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cycling. Details of impedance and long-term cycling be-
havior of Li,Ti;0,,/LiMn,0, cells are presented elsewhere."

Energy densities of cells.—The estimated specific ener-
gies of the Li/PAN electrolyte/Li,Ti;O,, and Li,Ti;O,,/PAN
electrolyte/LiMn,0, cells when fully packaged are 57 and
60 Wh/kg, respectively. The load voltages of 1.5 and 2.6 V,
respectively, were used in the calculation along with the
actual weights and capacities of the electrodes, and the
weights of the polymer electrolyte membrane and the cur-
rent collectors. The specific energies may limit the wide-
spread use of these cells; but they may be of interest for
special applications where specific energy is less of a con-
cern than long cylce life.
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The Li,Ti;O,,//PAN Electrolyte//LiMn,O, Rechargeable
Battery with Passivation-Free Electrodes
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ABSTRACT

The Li-ion cell, Li,Ti;O0,,//PAN electrolyte//LiMn,0,, appears to be a classic example of a battery with passivation-
free electrodes. Its gross impedance characteristics remain steady during long-term cycling at high charge/discharge
rates. The cell showed excellent rechargeability at >99.9% coulombic efficiency for nearly 250 full-depth cycles, at a 1C
discharge rate and a C/b charge rate. The capacity fade was low at approximately 0.12% per cycle at around 100 cycles
and ~0.05% at around 200 cycles. Excellent utilizations of the cathode and anode were observed with values of
100 mAh/g of LiMn,O, and 140 mAh/g of Li,Ti;O,, at 1C discharge rate, and 70 mAh/g of LiMn,0, and 92 mAh/g of
Li,Ti;O,, at 7.5C discharge rate. Electrode utilizations were significantly better under pulse discharge conditions at the
8C-16C rates. The energy density of the cell, calculated with a cell voltage of 2.6 V and practically observed cathode and
anode capacities at the C/10 discharge rate, is 60 Wh/kg. The weights of the electrodes, current collectors, and electrolyte

are included in this value. It is suitable for applications where high power and very long cycle life are required.

Introduction

High power batteries are becoming increasingly impor-
tant for powering modern consumer products such as cel-
lular telephones, portable power tools, laptop computers,
video cameras, and electric vehicles. Discharges at rates as
high as the 5C rate are required for some of these applica-
tions. The power of a battery, F, is related to its operating
voltage, V, and the current, I, according to the relationship

P=VI (1]

Operating voltage can be expressed in terms of a num-
ber of parameters related to the materials, design, and
operation of a battery’

V=0 =7" =6 = by — by — ¢3°) [2]
Where U° is the emf of the cell in volts, n*° are the surface
overpotentials at the anode, and the cathode related to
their charge-transfer resistances, ¢, d3;, ., and ¢4° are
the potential drops due to concentration polarization, pas-

sivation layers on both electrodes, the electrolyte, and con-
tact resistance, respectively. EMF of the cell, U°, is fixed
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by the type of active materials used for the anode and the
cathode, and, ideally, it represents the maximum operating
voltage possible for a given system. Since the potential
drops included in Eq. 2 make the actual operating voltage
smaller than this ideal maximum, minimizing them is nec-
essary to ensure the highest power output. Accordingly,
low ¢, with the use of a thin, highly conductive, elec-
trolyte layer and low n*° by means of electrodes with fast
Li insertion kinetics are desirable. At high discharge rates,
concentration polarization, ¢*° resulting from diffusion
limitations of Li* in the solid cathode (anode) and the elec-
trolyte phases becomes a relevant issue. Such difficulties
could be circumvented by minimizing the time constant
for Li* diffusion in the solid-state, L?/D (L = diffusion
width in centimeters, and D is the diffusion coefficient in
centimeters squared per second),’ using smaller size parti-
cles (meaning smaller L). Diffusion problems arising in the
electrolyte, especially the electrolyte phase included in the
bulk of the composite electrode can be controlled by using
thinner electrodes.®® In order to minimize the potential
drop due to contact resistance, ¢, within a composite
electrode, high surface-area carbon is usually included as
a conductivity enhancing additive. In general, proper elec-
trode engineering appears to be a key factor in minimizing
the contact resistance.
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Since Li is thermodynamically incompatible with
organic electrolytes, reactions occur as soon as it comes in
contact with them, and the surface of Li gets immediately
covered with a coating of the reaction products. Passive
film formation is also possible with Li intercalated car-
bons (LiC;) such as the carbon anode of a Li-ion cell. In
either case, passivation layers at the anode/electrolyte
interface present a major source of the potential drop, &,;.
These layers usually continue to grow, albeit at low rates,
on these anode surfaces as the cell is repeatedly charged
and discharged with the result that the potential drop
inside the passivation layers increases during the lifetime
of a Li or Li-ion battery. When &, becomes too large, the
battery usually fails. Understanding the nature of the
chemical reactions that lead to passive film formation on
the anode surface and controlling them have been the sub-
ject of many investigations.”'® Recently, we have shown
that the passive film that forms on a carbon anode during
Li intercalation in cells containing the polyacrylonitrile
(PAN)-ethylene carbonate (EC)-propylene carbonate (PC)-
LiPF, solid polymer electrolyte is primarily Li,CO;. ' It
is formed according to

