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The cathodic electrolysis of propylene carbonate containing lithium perchlorate was studied by means of
an in-situ quartz crystal microbalance technique. A lithium compound was deposited at about +1.5 V vs.
Li/Li* and dissolved at about +4.0 V vs. Li/Li*. In constant potential electrolysis at 4+0.9 V vs. Li/Li*, the
deposition process was divided into two stages. In the first stage, in which lithium carbonate was most probably
deposited, an electrode reaction of ferrocene which was added to the solution was gradually retarded. In the
second stage, in which some chemical reaction proceeded dominantly, the electrode reaction of ferrocene was
almost completely blocked. A cathodic charge of +3.0 mCcm™2 was necessary for almost complete blocking.

The electrochemical deposition and dissolution of
lithium is essential for a lithium secondary battery; the
characteristics of the battery may suffer from the depo-
sition of some lithium compounds in an underpotential
region.? Indeed, it is known that a passive film devel-
ops on the surface of the lithium electrode of a lithium
battery.? Further, the electrochemical deposition of
lithium compounds is also important for intercalation
of lithium into carbon.® Regarding these points of view,
we consider here the electrochemical deposition and
dissolution processes of lithium compounds on a gold
electrode from propylene carbonate in the underpoten-
tial region. Although some studies concerning lithium
compounds deposited onto noble-metal electrodes in an
underpotential region have been reported,*—® none of
them considered the dynamic processes of deposition
and dissolution of lithium compounds.

The dynamic deposition and dissolution processes
were studied in this work by means of an in-situ elec-
trochemical quartz crystal microbalance (EQCM) tech-
nique, which permits one to measure the weight of rigid
films either adsorbed or deposited onto the electrode
surface, as long as the surface roughness and inter-
nal stress do not change.” Although there have been
some studies in which the EQCM method was em-
ployed for the underpotential deposition (UPD) of sev-
eral elements, such as cadmium,® titanium,® lead,??
iodide,'® and bromide,'® the deposition of lithium com-
pounds in the underpotential region has never been
studied by means of the EQCM technique, to the best
of our knowledge. Additionally, we employed ferrocene
as a probe for the electric conductivity of the deposited
layer. The electrochemical reaction of ferrocene in a so-
lution is inhibited by a layer deposited on the electrode
surface, if the layer is electrically insulating.

Experimental

The apparatus and procedure used in the in-situ EQCM
technique have been described elsewhere.'?) 5 MHz AT-cut
quartz crystals, which had been coated with gold electrodes
by RF-sputtering, were employed for in-situ EQCM mea-

surements. Chromium was used as a binder between the
gold layer and the quartz crystal for better adhesion. The
mass sensitivity of this quartz crystal is 17.7 ngcm™2 per
1 Hz. The working electrode has a piezoelectrically-active
area of 0.283 cm? and an electrochemically-active area of
0.503 cm?. Experiments were carried out in the three-elec-
trode mode in propylene carbonate (battery grade) contain-
ing lithium perchlorate and/or tetraethylammonium per-
chlorate at ca. 20 °C. The concentration of residual wa-
ter in the solution was 16 volume ppm. A silver (Ag/Ag™)
or lithium (Li/Li*) wire was used as a reference electrode.
For the results obtained with silver electrode as a reference,
potentials were converted to those against the lithium elec-
trode. The potential stability of the silver quasi-reference
electrode during successive potential cycling was verified us-
ing a redox couple of ferrocene.

Results and Discussion

Electrochemical Deposition and Dissolution of
Lithium Compound. Figure 1 shows typical results
of the in-situ EQCM measurements performed in pro-
pylene carbonate. The initial potential was +3.00 V
(vs. Li/Lit). First, the potential was cycled in a 0.01
M tetraethylammonium perchlorate solution (1 M=1
mol dm~3) containing no lithium ion, in order to clarify
whether lithium ion is concerned with some deposition
reaction. In the 0.01 M tetraethylammonium perchlo-
rate solution (dotted line), the cathodic current was ob-
served at a potential below +2.5 V. Simultaneously, the
resonance frequency of the quartz crystal was decreased
at a potential below +2.3 V. Although a larger cathodic
current was observed at a more negative potential than
+1.4 V, the frequency no longer decreased. That is, the
first reduction process (+2.5 to +1.4 V) was accompa-
nied by an electrode mass increase, while the second
reduction process (below +1.4 V) caused no change in
the electrode mass. The direction of the potential sweep
was reversed at —0.30 V, and the resonance frequency of
quartz crystal returned to the initial value upon return-
ing to the initial potential (i.e., +3.0 V). This reversible
frequency change was also observed in the second and
following cycles.
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Fig. 1. (A) Cyclic voltammograms and (B) EQCM

