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(57) Abstract: The present invention provides a novel method for charging silver-zinc rechargeable batteries and an apparatus for
practicing the charging method. The recharging apparatus includes recharging management circuitry; and one or more of a silver-
zine cell, a host device or a charging base that includes the recharging management circuitry. The recharging management circuit-
ry provides means for regulating recharging of the silver-zinc cell, diagnostics for evaluating battery function, and safety measures
that prevent damage to the apparatus caused by charging batteries composed of materials that are not suited for the charging
method (e.g., non-silver-zinc batteries).
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METHOD AND APPARATUS FOR RECHARGING A BATTERY

CROSS REFERENCE TO RELATED APPLICATION

[0001] This PCT application claims the benefit of U.S. provisional application serial nos.
61/364,563, filed on July 15, 2010, and 61/417,037, filed on Nov. 24, 2010. These
applications are hereby incorporated by reference in their entireties.
FIELD OF THE INVENTION
[6002] The disclosure relates to systems, apparatuses, and methods for recharging a battery.
Specifically, the methods and apparatus of the present invention are useful for recharging
silver-zinc batteries.
BACKGROUND
[0003] Rechargeable batteries are known in the art and commonly used, for example, in
portable electronic devices. Although conventional rechargeable batteries are useful, the
systems and method used to recharge the batteries are nevertheless susceptible to
improvements that may enhance or improve their service life, shelf life, and/or performance.
Therefore, a need exists in the art for the development of an improved apparatus for
recharging batteries and a method for charging the same.
SUMMARY OF THE INVENTION
[0004] The present invention provides a novel method for charging rechargeable batteries.
Methods of the present invention reduce capacity fade that is typically observed when
rechargeable silver-zinc batteries are subject to asymmetric cycling during usage. The
method of the present invention may be used for charging a battery wherein the charge
profile of the battery comprises one or more voltage plateaus that are separated by one or
more polarization peaks, such as those profiles observed for silver-zinc rechargeable
batteries.
[0005] One aspect of the present invention provides a method of charging a rechargeable
battery having multiple voltage plateaus wherein the battery has a voltage, Vpay, that is less
than its highest voltage plateau comprising charging the battery with a first charging current,
I,, wherein the first charging current, I, is applied until the battery is charged to a voltage,
Vi; and controlling the first charging current, I;, when the voltage of the battery is Vi, so that
the voltage of the battery is maintained at V; with a deviation of no more than about + 20%
of V,, wherein voltage, V|, is less than the voltage of a natural polarization peak, Vpp,
associated with a voltage plateau, Vyp, that is higher than V., and V| is greater than the

voltage plateau, Vp.
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[0006] In some embodiments, the first charging current, I, is sufficient to charge the
battery to voltage, V), in a period of from about 1 min to about 300 min (e.g., from about 5
min to about 300 min, or from about 10 min to about 90 min) when the battery's initial SOC
is less than 40% (e.g., less than 30%) of its rated capacity. In some examples, the first
charging current, I, is sufficient to charge the battery to a voltage of V, in a period of from
about 10 min to about 260 min (e.g., about 10 min to about 180 min), when the battery's
initial SOC is less than 40% of its rated capacity, i.e., the battery has a DOD of more than
60%. In other examples, the first charging current, I, is sufficient to charge the battery to a
voltage of V in a period of about 75 min or less (e.g., from about 5 min to about 75 min),
when the battery's initial SOC is less than 40% of its rated capacity. In other examples, the
first charging current, Iy, is sufficient to charge the battery to a voltage of V; in a period of
from about 15 min to about 75 min, when the battery's initial SOC is less than 40% of its
rated capacity. In alternative examples, the first charging current, I, is sufficient to charge
the battery from a SOC of less than 30% of its rated capacity to an SOC of from about 30% to
about 40% of its rated capacity in about 240 min or less. And in some examples, the first
charging current, I}, is sufficient to charge the battery from an SOC of less than 30% of its
rated capacity to a SOC of about 40% its rated capacity in less than about 240 min. In some
embodiments, the first charge current I, is substantially constant when Vg, is less than V.
[0007] Insome embodiments, the first charging current, Iy, is controlled when the voltage
of the battery is V, so that the voltage of the battery is maintained at V, with a deviation of
no more than about + 20% (e.g., = 10%) of V|, for a period of from about 6 s to about 1500 s
(e.g., from about 6 s to about 1200 s or from about 5 s to about 600 s).

[0008] Some implementations of this method further comprise charging the battery with a
second charging current, I, wherein the second charging current, I, is applied after the first
charging current, I, until the battery voltage reaches a voltage, V,, wherein the voltage, V5, is
greater than Vp, and less than Vpp; and controlling the second charging current, I,, when the
voltage of the battery reaches the voltage, Vs, so that the voltage of the battery is maintained
at V with a deviation of no more than about + 20% of V,. Some embodiments of this
implementation further comprise terminating the first charging current, I;, after the voltage of
the battery is maintained at V, with a deviation of no more than about + 20% of V|, for a
period of from about 6 s to about 1200 s (e.g., about 6 s to about 900 s); and applying a
second charging current, I, when the first charging current, I;, terminates. In some

examples, I, is substantially constant until the battery is charged to a voltage, V,. In other
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examples, the charge current I, is substantially constant when Vg, is greater than or equal to
Vp and less than V,. 4

[0009] In some embodiments, the second charging current, L, is applied at least until the
battery is charged to a SOC of from about 80% to about 110% of the battery's rated capacity.
[0010] In other embodiments, I, is greater than or equal to I, during the period before the
battery is charged to a voltage of V. For example, I, is greater than L, during the period
before the battery is charged to a voltage of V,. In other examples, I is equal to I, during the
period before the battery is charged to a voltage of V.

[0011] In some embodiments, V| is greater than or equal to V. For example, V| is greater
than V,. In other examples, V| is equal to V,.

[0012] In alternative embodiments, Vgy is from about 50% to about 87% of the voltage,
Vi.