/\

o_ o + 2 + 2Li" - Li,CO, + CH,=CH,  [3]

i
o
EC
CH,

NP 2Li* — Li,CO, + CH,CH=CH, [4]
I
o
PC

The reactions shown in Eq. 3 and 4 will occur when the
carbon anode potential is at or below about 1 V vs. Li*/Li.
Therefore, a Li-ion cell based on an anode that interca-
lates Li at potentials higher than 1 V vs. Li*/Li will be free
of passivation layers on the anode and, ¢, should not be
a factor determining its performance. The Li-ion cell,
Li,Ti;0,,//polymer electrolyte//LiMn,0,, reported in this
paper is a classic example of such a system. Development
and evaluation of its individual electrodes are presented
elsewhere.”? The electrochemical behavior of Li,Ti;O;, in
Li cells with organic liquid electrolytes has been reported
previously.”*"*

Experimental

Synthesis of Li,Ti;0,;, LiMn,0,, fabrication of individ-
ual composite electrodes and their electrochemical char-
acterization were carried out as described in the previous
paper."?

The PAN electrolyte of the composition 21 mole percent
(mol %) PAN:36.5 mol % EC:36.5 mol % PC:6 mol % LiPF;
was prepared as described previously.'*'*'* The electrolyte
had a conductivity of ~2 X 107 Q™ ecm™ and a thickness
of about 80 pm.

Fabrication of Li,Ti;O,,//PAN-polymer electrolyte//
LiMn,O0, cells.—The cell was prepared by sandwiching the
solid polymer electrolyte between a Li,Ti;0,, composite
anode and a LiMn,O, composite cathode, packaging the
cell in a metallized plastic envelope, evacuating and heat-
sealing the envelope at the edges. Electrode preparation,
cell construction, and sealing were done in an Ar-filled
glove box. The compositions of the composite electrodes
are given in the figure captions. The theoretical Li,Ti;0,,
capacity is based on three Li per formula unit and the the-
oretical capacity of LiMn,0, is based on one Li per formu-
la unit. The cell contained a Li reference electrode also. A
computer controlled Arbin battery cycler was used for
cycle testing at constant currents.

Impedance measurement of composite electrodes —The
experimental setup consisted of an EG&G PAR {model
273) potentiostat/galvanostat and EG&G lock-in analyzer
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(model 5208) in the frequency range of 0.1 Hz to 100 kHz
to apply a 5 mV ac modulation across the Li-ion cell under
open-circuit condition. Five points per decade were meas-
ured. The impedance data were plotted as a function of
frequency in a complex plane diagram (Cole-Cole plot).

Equilibrium potential measurement.—Open-circuit
voltage measurements as a function of state of charge were
done during the course of a full charge/discharge cycle
between potential limits from 2.9 to 1.2 V. Charge or dis-
charge was done in steps, with the application of a series
of short current steps and long rest periods in an alterna-
tive fashion, until the cutoff voltage was reached. During
charge, a 0.1 mA/cm? (~C/5 rate) current step of 500 s was
followed by a 4000 s rest period and during discharge,
0.5 mA/cm? (~C rate) current steps of 100 s and rest peri-
ods of 4000 s were used.

Pulsed power measurement.—The pulsed power perfor-
mance of Li,Ti,0,,/LiMn,0O, battery cells were tested by
first charging the cell at 0.02 mA/cm?® to 2.9 V, and then
pulse discharging to 1.2 V. The setup used for the pulse
experiment consisted of an EG&G PAR 363 potentio-
stat/galvanostat controlled by a computer using a program
based on the ASYST data acquisition system which was
developed in-house. The program allowed the cell to be
continuously pulse-discharged using a sequence of fast
current steps of short duration with interpulse rest periods
between them. Typically, the pulse lasted for 10 ms and the
rest period for 50 ms. The cell voltage during the time the
current is applied (ON voltage) and when it is turned off
(OFF voltage) is collected by the computer over the entire
pulse sequence. The pulse sequence ended whenever the
load voltage reached the preset lower cell voltage limit.
Complete voltage description of individual pulses could be
recovered by using a Bascom-Turner BT5000 fast data
acquisition system connected to the voltage signal output
terminal of an EG&G PAR 363.

