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Electrolyte Effects on Spinel Dissolution and Cathodic Capacity
Losses in 4 V U/LiJvIn2O4 Rechargeable Cells
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ABSTRACT

Spinel dissolution and cathodic capacity losses in 4 V Li/LiMn204 secondary cells were examined in various elec-
trolyte solutions comprising different solvents and Li salts. It was found that spinel dissolution is induced by acids that
are generated as a result of electrochemical oxidation of solvent molecules on composite cathodes. Among various organ-
ic solvents, ethers such as tetrahydrofuran and dimethoxyethane were readily oxidized to produce acids whereas car-
bonates (ethylene carbonate, propylene carbonate, diethylcarbonate) were relatively inert. Consequently, when a spinel-
loaded composite cathode was charge/discharge cycled in the potential range of 3.6 to 4.3 V (vs. Li/Li), both the acid
concentration and the extent of spinel dissolution was much higher in the ether-containing electrolytes as compared to
the carbonates. The results, obtained from the chemical analysis on acid-attacked spinel powders and from the open-cir-
cuit potential measurement of composite cathodes, indicated that Li and Mn ion extraction is dominant in the earlier
stage of acid attack. As the spinel dissolution further continues, however, oxygen losses from the lattice become more
important. The combined feature of solvent oxidation and spinel dissolution was also affected by the nature of lithium
salts added. Generally, the solvent-derived acid generation was not significant in those electrolytes containing fluorinat-
ed salts (LiPF5, LiBF4, and LiA5F6), yet the spinel dissolution in these electrolytes was still appreciable because acids were
generated via another pathway; a reaction between the F-containing anions and impurity water.

Introduction
Spinel manganese oxides are among the promising cath-

ode materials for lithium secondary batteries.'-'3 When
Li1Mn204 cathodes are cycled in the 4 V range (x = 0.0 to
1.0), their cyclability is generally better than 3 V cells (x =
1.0 to 2.0)."' The poor cyclability in the latter cells is
known to be caused by Jahn-Teller distortion which
evolves when the average Mn valence becomes less than
3.5Y' Even though the Jahn-Teller distortion is not preva-
lent in 4 V cells since the average Mn valence is main-
tained higher than 3.5, many 4 V Li1Mn204 cathodes still
show a slow capacity fade when they are repeatedly
cycled."'3

Several failure mechanisms of 4 V LiMn204 cathodes
have been proposed in the literatures. Dahn et al.'4 inter-
preted the failure in terms of oxygen losses from the spinel
lattice which were suggested to be caused by the reaction
with electrolyte. Specifically, they provided evidence, viz.,
the discharge plateau which appeared at 3.3 V, for the f or-
mation of oxygen-deficient spinels. Tarascon et al."
accounted for the capacity losses with a cation mixing
between the Li and Mn sites in the spinel lattice. Based on
this, they recommended a slow cooling of reaction mix-
tures to minimize the cation mixing. As another highly
plausible explanation, the presence of impurity phases
was ascribed by Manev et al.,'6 by whom a carefully con-
trolled multistep solid-state reaction was suggested for the
preparation of pure spinel oxides.

* Electrochemical Society Active Member.

In a previous paper, we have proposed another failure
mode that was derived from a study on the cathodic per-
formances of Li/PC + DME/LiMn204 cells, where PC is
propylene carbonate and DME is dimethoxyethane.7
There, we demonstrated that appreciable amounts of man-
ganese ions are dissolved from the spinel framework dur-
ing charge/discharge cycling in the potential range of 3.6
to 4.3 V (vs. Li/Lit). Spinel dissolution takes place mainly
at a charged state (at >4.1 V vs. Li/LP1 of the composite
cathodes, in which potential range an electrochemical oxi-
dation of solvent molecules is also prominent. From this
and another observation whereby spinels were dissolved
at a faster rate as the carbon loading increased, it was pro-
posed that at the charged state of cathodes, solvent mole-
cules are electrochemically oxidized on the carbon surface
and as-generated species promote spinel dissolution.
Results of an ac impedance study also revealed that spinel
dissolution leads to an increase in contact resistances at
the spinel/carbon interface, and also in the electrode reac-
tion resistances for Li intercalation/deintercalation. A
summary of these results led to the conclusion that spinel
dissolution induces capacity losses in two different ways;
material loss from the loaded spinel and polarization loss
due to a cell resistance increment. In that report, however,
details on the nature of the active species that is suspect-
ed to be generated after the solvent oxidation, and there-
by responsible for the spinel dissolution, remain unidenti-
fied. Also, neither the spinel dissolution mechanism nor
any electrolyte effects (other than PC + DME, LiC104) on
the extent of solvent oxidation, spinel dissolution, and
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cathodic capacity losses were provided. This article deals
with these issues.

In this study, in order to gain insight into these prob-
lems, the electrochemical oxidation behavior of various
electrolyte solutions comprising different organic solvents
and lithium salts was investigated. The results show that
electrochemical solvent oxidation produces a significant
amount of protons and spinels are dissolved by the action
of as-generated protons. It also shows that the extent of
solvent oxidation is remarkably varied by the nature of
solvent itself and also the lithium salts added. These elec-
trolyte-dependent characteristics of solvent oxidation and
acid generation is explained based on the redox properties
of organic solvents and also by the salt-mediated solvent
oxidation. In addition, the way that spinel dissolution pro-
ceeds by the action of protons was traced by analyzing
their chemical compositions and the open-circuit poten-
tials of spinel electrodes. From this, the effects which
spinel dissolution has on the charge/discharge character-
istics of composite cathodes were clarified. Finally, the
role that impurity water plays in acid generation was
identified.