[0013] Some implementations further comprise controlling the first charging current, I,
when the voltage of the battery reaches a voltage, V), so that the voltage of the battery is
maintained at V; with a deviation of no more than about £10% of V| for a period of from
about 6 s to about 1200 s (e.g., from about 6 s to about 900 s or from about 5 s to about 600
§). Others comprise controlling the first charging current, I,, when the voltage of the battery
reaches V|, so that the voltage of the battery is maintained at V, with a deviation of no more
than about +10% of V| for a period of from about 550 s to about 650 s.

[0014] In some embodiments, I, is about 50 mA or less. For example, I, is from about 5
mA to about 50 mA. In other embodiments, I, is less than about 50 mA. For example, I, is
from less than about 50 mA to about 1 mA. And in some of these embodiments, the battery
has a rated capacity of from about 1 Ah to about 4 Ah.

[0015] In some embodiments, I; is about 1 Amp or less. For example, I; is from about 80
mA to about 1 Amps (e.g., from about 80 mA to about 0.99 Amps). In other embodiments, I,
is less than 1 Amp. For example, I is from about 80 mA to about 0.99 Amps. In some of
these embodiments, the battery has a rated capacity of from about 100 mAh to about 1000
mAbh.

[0016] In some embodiments, I; is about 300 mA or less. For example, I; is from about 8
mA to about 299.99 mA. In some embodiments, I, is less than 300 mA. For example, I, is
from about 4 mA to about 299.99 mA. In some of these embodiments, the battery has a rated
capacity of from about 15 mAh to about 150 mAh.

[0017] Insome embodiments, I; is about 150 mA or less. For example, I; is from about 3

mA to about 60 mA. In some embodiments, L is less than 150 mA. For example, I, is from
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about 2 mA to about 149.00 mA (e.g., from about 2 mA to about 59.99 mA). In some of
these embodiments, the battery has a rated capacity of from about 4 mAh to about 150 mAh.
[0018] In some embodiments, I, is about 15 mA or less. For example, I, is from about 0.1
mA to about 14.99 mA. In some embodiments, L is less than 15 mA. For example, L, is
from about 0.1 mA to about 14.99 mA.

[0019] In some embodiments, the voltage, Vs, is from about 90% to about 99% of V. For
example, the voltage, V5, is from about 96% to about 98% of V,.

[0020] In other embodiments, V| is about 2.04 V or less. For example, V| is from about
2.04 V to about 1.96 V. In other examples, V| is from about 1.99 V to about 1.96 V.

[0021] In some embodiments, V, is about 2.03 V or less. For example, V; is from about
2.03 V to about 1.93 V. In other examples, V, is from about 1.93 V to about 1.95 V.

[0022] Some implementations exclude counting Coulombs.

[0023] Other implementations further comprise generating an electrical signal when the
DOD of the battery reaches about 80% or less (e.g., the DOD is about 20% or less, or the
DOD is about 10% or less).

[0024] Some implementations further comprise generating an electrical signal if the voltage
of the battery is lower than Vp for a period of 2 seconds or more.

[0025] And, some implementations further comprise charging the battery with a diagnostic
charge current, Ipiag, for a period of less than about 60 seconds (e.g., less than about 30 s, less
than about 20 s, or less than about 10 s, or less than about 7 s), detecting the voltage of the
battery, and terminating charging of the battery if the voltage of the battery, Vgay, is less than
the initial voltage of the battery prior to being charged with the diagnostic charge current,
Ipiag. Some examples further comprise charging the battery with a diagnostic charge current,
Ipiag, for a period of less than about 60 seconds (e.g., less than about 20 s or less than about
10 s, less than about 7 s, or less than about 5 s), detecting the voltage of the battery, and
terminating charging of the battery if the voltage of the battery, Vgy, is less than about 1.65
V (e.g., less than about 1.60 V or about 1.55 V or less). Some examples comprise charging
the battery with a diagnostic charge current of less than about 10 mA (e.g., about 8 mA) for a
period of about 60 s or less (e.g., about 30 s or less, about 20 s or less, about 10 s or less, or
about 3 s), detecting the voltage of the battery, and terminating charging of the battery if the
voltage of the battery is less than or equal to 1.55V. And, some examples comprise charging
the battery with a diagnostic charge current of less than about 10 mA (e.g., about 8 mA) for a
period of about 3 seconds, detecting the voltage of the battery, and terminating charging of

the battery if the increase in the SOC of the battery is less than 0.02%. Some of these
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embodiments optionally comprise generating an electrical signal that may activate a visual
alarm, audio alarm, vibrational alarm, or any combination thereof when the charging of the
battery with Ipj,, is terminated, as discussed above.

[0026] In some embodiments, Ipi,g is from about 5 mA to about 25 mA.

[0027] Some implementations comprise charging the battery with a diagnostic charge
current of less than about 10 mA (e.g., about 8 mA) for a period of less than about 10 s (e.g.,
less than about Ss, or about 3 seconds), detecting the voltage of the battery, and terminating
charging of the battery if the increase in the SOC of the battery is less than about 0.02%.
[0028] Another aspect of the present invention provides a method of detecting a
rechargeable silver-zinc battery comprising charging the battery with a current of less than
about 10 mA (e.g., about 8mA) for a period of about 7 seconds or less, detecting the voltage
of the battery, and generating an electrical signal if the voltage of the cell is less than about
1.65V.

[0029] Insome embodiments, the electrical signal activates an audio alarm or a visual
alarm.

[0030] Other embodiments further comprise charging the battery with a current of about
8mA for a period of about 3 seconds.

[0031] Another aspect of the present invention provides a method of detecting a
rechargeable silver-zinc battery comprising charging the battery such that the SOC of the
battery is increased by about 0.02%, detecting the voltage of the battery, and generating an
electrical signal if the voltage of the battery is less than about 1.65 V.