Results and Discussion

Cycle performance of Li Ti;0,,//solid polymer elec-
trolyte//LiMn,0, Cells.—We have determined the charge/
discharge characteristics of Li,Ti;O;; and LiMn,0, individ-
ually as described in the previous study.”” These character-
istics include: (i) the cathode can be charged and dis-
charged up to a capacity of 0.8 Li per LiMn,0,, (ii) the
Li,Ti;O,, anode can be discharged and charged 2.7 Li per
Li,Ti,0,, or 163 mAh/g. These data serve as a guide to
match capacities of the two electrodes that constitute a Li-
ion cell. The individual electrode reactions and the overall
cell reaction in the cell are

Anode
Charge

== Li;; Ti;0,, [5]

Discharge

Li,Ti,0,, + 2.7Li" + 2.7e"

Cathode
Charge

— o
—

Discharge

3.4LiMn,0, 3.4Li,,Mn,0, + 2.7Li* + 2.7e” [6]

Cell
Charge

R
== Li;,;Ti;Op,

Discharge

Li,Ti,0,, + 3.4LiMn,0,

+ 3.4Li,,Mn,0, [7]

In practice, however, the ratio of the two capacities are
maintained in such a way that the cell configuration be-
comes slightly cathode limited. Selected capacity vs. volt-
age profiles for the Li,Ti;O,,/LiMn,0, cell are presented in
Fig. 1. The cell was charged at 0.12 mA/cm?® (C/5) and dis-
charged at 0.6 mA/cm® (~C) and cycling was done between
upper and lower limits of 2.9 and 1.2 'V, respectively.
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Fig. 1. Selected cycling curves at room temperature for a
Li,Ti;O,,/ /solid polymer electrolyte//LiMn,O, cell. The cathode
was 85.0 wt % LiMn,0,:10.0 wt % Chevron C:2.5 wt %
PVdF:2.5 wt % PAN soaked with LiAsF,-containing electrolyte, had
4.73 mAh capacity, 10 cm? (2.5 X 4.0 cm) active area and a thick-
ness of 45 pm. The anode was 87.5 wt % Li,Ti;0,,:10.0 wt %
Chevron C:2.5 wt % PAN soaked with LiPF,-containing electrolyte,
had 4.77 mAh capacity, 11.3 cm? (2.7 X 4.2 ¢m) active aredq, and
a thickness of 30 m. The solid polymer electrolyte was 21.0 mol
% PAN:36.5 mol % EC:36.5 mol % PC:6.0 mol % LiPF, and a thick-
ness of 88 um. Current density used during cycling is indicated.

Capacity vs. cycle number.—Capacity as a function of
cycle life for the same cell is presented in Fig. 2. Stability
of the capacity was checked intermittently by lowering the
discharge rate to 0.12 mA/cm? (C/5). Slightly diminishing
capacity observed during stability checks suggests that the
capacity loss is real and, most likely, of materials origin
and not related to any polarization phenomenon occurring
at high rate. Since Li/Li,Ti;O,, cells cycles with practical-
ly no capacity fade,"” the fade observed in the full cell may
be related to LiMn,O,.

Equilibrium potential measurement.—The open-circuit
potential of a Li,Ti;O,,//solid polymer electrolyte// LiMn,0,
cell was monitored as a function of its depth of charge and
discharge during the course of a full charge/discharge cycle.
Evolution of the equilibrium and load potentials as a func-
tion of capacity are depicted in Fig. 3. Despite the differenc-
es in charge and discharge rates, the equilibrium potential
during charge and discharge matched up with no significant
hysteresis confirming that the Li insertion and deinsertion
processes at both electrodes are perfectly reversible. The ex-

120
g o o / Capacity stability checks
100 | e o & o o .
e

o
o

[N
o

Capacity (mAh/g of LiMnz0.)
o
o

®  C/1ratedisch
=0 o C/lf;r?‘aie :isigc:geze
0 - . ) . )
0 30 100 150 200 250
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Fig. 2. Capacity vs. cycles for the cell shown in Fig. 1. The cell
was charged at 0.12 mA/cm? (C/5) and discharged at 0.6
mA/cm’ (~1C). Discharge rate of 0.12 mA/cm? (C/5) used during
stability checks, indicated by the points.
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cellent reversibility of the system is further demonstrated by
the long-term cycling data discussed above.