Experimental
Materials.—Powders of spinel manganese oxides were

prepared by the citrate gel method as reported earlier.7"7'9
To prepare the composite cathodes, spinel powders (sur-
face area = 21.2 m2 g') were mixed with Ketjenblack EC
and Teflon binder with a weight ratio of 72:20:8. The mix-
tures were then dispersed in isopropyl alcohol and spread
onto a piece of stainless steel Exmet (long dimension =
2 mm, short dimension = 1 mm, apparent area = 1 cm2),
followed by pressing and drying at 120°C for 12 h. The Li
contents in spinel powders were analyzed by the ICP
(inductively coupled plasma) technique and the Mn con-
tents by the potentiometric titration method as described
in the literature.'9'20 The average Mn valence was then cal-
culated from the chemical analysis data.

Propylene carbonate (PC), ethylene carbonate (EC),
diethylcarbonate (DEC), 1,2-dimethoxyethane (DME)
were purchased from Ferro Company. They were of elec-
trolyte grade contaminated with <20 ppm H20. THF
(Mitsubishi Company, battery grade, <20 ppm H20) was
used as received. LiBF4, LiC1O4, LiAsF6 (Tomiyama
Company, Limited, lithium battery grade), and LiPF6
(Hashimoto Company) were used as received. LiCF3SO3
(Aldrich Co., 97%) was dried under vacuum at 120°C for
24 h before use.

Cell performance was tested in a beaker-type three-elec-
trode cell, wherein Li foil (Cyprus Company) was used as
the anode and reference electrode. In order for the
Li/LiMn2O4 cells to be cathode-limited such that the
observed capacity values represented those of spinels, a
smaller amount of spinels relative to the Li anode was
loaded in the composite cathodes. Normally, 13 mg of
spinel powder (7.2 x 1o eq) was loaded in the composite
cathodes while 100 mg of Li foil (1.4 X 10-2 eq) was used
as the anode.

Instrumentation—The charge-discharge profiles were
recorded in a beaker-type cell with a home-made instru-
ment. The cutoff voltages for the charge and discharge
limits were fixed at 4.3 and 3.6 V (vs. Li/Li), respectively.
Charge/discharge cycling was performed galvanostatical-
ly with a current density of 1 mA cm2. Dissolved Mn2
ions in electrolytes were analyzed with differential pulse
polarography.7 To estimate the dissolved Mn2 contents in
aqueous electrolytes, 13 mg of spinel powder was dispers-
ed in a 200 ml aqueous solution and stirred for 80 mm. The
solution pH was controlled by mixing proper amounts of
LiClO4 and HC1O4.

Electrochemical experiments were performed with an
EG&G PARC M362 scanning potentiostat/galvanostat. The
proton concentrations in the electrolytes were assessed
with a proton-selective glass membrane electrode (DMS
digital pH/ion meter, DP-880M). The cell fabrication and

all measurements were carried out at 25 1°C in a dry box
filled with argon.

Results and Discussion
Solvent oxidation, spinet dissolution, and cathodic

capacity losses—As reported previously,7 solvent oxida-
tion in 4 V Li/Lia,Mn204 cells takes place on the carbon
surface when the composite cathodes are charged at >4.2 V
(vs. Li/Lit). Figure 1 shows the linear sweep voltammo-
grams traced with a carbon composite electrode (Ketjen-
black EC:Teflon binder, 86:14 in weight ratio) in four dif-
ferent solvent mixtures (1:1 vol. ratio) into which 1 M
LiClO4 was dissolved. As demonstrated, the oxidation cur-
rents at >4.0 V vary significantly according to the nature
of the solvents employed: the ethers (tetrahydrofuran and
dimethoxyethane) are readily oxidized while the carbon-
ates (propylene carbonate, ethylene carbonate, and
diethylcarbonate) are relatively inert. Of the two ethers
examined in this study, THF is more oxidizable than DME.

The same electrolyte solutions were loaded in 4 V
Li/Li1Mn2O4 cells and dissolved Mn2 contents in the inter-
mittently sampled electrolytes were analyzed by differen-
tial pulse polarography (Fig. 2). As shown, the spinel dis-
solution is much more facile in ethers than in carbonates.
Also, the dissolved manganese concentration is nearly pro-
portional to the solvent oxidation current shown in Fig. 1.
The discharge capacities of Li/LiMn2O4 cells were traced
in the same electrolyte solutions (Fig. 3). Consistently,
spinels lose their capacities at faster rates in ethers, and
the capacity-loss rate is slower in the carbonate-contain-
ing electrolytes. It is evident from the results presented so
far that there is a good correlation between the extent of
solvent oxidation, spinel dissolution, and capacity losses
in spinel electrodes.

Acid generation via solvent oxidation—As presented in
the previous section, among the electrolytes tested in this
work, the PC/THF mixture containing 1 M LiClO4 is most
vulnerable to electrochemical oxidation. The solvent oxida-
tion mechanism and oxidation products that are suspected
to be involved in the spinel dissolution reaction were exam-
ined with this electrolyte system. An inspection of the liter-
ature21-26 reveals that the following oxidation schemes are
seemingly pertinent in the LiC1O4/THF electrolyte.
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-0136 37 3.8 39 4.0 4.1 4.2 4.3 4.4

Potential / V vs. Li/L(

Fig. 1. Linear sweep voltammograms recorded with a composite
carbon electrode (Ketjenblack EC:Teflon binder = 86:14 in wt. ratio,
apparent area = 1 cm2) in different mixed solvents (1 : 1 volume
ratio with 1 M LiCIO4). Charging current was subtracted from the
raw data. Scan rate = 1 mV s.
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cathodic capacity losses were provided. This article deals
with these issues.