[0032] Another aspect of the present invention provides a method of charging a
rechargeable battery having multiple voltage plateaus wherein the battery has a voltage (e.g.,
OCY), Vgay, that is less than about 80% (e.g., less than about 70%) of the voltage of a first
sequential voltage plateau, Vp;, comprising charging the battery with a recovery charging
current, Irecov, that is substantially constant for a period of no more than 30 min after the
voltage of charging battery reaches the first sequential voltage plateau, Vp, that is greater than
Vpan; charging the battery with a first charging current, I,, wherein the first charging current,
I, is substantially constant until the battery is charged to a voltage, V;; and controlling the
first charging current, I;, when the voltage of the battery reaches the voltage, V|, so that the
voltage of the battery is maintained at V; with a deviation of no more than about +20% of V|,
for a period of from about 6 s to about 900 s, wherein voltage, V|, is less than the voltage of
the natural polarization peak, Vpp, for a voltage plateau, Vp, that is higher than Vp;, and V| is
greater than the voltage plateau, Vp.
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[0033] Some embodiments further comprise charging the battery with a recovery charging
current, Loy, that is substantially constant for a period of no more than 15 min after the
voltage of the battery reaches the first sequential voltage plateau, Vp; that is greater than Vpy,.
[0034] Some embodiments further comprise generating an electrical signal if the voltage of
the battery, Vpay, fails to reach the first sequential voltage plateau, Vpy, that is greater than
Vgan after being charged with Loy for a period of from about 30 min to about 2 hr (e.g., from
about 1 hr to about 2 hrs).

[0035] Some embodiments comprise charging the battery with a second charging current,
I, wherein the second charging current, I, is substantially constant until the battery voltage
reaches a voltage, V,, wherein the voltage, V5, is less than the voltage, V;, and greater than
the first sequential voltage plateau, Vp; and controlling the second charging current, I, when
the voltage of the battery reaches the voltage, V5, so that the voltage of the battery is
maintained at V;, with a deviation of no more than about +20% of the voltage V.

[0036] Alternative embodiments comprise terminating the second charging current, I, after
a period of about 10 minutes or less from the point when the battery is charged to a capacity
of from about 80% to about 150% of the battery's rated capacity.

[0037] Some embodiments exclude counting Coulombs.

[0038] And, in some embodiments, the rechargeable battery comprises an anode comprising
a zinc material. In others, the rechargeable battery comprises a cathode comprising a silver
material. In some embodiments, the rechargeable battery comprises a button cell, a coin cell,
a cylinder cell, or a prismatic cell.

[0039] Some embodiments further comprise generating an electrical signal when the second
charging current, I, terminates.

[0040] Some embodiments further comprise activating a visual signal when the second
charging current, I, terminates.

[0041] Another aspect of the present invention provides a method of charging a
rechargeable button cell having multiple voltage plateaus wherein the cell has a voltage
greater than about 1.10 V and less than about-1.70 V comprising charging the cell with a first
charging current, I}, wherein the first charging current, I, is substantially constant until the
cell is charged to a voltage, V|, that is greater than 1.70 V and less than 2.04 V; and
controlling the first charging current, I;, when the voltage of the cell reaches the voltage, V,
so that the voltage of the cell is maintained at V, with a deviation of no more than about
+10% of V| for a period of from about

6 s to about 900 s.
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[0042] Some embodiments further comprise charging the cell with a second charging
current, I, wherein the second charging current, I, is substantially constant until the cell
voltage reaches a voltage, V,, wherein the voltage, V, is less than the voltage, Vi, and
greater than 1.7 V, and controlling the second charging current, I, when the voltage of the
cell reaches the voltage, V,, so that the voltage of the cell is maintained at V, with a deviation
of no more than about +10% of the voltage V..

[0043] Other embodiments comprise terminating the second charging current, I, after no
more than 5 minutes from the point when the cell is charged to a capacity of from about 80%
to about 150% (e.g., from about 80% to about 110%) of the cell's rated capacity.

[0044] In some embodiments, the first charging current, I, is sufficient to charge the
battery to the voltage, V|, in a period of from about 30 min to about 180 min.

[0045] Some embodiments further comprise controlling the first charging current, I,, when
the voltage of the cell reaches the voltage, Vi, so that the voltage of the battery is maintained
at V; with a deviation of no more than about +10% of V, for a period of from about 550 s to
about 650 s.

[0046] Insome embodiments, I, is about 50 mA or less. For example, I, is from about 5
mA to about 50 mA. In other embodiments, I, is less than about 50 mA. For example, I, is
from less than about 50 mA to about 1 mA. And in some of these embodiments, the battery
has a rated capacity of from about 1 Ah to about 4 Ah.

[0047] In some embodiments, I; is about 1 Amp or less. For example, I, is from about 80
mA to about 1 Amps (e.g., from about 80 mA to about 0.99 Amps). In other embodiments, I,
is less than 1 Amp. For example, I, is from about 80 mA to about 0.99 Amps. In some of
these embodiments, the battery has a rated capacity of from about 100 mAh to about 1000
mAbh.

[0048] Insome embodiments, I; is about 300 mA or less. For example, I, is from about 8
mA to about 299.99 mA. In some embodiments, I, is less than 300 mA. For example, I, is
from about 4 mA to about 299.99 mA. In some of these embodiments, the battery has a rated
capacity of from about 15 mAh to about 150 mAh.

[0049] In some embodiments, I, is about 150 mA or less. For example, I, is from about 3
mA to about 60 mA. In some embodiments, I, is less than 150 mA. For example, I, is from
about 2 mA to about 149.00 mA (e.g., from about 2 mA to about 59.99 mA). In some of
these embodiments, the battery has a rated capacity of from about 4 mAh to about 150 mAh.
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[0050] Insome embodiments, I; is about 15 mA or less. For example, I, is from about 0.1
mA to about 14.99 mA. In some embodiments, I, is less than 15 mA. For example, Lis
from about 0.1 mA to about 14.99 mA.

[0051] Insome embodiments, the voltage, V,, is from about 90% to about 99% of V,. For
example, the voltage, V,, is from about 96% to about 98% of V.

[0052] In other embodiments, V| is about 2.04 V or less. For example, V is from about
2.04 V to about 1.96 V. In other examples, V| is from about 1.99 V to about 1.96 V.

[0053] Insome embodiments, V is about 2.03 V or less. For example, V, is from about
2.03 V to about 1.93 V. In other examples, V; is from about 1.93 V to about 1.95 V.

[0054] In some embodiments, the first charging current, I;, is modulated for a period of
about 550 s to about 650 s.

[0055] Other embodiments exclude counting Coulombs.

[0056] Insome embodiments, the cell comprises an anode comprising a zinc material.
[0057] In other embodiments, the cell comprises a cathode comprising a silver material
[0058] Some embodiments further comprise generating an electrical signal when the second
charging current, I, is terminated.