Impedance vs. cycle number and the demonstration of
passivation free electrodes.—Impedance spectrum of a
Li,Ti;O,,//solid polymer electrolyte//L.iMn,O, cell was
taken intermittently during long-term cycling at a
0.12 mA/cm?® (C/5) charge rate and a 0.6 mA/cm?® (~C) dis-
charge rate. The measurement was done at the open-cir-
cuit potential following a full discharge. Depicted in
Fig. 4a and b are the Cole-Cole impedance plots measured
in the three- and two-electrode configurations, respective-
ly, at the second and 227th cycles. The working electrode
is LiMn,0,. A number of distinct features are immediately
visible: (i) a fully resolved single semicircle displaced
along the Z’ axis is present in the high frequency domain;
(#7) the low frequency domain of the spectrum taken at
cycle two consists of features resembling a combination of
more than one semicircle whereas the corresponding
region of the spectrum for cycle 227 appears to have just
one semicircle; and (i4i) the impedance response of the cell
remained steady through the long-term cycling process.

Impedance measurements have been frequently used to
study passivation film formation at the Li/organic elec-
trolyte interface.'®® Some studies have also dealt with the
insertion of Li into host materials.'*** In the absence of any
surface layers, the impedance of an insertion electrode can
be interpreted in terms of a simple network consisting of
the bulk electrolyte resistance, R,, in series with a RC net-
work made of two parallel current branches; (i) a farada-
ic-current branch represented by a charge-transfer resist-
ance, R, serially connected to a Warburg impedance, Z,,
and (i) a nonfaradaic-branch consisting of the double-
layer capacitance, Cy. The corresponding equivalent cir-
cuit consists of a single semicircle touching down at the Z
axis at R, on the high frequency side and at R, + R,, on the
low frequency side. The semicircle also has a spur at the
low frequency side (at approximately 45° angle on the
right) due to Warburg resistance, Z,, characteristics of a
diffusion process. The spectra shown in Fig. 4 consist of an
isolated semicircle anticipated for R,C, coupling, but
instead of a straight line (spur), the low frequency end of
this semicircle is connected to one or more semicircles.
Such behavior in the Li/LiCoO, cell has been attributed to
the presence of a thin surface film at the LiCoO,/organic
electrolyte interface' resulting from a chemical reaction
between LiCoO, and the organic electrolyte. Although no
account of such film formation on LiMn,0, has been
reported in prior studies, electrolyte oxidation is believed
to occur on the surface of LiMn,0,.*"** However, long-term
cycling of Li,Ti;O,,//solid polymer electrolyte//Li,Mn,O,
cells proceeded with almost 100% coulombic efficiency
and, consequently, the amount of Li,Mn,0, involved in a
parasitic surface film formation appears to be extremely
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Fig. 3. The intermittent charge/discharge curves and the corre-
sponding open-circuit voltages of a 1i,Ti;O,,//solid polymer elec-
trolyte/ /LiMn,0, cell.
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Fig. 4. Impedance response of a typical Li,Ti;O;,//solid polymer electrolyte//LiMn,O, cell in ?'cles 2 and 227, |a, left) Impedance

response of a typical Li,Ti;0,,//solid polymer electrolyte//LiMn,O, cell in cycle 2 and 227 measure

in three-electrode configuration with

LiMn,0, as the working electrode. (b, right} Impedance measured as in Fig. 4a except in two-electrode configuration with LiMn,O, as the

working electrode.

small. An interface with a surface layer can be modeled by
adding another R, ,C, component (where “sl” stands for
surface layer) to the original R,C, network, as shown in
Fig. 5.”

The semicircle due to R, C, coupling is located at lower
frequencies compared to the frequency domain where
R, C, coupling occurs. The frequency corresponding to the
top of a semicircle, F,,, is related to the RC components of
the corresponding network by f,, = 1/2wRC) and the
capacitance, C, is related to the thickness [ by C = e(A/l)
where € is the permitivity and A is the interfacial area.
Since f,,, of the semicircle for R,C, coupling is smaller
than that for R,C,4 coupling, R,C, >> R,C,. Moreover, if
R is only a few times larger than R, as it appears in Fig. 4,
C, should be higher than C, as expected for a thin surface
layer. This study was not extended to include a detailed
analysis of either the impedance data or to determine the
nature of these surface layers. What is significant is the
fact that the interfacial behavior remains steady during
the long-term cycling of the Li,Ti;O,,//solid polymer elec-
trolyte//LiMn,0O, full cell. No significant passivation other
than the thin surface layer formed initially at the solid
cathode/electrolyte interface is evident and the cell
remained essentially passivation-free during extended
full-depth cycling at high rates. The R, and R,, values were

Rsl Rct

Zw—

~AAAA—
R. Cq Ca
i i

Fig. 5. Proposed equivalent circuit corresponding to the imped-
ance spectra in Fig. 4. R, is the bulk electroryte resistance; R, the
charge-transfer resistance; R,, the surface layer resistance; C,, the
double-layer capacitance; and Z,, the Warburg Impedance.

determined graphically from the impedance spectra and
tabulated as a function of cycle number in Table I.