In this study, in order to gain insight into these prob-
lems, the electrochemical oxidation behavior of various
electrolyte solutions comprising different organic solvents
and lithium salts was investigated. The results show that
electrochemical solvent oxidation produces a significant
amount of protons and spinels are dissolved by the action
of as-generated protons. It also shows that the extent of
solvent oxidation is remarkably varied by the nature of
solvent itself and also the lithium salts added. These elec-
trolyte-dependent characteristics of solvent oxidation and
acid generation is explained based on the redox properties
of organic solvents and also by the salt-mediated solvent
oxidation. In addition, the way that spinel dissolution pro-
ceeds by the action of protons was traced by analyzing
their chemical compositions and the open-circuit poten-
tials of spinel electrodes. From this, the effects which
spinel dissolution has on the charge/discharge character-
istics of composite cathodes were clarified. Finally, the
role that impurity water plays in acid generation was
identified.

Experimental
Materials.—Powders of spinel manganese oxides were

prepared by the citrate gel method as reported earlier.7"7"6
To prepare the composite cathodes, spinel powders (sur-
face area = 21.2 m2 g) were mixed with Ketjenblack EC
and Teflon binder with a weight ratio of 72:20:8. The mix-
tures were then dispersed in isopropyl alcohol and spread
onto a piece of stainless steel Exmet (long dimension =
2 mm, short dimension = 1 mm, apparent area = 1 cm2),
followed by pressing and drying at 120°C for 12 h. The Li
contents in spinel powders were analyzed by the ICP
(inductively coupled plasma) technique and the Mn con-
tents by the potentiometric titration method as described
in the literature.'9'20 The average Mn valence was then cal-
culated from the chemical analysis data.

Propylene carbonate (PC), ethylene carbonate (EC),
diethylcarbonate (DEC), 1 ,2-dimethoxyethane (DME)
were purchased from Ferro Company. They were of elec-
trolyte grade contaminated with <20 ppm 1120. THF
(Mitsubishi Company, battery grade, <20 ppm H20) was
used as received. LiBF4, LiC1O4, LiAsF6 (Tomiyama
Company, Limited, lithium battery grade), and LiPF6
(Hashimoto Company) were used as received. LiCF3SO3
(Aldrich Co., 97%) was dried under vacuum at 120°C for
24 h before use.

Cell performance was tested in a beaker-type three-elec-
trode cell, wherein Li foil (Cyprus Company) was used as
the anode and reference electrode. In order for the
Li/LiMn204 cells to be cathode-limited such that the
observed capacity values represented those of spinels, a
smaller amount of spinels relative to the Li anode was
loaded in the composite cathodes. Normally, 13 mg of
spinel powder (7.2 X i0- eq) was loaded in the composite
cathodes while 100 mg of Li foil (1.4 X 10 eq) was used
as the anode.

Instrumentation—The charge-discharge profiles were
recorded in a beaker-type cell with a home-made instru-
ment. The cutoff voltages for the charge and discharge
limits were fixed at 4.3 and 3.6 V (vs. Li/Li), respectively.
Charge/discharge cycling was performed galvanostatical-
ly with a current density of 1 mA cm2. Dissolved Mn2
ions in electrolytes were analyzed with differential pulse
polarography.7 To estimate the dissolved Mn2 contents in
aqueous electrolytes, 13 mg of spinel powder was dispers-
ed in a 200 ml aqueous solution and stirred for 80 mm. The
solution pH was controlled by mixing proper amounts of
LiClO4 and HC104.

Electrochemical experiments were performed with an
EG&G PARC M362 scanning potentiostat/galvanostat. The
proton concentrations in the electrolytes were assessed
with a proton-selective glass membrane electrode (DM
digital pH/ion meter, DP-880M). The cell fabrication and

all measurements were carried out at 25 1°C in a dry box
filled with argon.

Results and Discussion
Solvent oxidation, spinet dissolution, and cathodic

capacity losses—As reported previously,7 solvent oxida-
tion in 4 V Li/LiMn204 cells takes place on the carbon
surface when the composite cathodes are charged at >4.2 V
(vs. Li/Lit). Figure 1 shows the linear sweep voltammo-
grams traced with a carbon composite electrode (Ketjen-
black EC:Teflon binder, 86:14 in weight ratio) in four dif-
ferent solvent mixtures (1:1 vol. ratio) into which 1 M
LiC1O4 was dissolved. As demonstrated, the oxidation cur-
rents at >4.0 V vary significantly according to the nature
of the solvents employed: the ethers (tetrahydrofuran and
dimethoxyethane) are readily oxidized while the carbon-
ates (propylene carbonate, ethylene carbonate, and
diethylcarbonate) are relatively inert. Of the two ethers
examined in this study, THF is more oxidizable than DME.

The same electrolyte solutions were loaded in 4 V
Li/LiMn2O4 cells and dissolved Mn2 contents in the inter-
mittently sampled electrolytes were analyzed by differen-
tial pulse polarography (Fig. 2). As shown, the spinel dis-
solution is much more facile in ethers than in carbonates.
Also, the dissolved manganese concentration is nearly pro-
portional to the solvent oxidation current shown in Fig. 1.
The discharge capacities of Li/LirMn2O4 cells were traced
in the same electrolyte solutions (Fig. 3). Consistently,
spinels lose their capacities at faster rates in ethers, and
the capacity-loss rate is slower in the carbonate-contain-
ing electrolytes. It is evident from the results presented so
far that there is a good correlation between the extent of
solvent oxidation, spinel dissolution, and capacity losses
in spinel electrodes.

