic
curves prove that during the reoxidation of plated
lithium no unalloyed, only alloyed, lithium is
detected, thus indicating a rapid transport of
lithium from the surface into the host lattice and
a very fast diffusion in the host lattice. This is
confirmed by the observation that during alloy
formation or oxidation of the alloyed lithium
high current densities can be achieved without
serious polarization (more than 15 mA cm™ in
organic solvents and 200 mA cm ™2 in a LiCI-KCl
eutectic at about 450° C).

If part of the supporting grid is not covered by
the silicide during lithium plating, the metal is of
course not only deposited at the iron silicide but
also at the grid. During reoxidation a peak corre-
sponding to this unalloyed lithium is observed
(Fig. 6a).

If, however, the electrode is allowed to stand
in the solvent between plating and stripping, a
relatively rapid decrease of the ‘free’ lithium peak
followed by a corresponding increase of the
alloyed lithium peak is observed. Fig. 6b shows
that within one hour the ‘free’ lithium plated at
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Fig. 6. (a) Cyclic voltammogram of iron silicide (75 wt%)
(pressed onto nickel screen) in 0-5 M LiCiO, —PC; only
about one half of the electrode is covered with the
silicide. (b) Cyclic voltammograms of the same electrode
as in curve (a) at higher current densities; first cycle

(— — —) without stop; second cycle (— - —) 5 min stop;
third cycle 55 min stop between cathodic and anodic half-
cycle (scan rates, 5 mVs™!; reference electrode, SCE;
counter electrodes, lithium in all cases).

the grid is alloyed. These observations prove that
only small amounts of the initially unalloyed
lithium reacts chemically with the solvent and
that most of this lithium is subsequently alloyed.
This behaviour can only be explained by a surface
diffusion of the grid-deposited lithium. The rela-
tively rapid and almost quantitative surface
diffusion of the deposited unalloyed lithium sup-
ports the assumption that the alloy formation
with iron silicides with high silicon contents is a
very favourable reaction. Small shifts of the
anodic peak maximum observed at longer periods
of standing in the solvent are probably due to a
deeper penetration of alloyed lithium into the
host lattice thus requiring more energy for reoxi-
dation.

The different behaviour of copper silicide may
be also demonstrated by comparing the SEM
pictures with that of iron silicide (75 wt% silicon).
In contrast to copper silicide the surface of iron
silicide after a lithium plating (16 h, 0-3mA) is
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Fig. 7. Open-circuit voltage versus time of silicides in
0-5 M LiCl0,—PC; copper silicide (o); iron silicide (90
wt%) (@); iron silicide (75 wt%) (a).

not covered by a lithium film. Only relatively few
lithium lumps are to be found at the electrode
surface.

The markedly different behaviour of the com-
pounds may be further demonstrated by comparing
the open-circuit voltage (OCV) versus time curves
of copper silicide and of iron silicides (Fig. 7).

With iron silicides an immediate exponential
decay of the OCV is observed, followed by a
voltage plateau at a potential corresponding to the
lithium-alloyed iron silicide, but with copper silic-
ide the first voltage plateau appears near 3V
versus SCE due to the presence of free lithium.
After this lithium is also alloyed or has partly
reacted chemically with the solvent so there is also
a strong decay in the OCV just as is the case with
the iron silicides.

As may be easily shown by an anodic cyclic
voltammogram of the solvent PC at smooth
platinum electrodes, the reaction products of the
unalloyed and also of the alloyed lithium with the
solvent are propene and consequently lithium
carbonate. It thus proves that the same decompo-
sition reaction of PC is obtained as in the case of
some other electrode materials [4]. An additional
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Fig. 8. (a) Cyclic voltammogram of iron silicide (75 wt%)
in 0-5 M LiClO,—PC; fourth cycle. (b) Same measuring
electrode as in (a) after a long period (about 72 h) when
the electrode was left in solvent with deposited lithium
(scan rates, 5 mV s™!; reference electrode, SCE; counter
electrodes, lithium).

observation confirming these results is given in
Fig. 8.

Cyclic voltammograms of iron silicide (elec-
trode without any bare supporting grid) show that
no unalloyed lithium may be recovered during
anodic stripping. After a long storage time (which
leads to decomposition of the alloyed lithium),
cyclic voltammograms indicate that some ‘free’
lithium is deposited at the electrode (Fig. 8). This
effect is obviously due to the fact that part of the
electrode surface is covered by reaction products
(in that case lithium carbonate) thus preventing,
to some extent, further alloying.

4. Conclusions

The results obtained during these electrochemical
experiments indicate that there are considerable
differences in the structures of the silicides tested.
Whereas with iron silicides (45 wt% silicon) the
diffusion of lithium into the lattice is not favoured,
with copper silicide a slow alloy formation is
observed. Iron silicides with high silicon contents,
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however, exhibit a very rapid alloy formation and
thus obviously have open structures allowing rapid
movement of lithium in these host lattices. This
behaviour is somewhat extraordinary for in most
cases, electrochemical alloy formation at room
temperature (e.g. with magnesium [5], platinum
and other metals [6]) is a slow process (with alu-
minum being a well-known exception [7, 8]).
Except for defined phases, as e.g. FeSi, [9], there
is little information about the structures of iron
silicides. From the phase diagram it seems reason-
able to regard these compounds as silicon-enriched
FeSi, phases [10]. It may be supposed, that with
the iron and copper silicides ternary alloys of the
type Li,MeX, (Me = Fe, Cu; X = Si) are formed.
Compounds with defined composition, as e.g.
LiCuSi, are known and were prepared from the
elements by Schuster ef al [11]. Consequently a
formation of similar compounds by electro-
chemical alloying of silicides should be possible.

The results obtained with the different silicides
used during this investigation show that there are
large differences in the silicide structures strongly
influencing the behaviour of the compounds to
lithium.

The alloys are only formed with lithium; with
sodium (because of its size) no alloy formation is
obtained and it may therefore be concluded that
only unsolvated lithium is intercalated. The
observation that during long periods standing in
solvent, alloyed lithium also reacts, may be
attributed to diffusional loss, i.e. a reverse dif-
fusion of lithium (from the inner lattice to the
surface) due to a concentration gradient in this
direction resulting from the chemical reaction

between surface lithium and solvent. Nevertheless,
an application of these silicides as electrode
materials for lithium anodes in nonaqueous or solid
electrolyte cells may be favourable, because of the
better storability of alloyed lithium which perhaps
may be further improved by film-forming agents
inhibiting further reactions between solvent and
lithium electrode.
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