Impedance measurement across the cell (two electrode
impedance) involves the combined effect of the individual
networks representing the faradaic and nonfaradaic
processes occurring at each electrode. In the three-elec-
trode configuration, impedance response is mostly that of
the working electrode plus a minor contribution from the
electrolyte. The data in Table I and Fig. 4a and b suggest
that R, and R,, values of the cathode remains steady dur-
ing the course of the extended cycling while those of the
anode appears to show a moderate increase. In other
words, there is little change in the overall impedance of
each electrode during the extended cycling.

Rate capability of Li,Ti;O,,//solid polymer electrolyte//
LiMn,0, cells—Although the electrodes in all our Li,/
Ti;0,,//solid polymer electrolyte//LiMn,O, cells were fabri-
cated and processed alike, for reasons unclear to us some
cells showed an initial impedance (in the three-electrode
configuration) much higher than the ~40 () cm* we normal-
ly observed. Rate capability of such a cell can be compared
to that of a normal cell to demonstrate the detrimental
effect of high overall impedance on the rate capability.

Rate capabilities of two Li,/Ti;0,,//solid polymer elec-
trolyte//LiMn,0, cells, A (DP022-50) and B (DP022-55), are
presented in Fig. 6 and 7, respectively, for discharge rates
ranging from 0.02 to 5 mA/cm?® while maintaining a con-
stant charge rate of 0.02 mA/cm?®. Both cells show compa-
rable utilization up to a discharge rate of 1C which is about
100 mAh/g or 0.68 Li per LiMn,O,. At higher rates, howev-
er, utilization of cell A (Fig. 6) with the higher overall
impedance lags considerably behind that of cell B (Fig. 7).

Impedance spectra of these two cells measured after two
cycles are presented in Fig. 8. The bulk impedance, R,, of
both cells in Fig. 8 remained close to 6 Q cm?® Charge
transfer impedance of cell A (DP022-50) appears to be on
the order of 100 Q cm® (Fig. 8a) while that of cell B
(DP022-55) remains at ~40 ) cm? (Fig. 8b). Since imped-
ance spectra of each cell in the two- and three-electrode
configurations exhibit similar R, and R, values and since
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Table 1. Impedance data of the Li,Ti;O,,//solid polymer electrolyte/ /LiMn,O, full cell during long-term cycling.

Three-electrode impedance with LiMn,0O, working

electrode and Li reference

Two-electrode impedance with LiMn,0,
working electrode

Cycle No. R, (2 cm?) R, (2 cm?) R, (2 cm?) R, (Qcm?)
Prior to cyclin, 5 25 - -
2 y £ 5 26 - 46
27 5 30 - -
52 5 32 - -
7 5 35 - -
102 4 28 5 53
127 4 27 - -
152 4 27 - -
177 4 27 5 60
202 4 27 5 62
227 4 28 5 65

LiMn,0, is the working electrode, the higher impedance of
cell A is coming predominantly from the cathode. Apart
from the differences in the R, the two impedance spectra
are different in the low frequency domain where contribu-
tions from the Warburg diffusional impedance predomi-
nate. The data to be discussed below show that the polar-
ization of the anode is similar in both cases implying that
the porous cathode structure is the factor responsible for
the difference between cells A and B. The impedance spec-
tra together with the rate data in Fig. 6 and 7 strongly sug-
gest that low cell impedances resulting from an optimized
composition as well as proper processing of the cathode
are necessary to obtain high utilizations in Li,Ti,0,,//solid
polymer electrolyte/LiMn,O, full cells at rates over 1C.
Judging from these observations, a total impedance of
=40 Q) cm’® can be considered as the signature of a full cell
capable of performing well at high rates.