Acid generation via solvent oxidation.—As presented in
the previous section, among the electrolytes tested in this
work, the PC/THF mixture containing 1 M LiC1O4 is most
vulnerable to electrochemical oxidation. The solvent oxida-
tion mechanism and oxidation products that are suspected
to be involved in the spinel dissolution reaction were exam-
ined with this electrolyte system. An inspection of the liter-
ature21-26 reveals that the following oxidation schemes are
seemingly pertinent in the LiC1O4/THF electrolyte.
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Potentiai / V vs. Li/Lj

Fig. 1. Linear sweep voltammograms recorded with a composite
carbon electrode (Ketjenblack EC:Teflon binder = 86:14 in wt. ratio,
apparent area = 1 cm2) in different mixed solvents (1 : 1 volume
ratio with 1 M LiClO4). Charging current was subtracted from the
raw data. Scan rate = 1 mV s.
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Fig. 2. Mn2 contents dissolved from composite cathodes during
charge/discharge cycling. Cycle test was carried out galvanostati-
cally at a current density of 1 mA cm2 at 4.3 to 3.6 V (vs. Li/Lu.
The composite cathodes were prepared with spinel oxides,
Ketjenblack EC and Teflon binder (72:20:8 wt ratio). The indicated
mixed solvents with 1 M LICIO4 were used as the electrolyte.

1. Direct oxidation of THF

- ci. + H + e

2. Mediated oxidation via perchiorate radicals

ClO; - do4 + e

C104 + 11C104 +
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Fig. 3. Discharge capacity profiles of 4 V Li/LiMn2O4 cells in dif-
Ferent electrolyte solutions. The cells were designed to be cathode-
limited such that the observed discharge capacities represent those
of spinels.

The above schemes, suggesting a buildup of protons in
oxidized electrolyte solutions, were confirmed by measur-
ing acid concentrations using a proton-selective glass
membrane electrode. Figure 4 shows the potentia' of the
glass membrane electrode monitored in four different elec-
trolytes in which a carbon composite electrode was
immersed and polarized at 4.2 V to facilitate acid genera-
tion. In this figure, a more positive electrode potential
reflects a higher proton concentration. As can be seen in
Fig. 4, the potential increment in ethers is larger than in
carbonates, supporting the postulate that greater amounts
of protons are generated when ether-containing elec-
trolytes are electrochemically oxidized.

3. Further oxidation

+ W + e

IJJ. -* EIJJ + e

The above schemes illustrate that two different solvent
oxidation pathways are possible in the present system: (i)
a direct electrochemical oxidation of THF and (ii) a medi-
ated oxidation via perchlorate radicals produced after
ClO oxidation. Some reports22 favor the direct THF oxi-
dation path, whereas the other electron spin resonance
(ESfi) studies26 support the mediated route by probing
radical species in the oxidized media. No matter how the
solvent molecules are electrochemically oxidized, the fol-
lowing features are commonly accepted in the literature:
(i) oxidation takes place at the ct-position of THF mole-
cules and (ii) protons are produced as a result of THF oxi-
dation. Since the early 1980s, electrogerierated acids
(EGA) have been widely utilized in a variety of acid-cat-
ayzed electrochemical syntheses in aprotic solvents.24 As a
matter of fact, THF has been commonly utilized as an
EGA reagent since it is readily oxidized so as to produce
protons. In general, ethers are oxidized at the ci-position
due to the resonance effects whereas the same sites in car-
bonates are relatively inert due to the electron-withdraw-
ing carbonyl groups (inductive effects). The higher oxida-
tion current peak observed with the DME-containing
electrolyte in Fig. 1, in contrast to the carbonates, can thus
be explained with the same reasoning.

Time / mm.

Fig. 4. Potential evolution of a proton-Selective 91055 membrane
electrode in different electrolyte solutions. Potential was monitored
while a separate composite carbon e'ectrode (Ketjenblack EC
Teflon binder = 86:14 in wt. ratio) was held at 4.2 V (vs. Li/Lu to
Facilitate add generation. A more positive potential in the scale cor-
responds to a higher proton concentration.
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Fig. 2. Mn2 contents dissolved from composite cathodes during
charge/discharge cycling. Cycle test was carried out galvanostati-
cally at a current density of 1 mA cm2 at 4.3 to 3.6 V (vs. Li/Ill.
The composite cathodes were prepared with spine1 oxides,
Ketjenblack EC and Teflon binder (72:20:8 wt ratio). The indicated
mixed solvents with 1 M UC104 were used as the electrolyte.
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Fig. 3. Discharge capacity profiles of 4 V Li/Li,,Mn204 cells in dif-
ferent electrolyte solutions. The cells were designed to be cathode-
limited such that the observed discharge capacities represent thase
of spinels.

The above schemes, suggesting a buildup of protons in
oxidized electrolyte solutions, were confirmed by measur-
ing acid concentrations using a proton-selective glass
membrane electrode. Figure 4 shows the potential of the
glass membrane electrode monitored in four different elec-
trolytes in which a carbon composite electrode was
immersed and polarized at 4.2 V to facilitate acid genera-
tion. In this figure, a more positive electrode potential
reflects a higher proton concentration. As can be seen in
Fig. 4, the potential increment in ethers is larger than in
carbonates, supporting the postulate that greater amounts
of protons are generated when ether-containing elec-
trolytes are electrochemically oxidized.

3. Further oxidation

ci. -* + Ht + e

LJTI. —f EIIC+ + e

The above schemes illustrate that two different solvent
oxidation pathways are possible in the present system: (i)
a direct electrochemical oxidation of THF and (ii) a medi-
ated oxidation via perchlorate radicals produced after
dl0 oxidation. Some reports22 favor the direct THF oxi-
dation path, whereas the other electron spin resonance
(ESfi) studies26 support the mediated route by probing
radical species in the oxidized media. No matter how the
solvent molecules are electrochemically oxidized, the fol-
lowing features are commonly accepted in the literature:
(i) oxidation takes place at the ct-position of TIfF mole-
cules and (ii) protons are produced as a result of THF oxi-
dation. Since the early l9BOs, electrogerierated acids
(EGA) have been widely utilized in a variety of acid-cat-
alyzed electrochemical syntheses in aprotic solvents.24 As a
matter of fact, TIfF has been commonly utilized as an
EGA reagent since it is readily oxidized so as to produce
protons- In general, ethers are oxidized at the ct-position
due to the resonance effects whereas the same sites in car-
bonates are relatively inert due to the electron-withdraw-
ing carbonyl groups (inductive effects). The higher oxida-
tion current peak observed with the DME-containing
electrolyte in Fig. 1, in contrast to the carbonates, can thus
be explained with the same reasoning.