[0059] Some embodiments further comprise activating a visual signal when the second
charging current, I, is terminated.

[0060] Another aspect of the present invention provides a method of charging a
rechargeable battery having multiple voltage plateaus and an initial SOC of greater than 50%
of its rated capacity, wherein the battery has a voltage, Vgaq, that is less than or equal to its
highest voltage plateau comprising charging the battery with a substantially constant charging
current, I, until the battery is charged to a voltage, V,; and controlling I, so that the voltage
of the battery is maintained at V, with a deviation of no more than about + 20% of V,,
wherein voltage, V, is greater than or equal to (e.g., greater than) the voltage of a voltage
plateau, Vp, and less than the voltage of a natural polarization peak, Vpp.

[0061] Some embodiments further comprise terminating the charging current, I, when I,
reathes a minimum threshold current, Le;. In some instances, I is about 95% or less (e.g.,
about 85% or less) of I, during the period when the battery being charged to V,. For
example, terminating the charging current, I, reaches L, and L., is about 80% to about 95%
of I, when the temperature is higher than about 25 °C.

[0062] Other embodiments further comprise terminating the charging current, I, when I,
reaches L, and L is about 75% or less of I, during the period when the battery is charged to
V..
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[0063] Insome embodiments, V; is about 2.03 V or less (e.g., about 2 V or less).

[0064] Insome embodiments, I, is about 6 mA.

- [0065] Insome embodiments, L is about 4.5 mA.

[0066] Another aspect of the present invention provides a method of charging a
rechargeable 2.0 V silver-zinc battery comprising charging the battery with a charge current,
I, having a maximum amperage, Ina, of about 10 mA or less (e.g., about 6 mA or less)
wherein the charge current I, is modulated so that the voltage of the battery is restricted to
about 2.03 V or less; clocking time 60 seconds after charging with second charge current, I,
begins; measuring the lowest amperage, Ijow, of charge current I, when time is being clocked;
and arresting charge current I once the battery is charged with from about 40% to about 60%
(e.g., about 50%) of its rated capacity with charge current, I, wherein the capacity charged to
the battery is determined by integrating the charge current, I, while time is being clocked;
and the voltages have a deviation of + 0.5%, the current amperages have deviations of +2%,
and clocked times have a deviation of +2%.

[0067] Insome embodiments, the battery has an OCV of greater than about 1.6 V (e.g.,
greater than about 1.65 V) in its discharged state, i.e., immediately before charging.

[0068] Another aspect of the present invention provides a method of charging a
rechargeable 2.0 V silver-zinc battery comprising charging the battery with a charge current,
I, having a maximum amperage, Ina, of about 10 mA or less (e.g., about 6 mA or less)
wherein the charge current I is modulated so that the voltage of the battery is restricted to
about 2.03 V or less; clocking time 60 seconds after charging with second charge current, I,
begins; measuring the lowest amperage, Iiow, of charge current I, when time is being clocked;
and arresting charge current I when the amperage of I, is below L4 for a period of 60
continuous seconds if the amperage of I, is Ina for a period of 2 continuous seconds while
time is being clocked; or arresting charge current I, once the battery is charged with from
about 40% to about 60% (e.g., about 50%) of its rated capacity with charge current I, if Iiow
is less than the amperage of charge current I, after 20 minutes has been clocked, wherein the
capacity charged to the battery is determined by integrating the charge current, I, while time
is being clocked; or arresting charge current I, when the amperage of I is below I for a
period of 60 continuous seconds, if Ijow is greater than or equal to the amperage of I, after 20
minutes has been clocked; or arresting charge current I when the amperage of I, is below 1.0
V, for a period of about 5 min or less; wherein I,q = Ieng + Itemp, Ieng = (T2 X Imax)/Teng, Itemp
is the temperature compensation current, T, is the time necessary to charge the battery from a

voltage of about 1.9 V to a voltage of about 2.0 V, I, is the maximum current charged to the
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battery, and Tcy, is the cell time constant; and the voltages have a deviation of + 0.5%, the
current amperages have deviations of +2%, and clocked times have a deviation of + 2%.
[0069] In some embodiments, the battery has an OCV of greater than about 1.6 V (e.g.,
greater than about 1.65 V) in its discharged state.

[0070] Some embodiments further comprise measuring the temperature, wherein the
temperature measurement has accuracy of about + 5 °C (e.g., + 2 °C).

[0071] Another aspect of the present invention provides a method of charging a
rechargeable 2.0 V silver-zinc battery comprising charging the battery with first charge
current, I}, having a maximum amperage, Inax, of about 10 mA or less (e.g., about 6 mA or
less); clocking time once the battery is charged to a voltage of 1.90 V; modulating the first
charge current, I}, so that the voltage of the battery is restricted to about 2.03 V or less;
arresting the first charge current, I;, once from between about 10 min to about 30 min (e.g.,
about 20 min) has been clocked; charging the battery with second charge current, I, having a
maximum amperage, Imax, of about 10 mA or less (e.g., about 6 mA or less) wherein the
second charge current I is modulated so that the voltage of the battery is restricted to about
2.0 V or less; clocking time 60 seconds after charging with second charge current, I, begins;
measuring the lowest amperage, Ijow, of charge current I, when time is being clocked; and
arresting charge current I, when the amperage of I, is below Lq for a period of 60 continuous
seconds if the amperage of I, is Inax for a period of 2 continuous seconds while time is being
clocked; or arresting charge current I, once the battery is charged with from about 40% to
about 60% (e.g., about 50%) of its rated capacity with charge current I, if Loy is less than the
amperage of charge current I after 20 minutes has been clocked, wherein the capacity
charged to the battery is determined by integrating the charge current, I, while time is being
clocked; or arresting charge current I, when the amperage of I, is below L4 for a period of 60
continuous seconds, if L,y is greater than or equal to the amperage of I, after 20 minutes has
been clocked; or arresting charge current I, when the amperage of I, is below 1.0 V, for a
period of about 5 min or less; wherein Iend = Icng + Itemps Ichg = (T2 X Imax)/ Tcng, Iremp is the
temperature compensation current, T, is the time necessary to charge the battery from a
voltage of about 1.9 V to a voltage of about 2.0 V, I, is the maximum current charged to the
battery, and Tcy, is the cell time constant; and the voltages have a deviation of + 0.5%, the
current amperages have deviations of +2%, and clocked times have a deviation of + 2%.
[0072] Another method of the present invention provides charging a rechargeable 2.0 V
silver-zinc battery having an OCV of less than 1.65 V comprising charging the battery with