It is also of significant interest to examine the behavior of
the cell on charge. The latter is not addressed in most inves-
tigations. However, from the point of view of some applica-
tions, e.g., portable electronics, rapid charging may be just
as important as high rate discharging. In general, for a lithi-
um-ion cell such as this Li,Ti;0,,//solid polymer electro-
lyte//LiMn,0O, system, there is no possibility of Li plating
during a high rate charge and, as a result, one would expect
the charge behavior to be similar to the discharge behavior.
This charge/discharge symmetry can be broken, however,
because the charge voltage plateau of the LiMn,O, electrode
is located close to the cutoff potential and any significant
polarization of this electrode during charge forces the cell to
reach the cutoff prematurely leading to a significant loss of
utilization. During high rate discharge, however, electrode

z
@
=t}
[0}
= s A R
5 1 {mA/cm‘ 5.0 2.0 1.0 05 0%1/ ‘ooz
- 0.05
Ot(i - i : 2 ‘ a : 4 mAh
0 20 40 60 80 100 120

Capacity (mAh/g of LiMnz0,)

Fig. 6. The voltage vs. capacity profiles at ambient temperature
for the capacity balanced Li,Ti;0,,//solid polymer electrolyte//
LiMn,O, cell A as a function of different discharge rates. The cathode
had 4.4 mAh capacity, 10 em? (2.5 X 4.0 cm) active areqa, and a
thickness of 43 um. The anode had @ 4.5 mAh capacity, 11.3 cm?
(2.7 X 4.2 cm) active area, and a thickness of 28 pm. The solid
Pc:}.ym;:rd electrolyte thickness was 88 pm. Current densities are
indicated.

polarization is in the opposite direction and the system is
able to handle a far higher electrode polarization without
any significant effect on utilization.

Figures 9 and 10 compare the effect of charge rate on the
capacity for cells A (Fig. 6) and B (Fig. 7). The rate of
charge was increased as indicated on each figure in mil-
liamperes per centimeter squared and the discharge was
performed at a low rate, 0.02 mA/cm™? (~C/30). For cell B
the symmetry in the discharge (Fig. 7) and charge process-
es (Fig. 10) appears to have been preserved up to a rate of
1C (0.6 mA/cm?). At higher charge rates, capacity utiliza-
tion on charge appears to be seriously lagging behind that
for the corresponding discharge. Again, cell B with lower
impedance performs better.

Discussion on the effect of charge rate on the capacity
utilization can be further highlighted by examining the
evolution of individual electrode potentials during charge.
Such information are presented in Fig. 11 for cell A and in
Fig. 12 for cell B. The cathode used in cell A with the high-
er total impedance appears to undergo significant polar-
ization at high rates leading to a rapid loss of capacity. The
anode appears to be behaving well, partly due to its under
utilization related to polarization of the cathode. In con-
trast, the cathode in cell B appears to undergo minimal
polarization and the imposition of the cutoff potential now
comes from the anode polarization.

The results presented clearly show that achieving low
impedance for the cathode is the key for full cells to yield
high utilization at high charge and discharge rates.

Pulsing capability of Li,Ti;O,.//solid polymer electro-
lyte//LiMn,0, cells.—Pulsing capability of a battery be-
comes an important issue in applications where battery
power is delivered as high rate pulses of brief duration, e.g.,

N
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0

N * // N
1F maA/em? 50 20 160502 0.02
I,
OB .3 A 2 : 3 — 4 ‘ 5 m:\i
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Capacity (mAh/g of LiMnz0.)

Fiﬁ; 7. The voltage vs. capacity profiles at ambient temperature
for the capacity balanced Li,Ti,0,,//solid polymer electrolyte//
LiMn,0, cell B as a function of different discﬁarge rates. The cath-
ode has a 5.4 mAh capacity, 10 cm? (2.5 X 4.0 cm) active areq,
and a thickness of 45 um. The anode had 5.3 mAh capacity, 11.3
em? (2.7 X 4.2 c¢m) active area, and a thickness of 28 pm. The
solid polymer electrolyte thickness was 88 pm. Current densities
are as indicated.
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Fig. 8. Impedance spectra of cells A [DP022-50) and B [DP022-55) at cycle 2. (q, left] Impedance measured in three-electrode configu-
ration with LiMn,O, as the working electrode. An ac modulation of 5 mV was applied across the cell under open-circuit condition in the ?re-
quency range of 0.1 Hz fo 100 kHz. (b, right) Impedance measured as in Fig. 8a except in two-electrode configuration with LiMn,O, as the

working electrode.

cranking of an automobile and transmission of digital data
in a personal communication system. The pulse discharge
capability of the Li,Ti;O,,//solid polymer electrolyte//
LiMn,O, cells were studied. A cell was charged to 2.9 V at
0.02 mA/cm® before pulse discharging to 1.2 V at current
densities of 5, 7.5, and 10 mA/cm?, corresponding to rates
between 20 C and 18 C. A pulse width of 10 ms and an
interpulse relaxation time of 50 ms were used. Figures 13
and 14, respectively, show the evolution of ON voltage and
OFTF voltage during the 10 mA/cm® pulse discharge, and the
voltage vs. time profile of two pulses, chosen arbitrarily. The
initial drop in voltage at the onset of a pulse corresponds to
the ohmic voltage drop due to the total cell resistance. The
results from pulse discharge tests are presented in Table IL