Time / mm.

Fig. 4. Potential evolution of a proton-selective glass membrane
electrode in different electrolyte solutions. Potential was monitored
while a separate composite carbon electrode (Ketjenblack EC
Teflon binder = 86:14 in wt. ratio) was held at 4.2 V (vs. Li/Lu to
fadlitate add generation. A more positive potential in the scale cor-
responds to a higher proton concentration.
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It is now appropriate to provide additional evidence that
acids indeed promote spinel dissolution. It is known that
spinel manganese oxides are dissolved in aqueous acid solu-
tions.27 To confirm this, we analyzed IVIn2 contents after
spinel powders were dispersed and agitated in aqueous acid
solutions of different pH. Figure 5 shows the relationship
between solution pH and dissolved Mn" concentrations.
Clearly, spinel dissolution is pH-dependent, suggesting that
acids play an important role in this reaction.

Dissolution mechanism of Li414n704.—The acid attack
on spinel oxides causes a change in their chemical compo-
sitions. The weight percent (w/o) of individual element
and average Mn valence are listed in Table I, for which the
results were obtained with acid-treated spinel powders.
For this experiment, spinel powders and a carbon com-
posite electrode were placed closely together in an elec-
trolyte solution while the carbon electrode was polarized
at 4.2 V to produce acids. It is presupposed in this experi-
ment that acids are generated at the carbon electrode and
then migrate to attack the spinel oxides. After a certain
period of time, the spinel powders were collected and their
chemical compositions were analyzed. As can be seen in
Table I and Fig. 6a, the fractional Li contents steadily
decrease with an acid treatment while the Mn fraction ini-
tially declines in the earlier stage but then rises gradually.
The trace of average Mn valence (Fig. fib) shows an initial
rise but a steady decrease thereafter. The average Mn oxi-
dation state can also be estimated by measuring open-cir-
cuit potentials of spinel-loaded composite cathodes. In
this experiment, the open-circuit potential (vs. Li/Lit ref-
erence electrode) of a spinel-loaded composite cathode
was monitored with a closely spaced carbon electrode
being polarized at 4.2 V. As displayed in Fig. fib, two sets
of Mn valence data, one obtained from the chemical analy-
ses and the other from the open-circuit potential measure-
ments, show a similar increasing/decreasing pattern. This
time-dependent feature in the chemical composition and
Mn oxidation state manifests itself in that the earlier stage
Li and Mn extraction is dominant while the oxide frame-
work is relatively intact, leading to an increase in average
Mn valence. However, the steady decrease in Mn oxidation
state (Fig. fib) along with a concomitant decrease in oxy-
gen contents (Table I), which is evident at the later stage of
acid attack, leads us to infer that oxygen losses from the

10.2io i0 iO i0 io" 10.2 10.1

Proton concentration / M

Fig. 5. Dissolved Mn2 contents in aqueous solutions of different
pH. For this measurement, 13 mg of spinel powder was dispersed
in 200 ml of pH adjusted aqueous solutions and then stirred for
80 mm. The solution pH was adjusted by dissolving an appropriate
amount of LiCIO4 and HCIO4 in distilled water.

Exposure
time (h)

Li
(w/o)

Mn
(w/o)

0 Empirical
(w/o) ZMfl formula

3.74 59.0 37.26 3.60 Li,,,Mn,,04
3.66 58.3 38.04 362 Li,97Mn,,404
3.71 59.8 36.43 3.57 Li0 ,,Mn, 9704
3.58 61.0 35.42 3.55 Li,93Mn49909

Stoichiometric
spinel 3.84 60.8 35.36 3.50 Li0 ,Mn7904

lattice become more crucial at this stage. The Li and/or
Mn-deficient spinels are so thermodynamically stable that
their presence is well documented in the literature.9"3
Thus, it is not unreasonable to suggest the formation of Li
or Mn deficient spinels at the earlier stage. But it is very
likely that if the Li or Mn-deficiency exceeds a certain
limit, the structural integrity becomes difficult to main-
tain such that oxide ions are also depleted from the lattice.

Acid-induced spinel dissolution in aqueous solutions
has been studied by Hunter.27 He proposed that acids dis-
solve spinels to produce K-Mn02 according to the follow-
ing reaction

2LiMn2O4 + 4W -*2Li + 3k-MnO, + Mn" + 2H20

Concerning the Mn" and X-Mn07 formation, he proposed
a disproportionation reaction; 2Mn" -.Mn" + Mn". This
dissolution mode implicitly suggests that the relative dis-
solution rate between the elements (Li:Mn:O) is 2:1:2 and
furthermore the relative rate is preserved until the trans-
formation to X-Mn02 is complete. The results obtained in
this study, an earlier stage Li/Mn extraction and oxygen
depletion thereafter instead of a steady dissolution of the
three elements, however, suggest a different dissolution
pathway. The results reported in the previous paper7 also
indicate that spinels are dissolved even at their charged
state as well as at their discharged state. Note that the
Mn" fractions are minimal in the charged spinels (close to

Fig. 6. (a) Fractional Li and Mn contents in acid-attacked spinel
powders as a function of treatment time and (b) average Mn
valence calculated from the chemkal analysis data and open-circuit
potential of a composite electrode (spinel:Ketjenblack EC:Teflon
binder = 72:20:8 wt. ratio). The electrode potential was monitored
while a separate composite carbon electrode (Keijenblack EC:Tef Ion
binder = 86:14 wt. ratio) was held at 4.2 V (vs. Li/Lu to facilitate
acid generation.