frequency responses in propylene carbonate contain-
ing 0.01 M tetraethylammonium perchlorate before
(dotted curve, the first sweep) and after (solid curve,
the first and second sweep) the addition of LiClO4
(0.01 M). Scan rate is 20 mVs™!.

In this system, a reactant may be propylene carbon-
ate, residual oxygen, or residual water in the solution.
Eggert and Heitbaum'? studied the electrolysis of pro-
pylene carbonate containing 0.2 M tetra-n-butylammo-
nium tetrafluoroborate and trace amounts of water (20
ppm) at a Pt electrode by means of differential elec-
trochemical mass spectrometry, and reported that wa-
ter is reduced to generate hydrogen below +2.3 V (vs.
Li/Lit) and that propylene carbonate is reduced to
generate propylene below +1.4 V. Therefore, the first
and second reduction processes observed in the present
study may be ascribed to water reduction and propylene
carbonate reduction, respectively. The decrease in the
frequency may have been caused by the adsorption of
generated hydrogen gas (it is known that the adsorption
of small bubbles on a quartz crystal resonator surface
causes a frequency decrease”™) or the potential-depen-
dent specific adsorption of some other species. In either
event, a small frequency decrease is not concerned with
lithium, which was not contained in the solution.

After 10 cycles of a potential sweep in the tetraethyl-
ammonium perchlorate solution, LiClO,4 (0.01 M) was
added to the solution (solid line). A broad cathodic
peak and a relatively sharp one were observed at +2.0
and +0.6 V, respectively. Both peaks were accompanied
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by frequency decreases. The first reduction process may
be a similar reaction to that in a tetraethylammonium
perchlorate solution, since the current and frequency
behavior are similar. However, the second process is
completely different from that in the tetraethylammo-
nium perchlorate solution; a large frequency decrease
was observed and the frequency continued to decrease,
even after the direction of the potential sweep was re-
versed. Hence, the second process, which involved both
electrochemical and chemical reactions, was accompa-
nied by the deposition of some lithium compound onto
the electrode surface.

In the second potential sweep, both the frequency
decrease and the reduction current were smaller than
those in the first sweep; the deposited compound re-
tarded the overall rate of the electrochemical reaction.
This suggests that the deposited compound might have
been electrically resistive. Indeed, the resistivity of the
deposited layer was certified by using ferrocene; this is
further discussed below. Moreover, the frequency drop
corresponding to the first reduction process, which was
observed in the first potential sweep at around +2.2
V, was not observed in the second sweep. This indi-
cates that the first process cannot occur on the layer
deposited in the second reduction process.

Since the potential for the second process is roughly
in agreement with the potential at which the underpo-
tential deposition of lithium was observed in an acetoni-
trile solution by Gerischer and Wagner,* or in y-butyro-
lactone by Aurbach,® the second reduction process may
involve the underpotential deposition of lithium. If this
is the case, the surface or all of the deposited lithium
layer must react with propylene carbonate, residual wa-
ter, or residual oxygen to form an insulating compound,
since the deposited layer blocked an electrochemical re-
action of ferrocene in the solution (see below). The
other possible deposition reaction is the precipitation
of an insoluble compound as the result of a reaction
of lithium ion and the anion radical of propylene car-
bonate. The anion radical can be generated by electro-
chemical reduction of propylene carbonate, and lithium
carbonate and lithium alkyl carbonates are known to be
produced from lithium ion and the anion radical 334
These reactions are known to proceed at a potential
lower than +1.5 V vs. Li/Li*.'®