first charge current, I;, having an amperage of 10 mA or less; clocking time once the battery
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is charged to a voltage of 1.90 V; modulating the first charge current, I;, so that the voltage of
the battery is restricted to 2.03 V or less, and the first charge current has a maximum
amperage of about 10.0 mA or less; arresting the first charge current, 1;, once 20 minutes has
been clocked; charging the battery with second charge current, I;, wherein the charge current
I, is modulated so that the voltage of the battery is restricted to 2.0 V or less, and the second
charge current has a maximum amperage, Imax, of about 10.0 mA or less; arresting charge
current I when the amperage of I, is below IL.,4 for a period of 60 continuous seconds or less,
wherein Ieng = Icng + Fremp, Icng is the charge compensation current, Itenp is the temperature
compensation current, and Icng = (T2 X Imax)/Tcng, T2 is the time period beginning when the
battery voltage is about 1.9 V and ending when I is less than Iyax, and Tcpg is the cell time
constant; or arresting charge current I when the amperage of I, is below 1.0 V, for a period
of about 5 min or less; and wherein the voltages have a deviation of + 0.5%, the current
amperages have deviations of +2%, the temperature measurement accuracy has a deviation of
no more than +5 °C, and clocked times have a deviation of + 2%.
[0073] Some of these methods further comprise measuring the temperature, wherein the
temperature measurement has an accuracy of about + 2 °C.
[0074] In some embodiments, the maximum amperage, Iy, is about 6 mA or less. For
example, L.« is about 5.5 mA or less.
[0075] In other embodiments, the battery has an OCV of less than about 1.70 V (e.g., about
1.65 V or less) in its discharged state.
[06076] In some embodiments, the OCV of the battery is greater than 1.25 V prior to
charging.
[0077] In other embodiments, the OCV of the battery is less than 1.25 V prior to charging.
[0078] Some embodiments further comprise charging the battery with a recovery charge
current of 1.0 mA for a period of at least 20 minutes (e.g., at least 30 minutés); and arresting
the recovery charge current when the battery is charged to a voltage of about 1.50 V or more
(e.g., about 1.6 V).

BRIEF DESCRIPTION OF THE DRAWINGS

[0079] Certain aspects of the present invention are described, by way of example, with
reference to the accompanying drawings, wherein:

[0080] Figure 1 is a circuit diagram for battery charging circuitry that is capable of
performing an exemplary method for charging a rechargeable battery of button cell according

to one embodiment of the present invention.
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[0081] Figure 2 is a plot of a charge curve of a rechargeable battery having at least one
voltage plateau, wherein the battery voltage, Vg,y, and charging current are plotted as the
battery is charged with a first charge current, I;, and a second charge current, I, according to
one method of the present invention.

[0082] Figure 3A is an exemplary plot of a charge curve of a rechargeable battery having
multiple voltage plateaus, wherein the battery voltage is plotted as the battery is charged with
an unclamped charging current to illustrate the natural polarization peaks of the battery, Vpp;
and Vppy, and the voltage plateaus, Vp, Vp,, and Vps, observed during charging.

[0083] Figure 3B is a magnified view of one voltage plateau shown in Figure 3A showing a
representation of the relationships between the voltage plateau voltage, Vp,, the voltage, V),
and the voltage of the natural polarization peak, Vpp;.

[0084] Figure 4 is a plot of a charge curve of a rechargeable battery having at least one
voltage plateau, wherein the battery voltage and charging current are plotted as the battery is
charged until the charge current, I, reaches a terminal charge current, L, according to one
method of the present invention where Vggy > V> Vp,.

[0085] Figure S is a plot of a charge curve of a rechargeable battery having at least one
voltage plateau, wherein the battery is charged according to a multiple zone charging method
of the present invention wherein the battery is charged to a first voltage V, with charge
current I;, then battery is charged to voltage V, with charge current I, and voltage V| is
about equal to voltage V.

[0086] Figure 6 is a plot of a charge curve of a rechargeable battery having at least one
voltage plateau, wherein the battery is charged according to a multiple zone charging method
of the present invention wherein the battery is charged from a low SOC with a recovery
charge current, Ircov, until the voltage of the battery reaches a recovery voltage, Viecov, then
the battery is charged with a first charge current, I, until the voltage reaches V, and finally
the battery is charged with a second charge current, I, until the second charge current reaches
Lier-

[0087] Figure 7A is a plot of a charge curve for recharging a battery in accordance with an
exemplary embodiment of the invention.

[0088] Figure 7B is a plot of a charge curve for recharging a battery experiencing a soft-
short in accordance with an exemplary embodiment of the invention.

[0089] Figure 8A is a step-diagram representing one exemplary method for recharging a
rechargeable battery having at least one voltage plateau according to one embodiment of the

invention.
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[0090] Figure 8B is a step-diagram representing another exemplary method for recharging a
rechargeable battery having at least one voltage plateau according to one embodiment of the
invention.

[0091] Figure 8C is a step-diagram representing another exemplary method for recharging a
rechargeable battery having at least one voltage plateau according to one embodiment of the
invention.

[0092] Figure 8D is a step-diagram representing another exemplary method for recharging a
rechargeable battery having at least one voltage plateau according to one embodiment of the
invention.

[0093] Figure 9 is a step-diagram representing another exemplary method for recharging a
rechargeable battery.

[0094] Figure 10 is a plot of a charge curve for a battery being charged with a multi-zone
charge method in accordance with an exemplary embodiment of the invention.

[0095] Figure 11 is a plot of a charge curve for a battery being charged with a multi-zone
charge method in accordance with an exemplary embodiment of the invention.

[0096] Figure 12 is a plot of a charge curve for a battery being charged with a multi-zone
charge method in accordance with an exemplary embodiment of the invention.