Table I. Analytical data for acid-treated spinel powders.
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X—Mn02) whereas they are maximized at the discharged
state (close to the regular spinel). The substantial Mn dis-
solution from the charged spinels suggests that more ten-
able dissolution modes than the disproportionation reac-
tion maybe involved in the present cell system. At present,
it is not clear whether the disproportionation reaction is
solely responsible for the dissolution or any other dissolu-
tion modes are present. Nevertheless, it would be valuable
to point out that the electrolytes used in this study are
aprotic in nature in contrast to the aqueous solution in
Hunter's work. Along this line, a formation of radical
species as proposed in the previous section and their par-
ticipation in spinel dissolution may provide an additional
insight into this issue.

Even if our dissolution mechanism somewhat differs
from Hunter's, there appears at least one agreement
between the two whereby the three elements (Li, Mn, and
oxygen) are depleted from the lattice by acid attack. In a
spinel-loaded composite cathode, spinel particles inti-
mately contact with neighboring carbon particles. Under
this circumstance, if spinel particles lose Li, Mn, and oxide
ions presumably at the outermost surface region, the num-
ber of contact points made with carbon particles would be
diminished. If this unfavorable situation truly develops
along with spinel dissolution, the contact resistance at the
spinel/carbon interface as well as the electrode reaction
resistance would increase. Then, the composite cathodes
cannot be fully charged/discharged due to cell polariza-
tions, leading to capacity losses.

In the meantime, Dahn et al.14 ascribed the spinel capac-
ity losses to a progressive oxygen depletion from the spinel
lattice. They proposed the formation of oxygen-deficient
spinels (LiMn2O4_, where S is positive) that discharge at
3.3 V (vs. Li/Li). In this study, however, all of the acid-.
treated spinels show an oxygen overstoichiometry (see
Table I). Consistently, we could not observe the 3.3 V dis-
charge peak in any spinels.

Lithium salt effects on spinel dissolution—The electro-
chemical solvent oxidation and spinel dissolution are also
critically dependent on the nature of lithium salts added.
For instance, as shown in Fig. 7, proton generation in
PCIDME electrolytes is salt-dependent where five differ-
ent lithium salts were added. It is of value to note two fea-
tures apparent in Fig. 7. First, the observed initial elec-
trode potentials (t = 0) are somewhat different between
one solution and another. The initial potential does not

account for the solvent-derived acids because the compos-
ite carbon electrode was not yet polarized. Rather, it
reflects the proton concentration in freshly prepared elec-
trolyte solutions. The initial potential values indicate that
the fresh solutions made with anions such as PF, BF, and
AsF contain a larger amount of protons. This can be
ascribed to the impurity water contained in the salts
and/or solvents from the known fact that LIPF6 reacts
with traces of water to produce acids (HF) according to the
following reaction'°

LiPF6 + 1120 - 2HF + LiF + POFa

In order to ascertain the presence of acids in fresh elec-
trolyte solutions, spinel powders were contacted with
them, then after a certain period of time, dissolved Mn2
contents were analyzed. As shown in Table II, spinel dis-
solution is notably high in LiPF5- and L1BF4-containing
electrolytes, reflecting that these electrolytes already have
appreciable amounts of protons even in their fresh state.
The results in Fig. 7 also illustrate that the LiClO4- or
LiCF3SO3-containing electrolytes have lesser amounts of
protons in their fresh state (t = 0) which is evidenced by
the negligible Mn dissolution (Table II).

Another noticeable feature in Fig. 7 is the extent of
potential rise after the onset of solvent oxidation: a 400 to
500 mV potential rise occurs when a PC/DME solution
containing LiCF3SOS or LiClO4 is electrochemically oxi-
dized, in contrast with a 200 mV increase in the case of
LiAsF5 and 50 mV with L]IPF6 or LiBF4. In view of the fact
that the potential increase reflects the amounts of solvent-
derived acids and the latter in turn is a measure of the
degree of solvent oxidation, it is evident that the LICF3SO3
electrolyte is most vulnerable to electrochernical oxida-
tion, whereas in the other extreme the LiPF6- or LiBF4-
containing solvent is most inert. The solvent-derived acid
formation rate shows the following decreasing order
among the salt solutions

LiCF3SO3 > LiCIO4 > LiAsF6 > LiBF4 > LiPF6

This salt-dependent solvent—derived acid generation can
be confirmed by measuring the charges passed during
electrochemical solvent oxidation in different salt solu-
tions (Fig. 8). As shown, when the carbon electrode is
polarized at 4.2 V, the accumulated charge for solvent oxi-
dation is the highest in the LICF3SO3 solution and the low-
est in the LiPF6-containing solvent mixture. A comparison
of the results in Fig. 7 and 8 shows that the same decreas-
ing order prevails between the extent of acid generation
and the charge passed for solvent oxidation.

The observed salt-dependence of acid generation rate
suggests that the mediated solvent oxidation seems to be
deeply involved in these electrolyte systems, particularly
in the LiCF3SO3 or LiC1O4 electrolytes. The mediated sol-
vent oxidation via perchlorate radicals has already been
suggested in the literature.245 It is unclear, however,
whether the triflate anions play the same role or not.

In Fig. 9, the dissolved Mn2 contents which were ana-
lyzed in different salt solutions are plotted as a function of

Table U. Dissolved Mn2 contents in freshly prepared electrolyte
solutions containing different Li salts.'