Resistance calculated from individual pulse data appear-
ed to be on the same order of magnitude as the total imped-
ance (R, plus R, in Fig. 3) determined from the impedance
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BL mA/cm? 20 10 0.5 02 01} 002
—~
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Q
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L o 1 2 3 4 mah
O 3, A 1 i
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Capacily (mAh/g of LiMnz0s)

Fig. 9. Comparison of the voltage vs. capacity rofiles at various
rates for 1i,7i,0,,//solid polymer elecirolyief/ 1iMn,O, cell A
{Fig. 6). Charge currents are indicated. Discharge current was con-
stant at 0.02 mA/cm®. Cycling started with a charge at
0.02 mA/cm?.

measurement. Resistance obtained from the pulse data ap-
pears to be slightly higher than that obtained from imped-
ance because the initial drop occurring at the onset of a
pulse may also involve Helmholtz potential drops resulting
from charging of interfaces. The utilization observed for the
same cell during a continuous discharge at 5 mA/em® was
close to 50 mAh/g of LiMn,O,. In contract, discharge in the
pulse mode at the same rate yielded nearly twice as much
capacity. The increased efficiency in utilization may be the
result of having a long rest period after a current pulse
which allows Li to migrate from the surface to the bulk of
the active particle, prior to the next pulse.

The energy density of the Li,Ti,O,,//PAN-electrolyte//
LiMn,0, cell, calculated using a cell voitage of 2.6 V and the
cathode and anode capacities observed at the C/10 dis-
charge, is 60 Wh/kg. The weights of cathode, anode, elec-
trolyte, and current collector are included in this calculation.
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Fig. 10. Comparison of the voltage vs. capacity profiles on indi-
vidual electrodes at various charge rates for Li,Ti;O,,//solid po:]r-
mer electrolyte//LiMn,O, cell B {Fig. 7). Charge currents are indi-
cated in the figure. Discharge current was constant at 0.02
mA/cm?. Cycling started with a charge at 0.02 mA/cm’.
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Fig. 11. Comparison of the voltage vs. capacity profiles of indi-
vidual electrodes at various charge rates for Li,Ti50,,//solid poly-
mer electrolyte//LiMn,0, cell A. Charge currents are indicated.
Discharge current was constant at 0.02 mA/cm?,
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Fig. 12. Comparison of the voltage vs. capacity profiles of indi-
vidual electrodes at various charge rates for Li,Ti;0,,// solid poly-
mer electrolyte//LiMn, 0, cell B. Charge currents are indicated.
Discharge current was constant at 0.02 mA/cm?.
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Fig. 13. Pulse discharge data of a LiTi;0,,//solid polymer elec-
trolyte//LiMn,0, cell at 10 mA/cm? at changes in the cell voltage
during the course of pulsing expressed as ON voltage and OFF
voltage as a function of the total number of pulses.
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Fig. 14. Voltage profiles of two pulses chosen arbitrarily.

Table Il. Summary of results from pulse discharge experiments.

Capacity

Ohmic voltge

Current Total Total (mAh/g) of Initialload drop at Calculated cell Total cell
pulse Crate No. of capacity g voltage pulse onset resistance impedance from
(mA/cm?) (&) pulses (mAh) LiMn,O, Li,Ti;O,, V) W) EIS ()
5.0 8 31,000 4.3 103.2 136.5 2.62 0.32 6.4 4.2
7.5 12 18,600 3.9 93.6 123.8 2.18 0.51 6.8 3.9
10.0 16 10,500 2.9 69.6 92.1 2.02 0.65 6.5 4.0
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Metastable Pitting and the Critical Pitting Temperature
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ABSTRACT

For any particular stainless steel, a critical pitting temperature (CPT) can be measured, below which stable pits do
not occur at any potential up to the onset of transpassivity. The more highly alloyed the steel, particularly with molyb-
denum, the higher the CPT. The CPT for 904L austenitic stainless steel with a 240 grit surface finish has been determined
as 48 to 49°C, and metastable pitting events have been analyzed in detail at lower temperatures. Below the CPT,
metastable pitting activity peaks at around 300 mV (SCE), but occurs at all potentials up to the transpassive range. The
morphology of these pits has been examined using SEM and a model is proposed in which precipitation of an anodic salt
film within pits is the critical factor; above the CPT, a salt film is essential for stable pit growth, while below the CPT, the
salt is an intermediary in oxide passivation, like that of iron in sulfuric acid. This is an outcome of a complex dynamical
system and does not require the properties of the salt itself to change suddenly with temperature.