[0097] Figure 13 is a plot of a charge curve for a battery having an SOC of about 50% or
more being charged in accordance with an exemplary embodiment of the invention.

[0098] Figure 14 is a plot of a charge curve for a battery having an SOC of about 50% or
more being charged in accordance with an exemplary embodiment of the invention.

[0099] Figure 15 is a plot of a charge curve for a battery having an SOC of about 50% or
more being charged in accordance with an exemplary embodiment of the invention.

[0100] Figure 16 is a plot of a charge curve for a battery having an SOC of about 50% or
more being charged in accordance with an exemplary embodiment of the invention.

[0101] Figure 17 is a plot of a charge curve for a battery having an OCV of about 1.25 V or
less being charged in accordance with an exemplary embodiment of the invention.

[0102] Figure 18 is a plot of a charge-discharge curve for a battery being discharged to an
SOC of less than about 40% and then being charged with a substantially constant charge
current that does not clamp the battery's voltage until the battery voltage reaches the
polarization peak, and then being charged according to a method of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0103] The Figures illustrate exemplary embodiments of battery rechargers and methods of

recharging batteries according to the present invention. Based on the foregoing, it is to be
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generally understood that the nomenclature used herein is simply for convenience and the
terms used to describe the invention should be given the broadest meaning understood by one
of ordinary skill in the art.

[0104] 1. DEFINITIONS

[0105] As used herein "polarization peak” or "natural polarization peak" refers to a peak
voltage value of a sharp spike in battery voltage that precedes a voltage plateau, which is
observed when a rechargeable battery having a plurality of voltage plateaus, e.g., at least 2
voltage plateaus, is charged from a voltage of a first plateau to a voltage of a higher plateau
with a charge current that is not controlled to clamp the battery's voltage. Exemplary voltage
plateaus are illustrated in Figure 2, as Vp, and Figures 3A and 3B, as Vp;, Vp, and Vps.
Exemplary polarization peaks are illustrated in Figure 2, as Vpp, in Figures 3A and 3B, as
Vep; and Vpp,, and in Figure 18. Note that in Figures 3A and 3B, the exemplary polarization
peaks are observed when the charging current is substantially constant and unclamped.
Without limiting the scope of the present invention, it is believed that the polarization peak
occurs when the state of flux in the internal chemistry (e.g., the oxidation state of the cathode
material, the anode material, or both) of a rechargeable battery is maximized while the battery
is being charged with an uncontrolled current. This phenomenon is observed for silver-zinc
batteries and others when a voltage plot is generated for a recharging battery when the charge
current is substantially constant but not controlled to clamp the battery voltage. An example
of this voltage plot is provided in Figure 18, wherein the polarization peak is identified in the
charge section of the plot. Note that when a rechargeable battery is charged according some
methods of the present invention, one or more polarization peaks will not be observed
because the one or more charging currents (e.g., the first charge current, the second charge
current, or both) is controlled to clamp the battery's voltage.

[0106] The term "voltage plateau”, refers to a range of battery capacities wherein the
battery's voltage remains substantially unchanged, e.g., having a variance of + 10% or less or
having a variance of + 5% or less, when the battery is being charged with a substantially
constant charge current. Although the voltage range for a voltage plateau is generally
narrow, €.g., having a variance of + 10% or less or having a variance of + 5% or less, voltage
plateaus are characterized or identified by the lowest voltage on the plateau, e.g., Vp. This is
exemplified in Figure 2, as Vp, and in Figures 3A and 3B, as Vp; and Vp;. Without limiting
the scope of the invention, it is believed that voltage plateaus occur when the internal
chemistry (e.g., oxidation state of the cathode or anode or both) of a battery's electrochemical

cell or cells stabilizes during charging and the modest variance in the battery's voltage along
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the plateau is governed by kinetic effects rather than nucleation, which is believed to be
prominent at voltages between plateaus. The voltage plateau phenomenon may be observed
when a voltage plot is generated for a recharging battery.

[0107] The terms "control”, "controlling”, "modulate”, or "modulating”, are used
interchangeably herein and refer to raising, lowering, or maintaining a charge current so that
the voltage of the rechargeable battery being charged is restricted or "clamped".

[0108] The terms "rechargeable battery”, "battery", "electrochemical cell" and "cell" are
used interchangeably herein and refer to a device capable of either deriving electrical energy
from chemical reactions, or facilitating chemical reactions through the introduction of
electrical energy. A battery may have one or more electrochemical cells depending on its
design. For example a button cell or a coin cell is a battery having one electrochemical cell.
[0109] As used herein, "depth of discharge" and "DOD" are used interchangeably to refer to
the measure of how much energy has been withdrawn from a battery or cell, often expressed
as a percentage of capacity, e.g., rated capacity. For example, a 100 Ah battery from which
30 Ah has been withdrawn has undergone a 30% depth of discharge (DOD).

[0110] As used herein, "state of charge" and "SOC" and used interchangeably to refer to the
available capacity remaining in a battery, expressed as a percentage of the cell or battery's
rated capacity. A battery's "initial SOC" refers to the state of charge of the battery before the
battery undergoes charging or recharging.

[0111] As used herein, the terms "silver" or "silver material" refer to any silver compound
such as Ag, AgO, Ag,0, Ag,0;, AgOH, AgOOH, AgONa, AgCuO,, AgFeO,, AgMnO,,
Ag(OH),, hydrates thereof, or any combination thereof. Note that 'hydrates’ of silver include
hydroxides of silver. Because it is believed that the coordination sphere surrounding a silver
atom is dynamic during charging and discharging of the cell wherein the silver serves as a
cathode, or when the oxidation state of the silver atom is in a state of flux, it is intended that
the term ‘silver’ or 'silver material' encompass any of these silver oxides and hydrates (e.g.,
hydroxides). Terms 'silver’ or 'silver material' also includes any of the abovementioned
species that are doped and/or coated with dopants and/or coatings that enhance one or more
properties of the silver. Exemplary dopants and coatings are provided below. In some
examples, silver or silver material includes a silver oxide further comprising a first row
transition metal dopant or coating. For example, silver includes silver-copper-oxide, silver-
iron-oxide, silver-manganese-oxide (e.g., AgMnO,), silver-chromium-oxide, silver-
scandium-oxide, silver-cobalt-oxide, silver-titanium-oxide, silver-vanadium-oxide, hydrates

thereof, or any combination thereof. Note that the term "oxide" used herein does not, in each
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instance, describe the number of oxygen atoms present in the silver or silver material. For
example, a silver oxide may have a chemical formula of AgO, Ag;O;, or a combination
thereof. Furthermore, silver can comprise a buik material or silver can comprise a powder
having any suitable mean particle diameter.