The dissolution process was also studied by means
of the EQCM technique. The lithium compound was
deposited onto the electrode surface by sweeping the
potential from +3.0 V down to +0.6 V (20 mVs™!);
the potential was then swept between +3.0 and +4.5
V (Fig. 2). As can be seen, the frequency gradually
increased and dissolution of the compound proceeded.
This frequency change indicates that the three repeti-
tious potential sweeps caused a loss of 80% of the de-
posited compound by weight. This dissolution process
was also observed by the use of ferrocene as a probe
for the electric conductivity of the deposited film (as
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Fig. 2. (A) Cyclic voltammogram and (B) EQCM fre-
quency response in propylene carbonate containing
0.5 M LiClOy4 solution obtained at the electrode on
which the lithium compounds had been deposited by
a potential sweep down to +0.6 V vs. Li/Li*. Scan
rate is 20 mVs~!.

described below).

Constant Potential Electrolysis. = We next per-
formed constant-potential electrolysis in propylene car-
bonate containing 0.5 M LiClO4. Figure 3(A) and (B)
show the time-courses of the cathodic current and fre-
quency, respectively, on a potential step from +3.0 to
+0.9 V vs. Li/Lit. At 4+0.9 V, the second reduction
process occurs, as described above. From these re-
sults, the change in the resonance frequency was plotted
against the amount of cathodic charge passed (Fig. 5-
(C)). The curve can be divided into roughly two stages
(stages 1 and 2) which have different slopes, as indicated
in the figure. A different slope may mean a different ap-
parent molecular weight of the deposited product(s).

However, it is difficult to evaluate the real mass
change of a quartz crystal electrode from the reso-
nance frequency change, since the resonance frequency
is changed by many factors: not only mass, but also the
internal stress,!® surface roughness,'® and rigidity of
the deposited film.'” Further, the deposited layer may
contain a solvent and salts in itself.!® In the present
study we assumed that the film was sufficiently rigid to
apply the Sauerbrey equation and that any changes in
the internal stress and surface roughness were negligi-
ble.

The apparent molecular weight was thus estimated
for each stage, assuming that the number of electrons
per molecule deposited was one. The average value of
the apparent molecular weight obtained from several
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independent experiments was 38.8 and 200.2 gmol~!
for stage 1 and 2, respectively. The value obtained for
stage 1 is close to that obtained in potential-sweep ex-
periments performed in propylene carbonate containing
0.5 M LiClOy4 (37.9 gmol~1). Although these values for
stage 1 are larger than the molecular weight of lithium
(6.9), lithium hydride (8.0) or lithium hydroxide (24.0),
they roughly agree with that of lithium carbonate (73.9;
36.9 per 1 mol electron). The fact that the deposited
layer is not conductive (as described below) is consistent
with that the layer does not consist of lithium metal.
Possible reactions for the lithium carbonate deposition
ar613’14)

2Lit 4+ PC + 2~ — Li;CO3 + propylene(gas), (1)
where PC represents propylene carbonate, and
Lit +e” = Li 2)

and
2Li + PC — Li2COg3 + propylene(gas). (3)

Reaction 2 is the underpotential deposition of lithium.
The estimated apparent molecular weight for a two-elec-
tron reaction (77.6 gmol™!) is slightly larger than the
molecular weight of lithium carbonate. This is probably
due to the surface roughness or internal stress of the de-
posited layer, solvent and salts contained in the layer,
or small babbles formed on the layer. Here, we must
note that if reaction 2 proceeds in the present system,
lithium hydroxide (MW =24.0) may also be deposited
by a reaction with residual water,*®

Li + H,O — LiOH + 1/2Hs,. (4)

As can be seen, the underpotential deposition of lithium
is requisite for reaction 3 and 4. However, only a
few atomic layers of lithium are expected to be de-
posited by the underpotential deposition, though the
deposited layer is at least 19 monomolecular layers of
lithium hydroxide (estimated from the frequency de-
crease). Therefore, lithium hydroxide may not be the
dominant component in the deposited layer. Here we
note that both lithium carbonate and lithium hydroxide
are insoluble in propylene carbonate.

A much larger apparent molecular weight was ob-
tained for stage 2 than in the first stage. This must be
because the chemical reaction as well as electrochemi-
cal reaction occurs in the second stage. This is further
discuussed below.