Introduction

The pitting potential of stainless steels shows a discon-
tinuous variation with temperature. The critical pitting
temperature (CPT) for a given alloy and surface finish is
defined as the temperature below which no stable pitting
can occur, and is indicated by a step decrease of the break-
down potential with increasing temperature, from a value
in the transpassive range to a moderate value representing
a true pitting potential. The concept of a CPT was intro-
duced by Brigham and Tozer'® as a means of screening
austenitic stainless steels of differing molybdenum con-
tent. Qvarfort* demonstrated independence of the CPT on
chloride concentration in the range 1 to 5 M NaC(l, and
also found it to be independent of pH in the range 1 to 7.
Qvarfort’s results also indicate that the CPT represents a
very sharp transition and, in the absence of unwanted
crevice corrosion, it can be defined within an absolute
accuracy of ~1°C. Obviously the CPT results from some
deterministic process. It does, however, depend on the
geometry of possible pit initiation sites; recently we have
found® that the CPT varies appreciably with surface finish.

It was found®® that molybdenum content was the most
important factor in determining the CPT of a given alloy
but the effect of other elements can also be included to
produce an empirical pitting resistance equivalent (PRE).
Different authors®® have quoted different equations for
the PRE (e.g., Eq. 1), but the CPT in all cases increases lin-
early with increasing PRE

PRE = Cr (wt %) + 3.3 Mo (wt %) + 30 N (wt %) [1]

The CPT is a transition related to early growth of stable
pits. Propagation of stable pits, or initiation of metastable
pits, may occur at lower temperatures. In order to under-
stand the CPT, we must recognize that the driving force for
metal dissolution is enormous at high anodic potentials
such as 750 mV (SCE) where CPT tests are commonly car-
ried out. It is unlikely that alloying could ennoble the steel
enough to prevent the establishment of a concentrated pit
chemistry by rapid metal dissolution at this potential. The
mechanism of the CPT transition must therefore involve
passivation, not ennoblement, and this is the hypothesis
on which we have based our recent work in this area.

In order to gain a microscopic understanding of the CPT,
one first hopes to find a similar transition that occurs on

* Electrochemical Society Student Member.
** Electrochemical Society Active Member.

larger electrodes and in a deterministic manner. Newman
and Liew® used artificial pit electrodes of stainless steels
and high nickel alloys to measure repassivation tempera-
tures for localized corrosion. They found that propagation
of deep pits held at high anodic potentials was possible at
temperatures well below the CPT, but on cooling, these
pits repassivated abruptly under their anodically generat-
ed salt films at a lower critical temperature T.. It was sug-
gested that smaller pits would have repassivated nearer
the CPT. Later, Salinas-Bravo and Newman'® used electro-
chemical noise from duplex stainless steel to show that
metastable pitting could occur at temperatures below the
CPT, but stable pitting was only detected at the conven-
tional CPT value. This suggested that the CPT was related
to the transition from metastable to stable pit growth, and
they suggested the following explanation. Assume all sta-
ble pits must develop and maintain an anodic salt film.
Assume further that there is a critical current density for
passivation in the saturated salt environment of the pit
nucleus, i, which increases with temperature, T. There is
also a limiting current density, i, given by the saturation
concentration of metal ions, C,,, and Fick’s first law,
which increases more gradually with T than i.;,. The CPT
corresponds to the temperature at which iy, = i,, since
below this temperature the alloy cannot generate the
anodic current density required to maintain the necessary
pit chemistry. The present paper combines some ideas
from the work of Liew® and Salinas-Bravo," granting the
salt film a causal role in passivation as suggested by Liew,
but considering also the balance between dissolution and
mass transport in a small cavity.

Experimental

All electrochemical experiments used a potentiostat
made by ACM Research together with a sweep generator
made by Thompson Instruments. Data were recorded dig-
itally by a computer fitted with a Keithley Instruments
data acquisition card used as an analog to digital convert-
er, in conjunction with Keithley Easyest LX software. A
saturated calomel (SCE) or silver/silver chloride (Ag/
AgCl) electrode was used as the reference electrode, and a
10 mm length of 1 mm diam platinum wire as the counter
electrode. All test solutions were made from analytical
grade chemicals and deionized water.

The work was performed on 904L stainless steel plate
(20 Cr, 25 Ni, 4.3 Mo, 1.5 Cu, 1.4 Mn, < 0.003 S), machined
into 4.5 mm diam rod specimens. The steel was supplied by