[0112] As used herein, an "electrolyte” refers to a substance that behaves as an electrically
conductive medium. For example, the electrolyte facilitates the mobilization of electrons and
cations in the cell. Electrolytes include mixtures of materials such as aqueous solutions of
alkaline agents. Some electrolytes also comprise additives such as buffers. For example, an
electrolyte comprises a buffer comprising a borate or a phosphate. Exemplary electrolytes
include, without limitation, aqueous KOH, aqueous NaOH, or the liquid mixture of KOH in a
polymer.

[0113] As used herein, "alkaline agent" refers to a base or ionic salt of an alkali metal (e.g.,
an aqueous hydroxide of an alkali metal). Furthermore, an alkaline agent forms hydroxide
ions when dissolved in water or other polar solvents. Exemplary alkaline electrolytes include
without limitation LiOH, NaOH, KOH, CsOH, RbOH, or combinations thereof. Electrolytes
can optionally include other salts to modify the total ionic strength of the electrolyte, for
example KF or Ca(OH),.

[0114] As used herein, "Ah" refers to Ampere (Amp) Hour and is a scientific unit for the
capacity of a battery or electrochemical cell. A derivative unit, "mAh" represents a milliamp
hour and is 1/1000 of an Ah.

[0115] As used herein, "maximum voltage" or "rated voltage" refers to the.maximum
voltage an electrochemical cell can be charged without interfering with the cell's intended
utility. For example, in several zinc-silver electrochemical cells that are useful in portable
electronic devices, the maximum voltage is less than about 2.3 V or less, or about 2.0 V. In
other batteries, such as lithium ion batteries that are useful in portable electronic devices, the
maximum voltage is less than about 15.0 V (e.g., less than about 13.0 V, or about 12.6 V or
less). The maximum voltage for a battery can vary depending on the number of charge
cycles constituting the battery's useful life, the shelf-life of the battery, the power demands of
the battery, the configuration of the electrodes in the battery, and the amount of active
materials used in the battery.

[0116] As used herein, an "anode" is an electrode through which (positive) electric current
flows into a polarized electrical device. In a battery or galvanic cell, the anode is the negative
electrode from which electrons flow during the discharging phase in the battery. The anode

is also the electrode that undergoes chemical oxidation during the discharging phase.
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However, in secondary, or rechargeable, cells, the anode is the electrode that undergoes
chemical reduction during the cell's charging phase. Anodes are formed from electrically
conductive or semiconductive materials, e.g., metals, metal oxides, metal alloys, metal
composites, semiconductors, or the like. Common anode materials include Si, Sn, Al, Ti,
Mg, Fe, Bi, Zn, Sb, Ni, Pb, Li, Zr, Hg, Cd, Cu, LiCe, mischmetals, alloys thereof, oxides
thereof, or composites thereof. Anode materials such as zinc may even be sintered.

[0117] Anodes may have many configurations. For example, an anode may be configured
from a conductive mesh or grid that is coated with one or more anode materials. In another
example, an anode may be a solid sheet or bar of anode material.

[0118] As used herein, a "cathode" is an electrode from which (positive) electric current
flows out of a polarized electrical device. In a battery or galvanic cell, the cathode is the
positive electrode into which electrons flow during the discharging phase in the battery. The
cathode is also the electrode that undergoes chemical reduction during the discharging phase.
However, in secondary or rechargeable cells, the cathode is the electrode that undergoes
chemical oxidation during the cell's charging phase. Cathodes are formed from electrically
conductive or semiconductive materials, e.g., metals, metal oxides, metal alloys, metal
composites, semiconductors, or the like. Common cathode materials include Ag, AgO,
Agy0s, Ag,0, HgO, Hg,0, CuO, CdO, NiOOH, Pb,04, PbO,, LiFePOy, Li3V(PO4)3, VO3,
V705, Fe304, Fe;03, MnO,, LiCoO;, LiNiO,, LiMn,0O4, or composites thereof. Cathode
materials such as Ag, AgO, Ag,O; may even be sintered.

[0119] Cathodes may also have many configurations. For example, a cathode may be
configured from a conductive mesh that is coated with one or more cathode materials. In
another example, a cathode may be a solid sheet or bar of cathode material.

[0120] Batteries and battery electrodes are denoted with respect to the active materials in
the fully-charged state. For example, a zinc-silver battery comprises an anode comprising
zinc and a cathode comprising a silver powder (e.g., Ag>03). Nonetheless, more than one
species is present at a battery electrode under most conditions. For example, a zinc electrode
generally comprises zinc metal and zinc oxide (except when fully charged), and a silver
powder electrode usually comprises AgO, Ag,03 and/or Ag,0O and silver metal (except when
fully discharged).

[0121] As used herein, the term "oxide" applied to alkaline batteries and alkaline battery
electrodes encompasses corresponding "hydroxide" species, which are typically present, at

least under some conditions.
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[0122] As used herein, "resistivity" or "impedance" refers to the internal resistance of a
cathode in an electrochemical cell. This property is typically expressed in units of Ohms or
micro-Ohms.

[0123] As used herein, the terms "first" and/or "second" do not refer to order or denote
relative positions in space or time, but these terms are used to distinguish between two
different elements or components. For example, a first separator does not necessarily
proceed a second separator in time or space; however, the first separator is not the second
separator and vice versa. Although it is possible for a first separator to precede a second
separator in space or time, it is equally possible that a second separator precedes a first
separator in space or time.

[0124] As used herein, the term "capacity" refers to the mathematical product of a cell's
discharge current and the time (in hours) during which the current is discharged until the cell
reaches a terminal voltage.