Li salt Dissolved Mn2
(1 M in PC/DME) contents (raM)

For this experiment, Mn2 concentrations were analyzed after
the composite cathodes (spinel powder: Ketjenblack EC:Teflon
binder = 72:20:8) were placed in contact with fresh electrolyte
solutions for 2 days.
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Fig. 7. Potential variations of a proton-selective glass membrone
electrode in different saltsolutions (PC/DME). The experimenta' con-
ditions were the some as for Fig. 4.

LIPFS
LiBF4
LICIO4
L1AsF5
LiCF3SO3

0.55
0.03

Negligible
Negligible
Negligible
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Conclusions
In this paper, the nature of active species that is respon-

sible for spinel dissolution and the mechanisms for acid
generation and spinel dissolution have been elucidated by
examining the solvent and salt effects on them. The fol-
lowing points are of value to note.

1 Ethers (THF and DME) are readily oxidized since
their a-hydrogens are highly susceptible to oxidation
whereas carbonates are relatively inert to this reaction.

2. Protons generated as a result of solvent oxidation play
a key role in spinel dissolution. Therefore, spinel dissolu-
tion in ethers is more significant as compared to that in
carbonates.

3. In the course of acid attack, Li and Mn ions are
extracted from the lattice in the initial stage, but in the
later stage oxygen loss seems to be dominant. It is believed
that the dissolution takes place mainly at the outermost
surface region of spinel particles. This woWd, then, dimin-
ish the contact area at the spinel/carbon interface such
that cell polarizations become severe due to an increment

400 in the contact resistance and electrode reaction resistance.
An ever-increasing cell polarization would make the
spinel cathodes not fully charged/discharged, thereby
leading to a steady rate of capacity loss.

4. The extent of solvent oxidation and spinel dissolution
is also significantly dependent on the nature of salts
added. The LiCF3SO3 or LiC1O4 electrolytes suffer from
severe solvent oxidation such that spinel dissolution is
notably high in these electrolytes. Electrolytes containing
fluorinated salts are relatively inert to electrochemical
oxidation. However since appreciable amounts of acids
are generated by the action of trace water in their fresh
state, spinel dissolution in these electrolytes is greater
than expected solely from the extent of solvent oxidation.
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spinel dissolution is deeply associated with solvent oxida-
tion and concomitant acid generation. The two listed
orders of salt dependence, one the solvent-derived acid
generation and the other the extent of spinel dissolution,
generally show the same decreasing order. However, there
appears a deviation in the LiPF6-containing electrolyte:
The spinel dissolution in this electrolyte is greater than
that expected solely from the solvent-derived acid con-
tents. This can surely be explained from the fact that this
electrolyte is already contaminated with appreciable
amounts of protons in its fresh state due to a reaction with
impurity water.
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Conclusions
In this paper, the nature of active species that is respon-

sible for spine! dissolution and the mechanisms for acid
generation and spinel dissolution have been elucidated by
examining the solvent and salt effects on them. The fol-
lowing points are of value to note.

1. Ethers (THF and DME) are readily oxidized since
their c-hydrogens are highly susceptible to oxidation
whereas carbonates are relatively inert to this reaction.

2. Protons generated as a result of solvent oxidation play
a key role in spinel dissolution. Therefore, spinel dissolu-
tion in ethers is more significant as compared to that in
carbonates.

3. In the course of acid attack, Li and Mn ions are
extracted from the lattice in the initial stage, but in the
later stage oxygen loss seems to be dominant. It is believed
that the dissolution takes place mainly at the outermost
surface region of spinel particles. This would, then, dimin-
ish the contact area at the spinel/carbon interface such
that cell polarizations become severe due to an increment

400 in the contact resistance and electrode reaction resistance.
An ever-increasing cell polarization would make the
spinel cathodes not fully charged/discharged, thereby
leading to a steady rate of capacity loss.

4. The extent of solvent oxidation and spinel dissolution
is also significantly dependent on the nature of salts
added, The LiCF3SO3 or LiClO4 electrolytes suffer from
severe solvent oxidation such that spinel dissolution is
notably high in these electrolytes. Electrolytes containing
fluorinated salts are relatively inert to electrochemical
oxidation. However, since appreciable amounts of acids
are generated by the action of trace water in their fresh
state, spinel dissolution in these electrolytes is greater
than expected solely from the extent of solvent oxidation.
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ABSTRACT

Surface characterization of Ir-based Ti- and Sn-containing electrodes of nominal composition, Ir03Ti(07)SnO2 (0 �
x 0.7), was performed ex situ by scanning electron microscopy and energy—dispersive x-ray and n situ by open—circuit
potential measurements and cyclic voltammetry. Despite the use of SnCl2 as precursor, energy-dispersive x-ray results
showed the real composition to be very distinct from nominal due to SnCl4 volatilization during the calcination step in
the electrode preparation procedure. SnCl4 formation in the precursor mixture was confirmed by visible spectrophoto-
metric measurements. The substitution of Ti02 by 5n02 results in a significant increase in electrochemically active sur-
face area, as supported by scanning electron microscopy, anodic voltammetric charge, q,and the double-layer capacity,
Cdl, as a function of composition. Roughness factors between 3600 and 5100 were obtained. A linear Cdl vs. qagraph with
an angular coefficient close to one was obtained.

Infroduction
Few electrode materials can withstand such adverse

conditions as high anodic potentials combined with ag-
gressive chemical conditions (e.g., elevated acidity of
medium, chlorine, etc). Among these materials are ther-
mally prepared conductive metallic oxide electrodes,
known as dimensionally stable anodes, DSA®, whose
excellent catalytic, mechanical, and corrosion-resistant
properties have led to a wealth of important technological
applications in different fields.12 While electrode materials
for the chlorine evolution reaction (C1ER) have achieved
reasonably satisfactory performance, materials aiming at
applications involving the oxygen evolution reaction
(OER) from strongly acidic solutions can still be improved,
especially with respect to their corrosion resistance, i.e.,
long—term performance.3 A possible way to improve per-
formance is to modify the more usual catalysts (Ru02, 1r02,
etc.) using binary, ternary oxide, or even more complex
mixtures in order to modulate the electrocatalytic proper-
ties and corrosion resistance. The effect of composition on
the electrocatalytic activity of the ternary oxide
Ru0 3Ti(O SnO2 from acidic solution was investigated by
Boodts and Trasatti.4 Later, Onuchukwu and Trasatti
investigated the influence of precursor and solvent used

* Electrochemical Society Active Member.