Electrochemical Activity of the Electrode Car-
rying the Deposited Layer. To examine the elec-
tric conductivity of the deposited layer, ferrocene was
added to the measurement solution. Figure 4 shows
cyclic voltammograms obtained in propylene carbonate
containing 0.5 M LiClO4 and 2 mM ferrocene. The
negative limit of the sweep range was changed step-
wise from +2.5 to +1.1 V. The redox responses of fer-
rocene were not changed as long as the negative limit
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(A) Typical potential-step chronoamperometric current-time curve, (B) resonance frequency change (Af)-time

curve, and (C) plot of the resonance frequency change (Af) against the amount of cathodic charge passed for the data
obtained in A and B. The electrode potential was stepped from +3.0 to +0.9 V vs. Li/Li* in propylene carbonate

containing 0.5 M LiClOy.
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Fig. 4. Cyclic voltammograms obtained for various

potential range in propylene carbonate containing 2
mM ferrocene and 0.5 M LiClO4. Scan rate is 20
mVs~L

was more positive than +1.5 V. However, when the
limit was +1.3 V, the responses were suppressed. These
responses disappeared completely when the limit was
+1.1 V. It was thus found that the electron-transfer
reaction at the solution—electrode interface was blocked
by the lithium compound, which was deposited on the
electrode surface at a potential below +1.5 V. This
potential does not contradict the potential at which a

large frequency decrease was observed in the EQCM
measurements (Fig. 1). These results rationalize the
observation given in Fig. 1; the frequency decrease in
the second potential sweep was smaller than that in the
first sweep. The deposited resistive film retarded any
further deposition.

In the cycles in which the blocking was observed
(curves a and b in Fig. 4), a new anodic peak appeared
at around +3.8 V. This irreversible peak, having no
corresponding cathodic peak, should be ascribed to an
oxidation reaction of the deposited film. Since this po-
tential is broadly in agreement with the potential at
which the frequency increase (i.e., mass decrease) was
observed in Fig. 2, the anodic peak may correspond to
the anodic dissolution of the deposited compound. In-
deed, after the potential had been held at a potential
more positive than +4.0 V, the redox waves for fer-
rocene were completely restored.

Figure 5(A) depicts redox responses of ferrocene ob-
tained after constant potential electrolysis at +0.9 V.
The cathodic charge passed during the lithium deposi-
tion was 0, +1.8, or +3.1 mCcm™2. It can be seen that
the anodic peak current of ferrocene decreased along
with an increase in the charge passed during the de-
position. Each cathodic peak is larger than each an-
odic peak, because the deposited lithium compound is
partially oxidized and dissolved into the solution at a
potential about +3.8 V, as mentioned above.

In Fig. 5(B), the anodic currents at +3.4 V in the
voltammograms in Fig. 5(A), referred to as &, are plot-
ted against the cathodic charge passed during the depo-
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(A) Cyclic voltammograms obtained in propylene carbonate containing 2 mM ferrocene and 0.5 M LiClO4.

The electrodes were pretreated by potentiostatic electrolysis (+0.9 V vs. Li/LiT, 0, 1.8 and 3.1 mCcm™?) in propyl-
ene carbonate containing 0.5 M LiClO4. (B) Plot of the currents at +3.4 V during cyclic voltammetry (i5) vs. the
amount of cathodic charge passed during the deposition at +0.9 V.

sition at +0.9 V. The anodic current response decreased
along with increasing the passed charge, and almost
disappeared at ca. 3 mCcm™2. Interestingly, stage 1
in Fig. 3(C) is also transferred to stage 2 at around 3
mCcm~2. That is, the lithium compound, lithium caz-
bonate most probably, is deposited during stage 1 and
then the electrode surface is almost completely covered
with the compound to block an electrochemical reac-
tion to a large extent, so that a chemical reaction be-
comes relatively dominant in stage 2, in which the ap-
parent molecular weight of the deposited compound(s)
is thereby much larger than that in stage 1. There-
fore, the chemical species deposited in stage 2 cannot be
identified from the evaluated apparent molecular weight
(200.2 gmol~1). Identification of the chemical reaction
and the species deposited in stage 2 is currently un-
derway as a separate study. Here, we must note that a
species smaller than ferrocene, such as lithium ion, may
react electrochemically to some extent, even in stage 2.
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