(organic) on the system parameters.5 Despite it higher cost,
1r02 has the advantage over Ru02 of better resistance to
corrosion, while showing only slightly less catalytic activ-
ity when compared to the latter.67 5n02 is an interesting
candidate as a modulator since it reduces the catalytic
activity of Ru02 less than Ti02. 'One problem with 5n02 is
the low yield obtained when common precursor salts are
used due to SnCl4 volatilization.8 During a systematic sur-
face characterization study of the 1r02 + 5n02 system, De
Pauli and Trasatti9 did not encounter 5n02 yield problems,
in apparent contradiction with Comninellis and Vercesi.8

In a search for improved electrode materials for the OER
from strongly acidic solution, we thought it worthwhile to
execute a systematic investigation of the 1r02-Ti02-5n02
system, giving special attention to the 5n02 yield problem.

Experimental
Electrodes—A series of eight electrodes, in duplicate, of

nominal composition Ir03T1(0 SnO2 was prepared, keep-
ing the catalyst loading (1r02) constant at 30 mole percent
(mb) while replacing Ti02 by 5n02 in 10 mb steps. Oxide
layers were prepared by thermal decomposition at 400°C
of the appropriate mixtures of the precursor solutions
using TiC14 (Aldrich), IrCl3 xHC1 yH2O (Aldrich), and
SnCl2 . 2H20 (Vetect) dissolved in HC1 1:1 (v/v) to prevent
hydrolysis. In the case of IrCl3 - xHC1 yH2O, a few drops
of 30% H202 together with mild heating (-.-80 to 90C) were
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ABSTRACT

Surface characterization of Jr-based Ti- and Sn-containing electrodes of nominal composition, Jr0 3Ti(O 7)Sn0S (0 �
x 0.7), was performed ex situ by scanning electron microscopy and energy-dispersive x-ray and in situ by open-circuit
potential measurements and cyclic voltammetry. Despite the use of SnC12 as precursor; energy-dispersive x-ray results
showed the real composition to be very distinct from nominal due to SnCl4 volatilization during the calcination step in
the electrode preparation procedure. SnCl4 formation in the precursor mixture was confirmed by visible spectrophoto-
metric measurements. The substitution of Ti02 by Sn02 results in a significant increase in electrochemically active sur-
face area, as supported by scanning electron microscopy, anodic voltammetric charge, q,and the double-layer capacity,
Cdl, as a function of composition. Roughness factors between 3600 and 5100 were obtained. A linear Cdl vs. q, graph with
an angular coefficient close to one was obtained.

Infroduction
Few electrode materials can withstand such adverse

conditions as high anodic potentials combined with ag-
gressive chemical conditions (e.g., elevated acidity of
medium, chlorine, etc). Among these materials are ther-
mally prepared conductive metallic oxide electrodes,
known as dimensionally stable anodes, DSA®, whose
excellent catalytic, mechanical, and corrosion-resistant
properties have led to a wealth of important technological
applications in different fields.12 While electrode materials
for the chlorine evolution reaction (C1ER) have achieved
reasonably satisfactory performance, materials aiming at
applications involving the oxygen evolution reaction
(OER) from strongly acidic solutions can still be improved,
especially with respect to their corrosion resistance, i.e.,
long-term performance.3 A possible way to improve per-
formance is to modify the more usual catalysts (Ru02, 1r02,
etc.) using binary, ternary oxide, or even more complex
mixtures in order to modulate the electrocatalytic proper-
ties and corrosion resistance. The effect of composition on
the electrocatalytic activity of the ternary oxide
Ru0 STi(O 3)SnO2 from acidic solution was investigated by
Boodts and Trasatti.4 Later; Onuchukwu and Trasatti
investigated the influence of precursor and solvent used
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(organic) on the system parameters.5 Despite it higher cost,
1r02 has the advantage over Ru02 of better resistance to
corrosion, while showing only slightly less catalytic activ-
ity when compared to the latter.67 Sn02 is an interesting
candidate as a modulator; since it reduces the catalytic
activity of Ru02 less than Ti02. One problem with Sn02 is
the low yield obtained when common precursor salts are
used due to SnC14 volatilization.8 During a systematic sur-
face characterization study of the 1r02 + SnO2 system, De
Pauli and Trasatti9 did not encounter SnO2 yield problems,
in apparent contradiction with Comninellis and Vercesi.8

In a search for improved electrode materials for the OER
from strongly acidic solution, we thought it worthwhile to
execute a systematic investigation of the 1r02-Ti02-Sn02
system, giving special attention to the Sn02 yield problem.

Experimental
Elect rodes.—A series of eight electrodes, in duplicate, of

nominal composition Ir03Ti(O SnO2 was prepared, keep-
ing the catalyst loading (IrO2) constant at 30 mole percent
(mb) while replacing Ti02 by Sn02 in 10 mb steps. Oxide
layers were prepared by thermal decomposition at 400°C
of the appropriate mixtures of the precursor solutions
using TiCI4 (Aldrich), IrCl3 xHCl yHO (Aldrich), and
SnCl2 . 2H2O (Vetect) dissolved in HC1 1:1 (v/v) to prevent
hydrolysis. In the case of IrCl2 xHC1 yHO, a few drops
of 30% 11202 together with mild heating (—80 to 90°C) were
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