[0125] Similarly, the terms "actual capacity” or "theoretical capacity" refer to the capacity
that a battery or electrochemical cell should theoretically discharge at 100% SOC based on
the amounts of electrode materials present in the cell, the amount of electrolyte present in the
cell, and the surface area of the electrodes. In general terms, the capacity of a cell/battery is
the amount of charge available expressed in ampere-hours (Ah) or milliampere-hours (mAh).
An ampere is the unit of measurement used for electrical current and is defined as a Coulomb
of charge passing through an electrical conductor in one second. The capacity of a cell or
battery is related to the quantity of active materials present, the amount of electrolyte present,
and the surface area of the electrodes. The capacity of a battery/cell can be measured by
discharging at a constant current until it reaches its terminal voltage, which depends on the
cell's intended usage.

[0126] A cell's "rated capacity” is the average capacity delivered by a cell or battery on a
specified load and temperature to a voltage cutoff point, as designated by the manufacturer
for the cell's intended usage. For many types of cells, industry standards establish a cell's
rated capacity, which is based on the cell's intended usage. It is noted that silver-zinc cells
typically have a rated capacity that is about 70% or less (e.g., about 50 % or less) of the cell's
actual capacity.

[0127] As used herein, "A" and "Amps" are used interchangeably and refer to a unit of
electrical current, e.g., charge current.

[0128] As used herein, "s", "sec" and "seconds" are used interchangeably and refer to a unit

of time.
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[0129] As used herein, "min" and "minutes" are used interchangeably and refer to a unit of

time.
[0130] II. METHODS OF CHARGING A RECHARGEABLE CELL
[0131] A. Charging Method 1:

[0132] Referring to Figures 2, 3A, 3B, 5, 7A, and 7B, one aspect of the present invention
provides a method of charging a rechargeable battery having multiple voltage plateaus
wherein the battery has a voltage, Vgay, that is less than its highest voltage plateau
comprising:

a.  Charging the battery with a first charging current, I;, wherein the first charging
current, I;, is applied until the battery is charged to a voltage, V;; and

b.  Controlling/Modulating the first charging current, I;, when the voltage of the
battery is V|, so that the voltage of the battery is maintained at V| with a deviation of no more
than about + 20% (e.g., = 10%, + 5% ) of V|, wherein voltage, V|, is less than the voltage of
a natural polarization peak, Vpp, associated with a voltage plateau, Vp, that is higher than
Vpan, and V| is greater than the voltage plateau, Vp.
[0133] Several methods comprise additional steps such as

c.  Charging the battery with a second charging current, I, wherein the second
charging current, I, is applied until the battery voltage reaches a voltage, V,, wherein the
voltage, V,, is greater than Vp, and less than Vpp; and

d.  Controlling/Modulating the second charging current, I, when the voltage of
the battery reaches the voltage, V», so that the voltage of the battery is maintained at V, with
a deviation of no more than about + 20% of V..
[0134] Several methods optionally comprise terminating the charging current, I, when I, is
controlled to be about 95% or less of the charge current during the period when the battery
was being charged to V.
[0135] In some methods, charge current I; is substantially constant during the period
wherein Vg, is less than or equal to V. And, in some methods, charge current I, is
substantially constant during the period wherein Vg, is less than or equal to V,. In these
methods, charge current I, is greater than or equal to charge current I, before the battery is
charged to V. For instance, I, is greater than charge current I, before the battery is charged
to V. In other instances, I; is equal to charge current I, before the battery is charged to V.
[0136] In some methods, the second charging current, I, is applied at least until the battery
is charged to a SOC of from about 80% to about 150% (e.g., from about 80% to about 110%)
of the battery's rated capacity.
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[0137] In other methods, the first charging current, Iy, is sufficient to charge the battery to
voltage, V, in a period of from about 1 min to about 300 min (e.g., from about 5 min to
about 300 min, from about 5 min to about 240 min, or from about 10 min to about 90 min)
when the battery's initial SOC is less than 40% (e.g., less than 30%) of its rated capacity. In
some methods, the first charging current, I;, is sufficient to charge the battery to a voltage of
Vi in a period of from about 10 min to about 260 min (e.g., about 10 min to about 180 min),
when the battery's initial SOC is less than 40% (e.g., less than 30%) of its rated capacity. In
other methods, the first charging current, I}, is sufficient to charge the battery to voltage, Vi,
in a period of about 75 min or less (e.g., from about 5 min to about 75 min or from about 15
min to about 75 min) when the battery's initial SOC is less than 40% (e.g., less than 30%) of
its rated capacity.
[0138] In other methods, the first charging current, I, is sufficient to charge the battery
from a SOC of less than 30% (e.g., less than 20%) of its rated capacity to a SOC of from
about 30% to about 40% of its rated capacity in about 240 min or less (e.g., about 180 min or
less). For example, the first charging current, I, is sufficient to charge the battery from a
SOC of less than 30% (e.g., less than 20%) of its rated capacity to a SOC of about 40% its
rated capacity in less than about 240 min (e.g., less than about 180 min).
[0139] In other methods, the first charging current, I, is controlled when the voltage of the
battery is V|, so that the voltage of the battery is maintained at V; with a deviation of no more
than about + 20% of V|, for a period of from about 1 s to about 1500 s (e.g., from about 6 s to
about 1500 s, from about 6 s to about 1200 s, or from about 6 s to about 900 s). For example,
some methods include controlling the first charging current, I;, when the voltage of the
battery reaches a voltage, V|, so that the voltage of the battery is maintained at V, with a
deviation of no more than about +10% of V, for a period of from about 6 s to about 1200 s
(e.g., from about 6 s to about 900 s). Other examples include controlling the first charging
current, I;, when the voltage of the battery reaches V|, so that the voltage of the battery is
maintained at V; with a deviation of no more than about £10% of V| for a period of from
about 6 s to about 600 s.
[0140] Some methods further comprise:

e.  terminating the first charging current, I,, after the voltage of the battery is
maintained at V, with a deviation of no more than about + 20% of V,, for a period of from
about 6 s to about 1500 s (e.g., from about 6 s to about 1200 s or from about 6 s to about 900

s); and
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f. applying the second charging current, I, when the first charging current, I,
terminates.
[0141] In other methods, V| is greater than or equal to V,. For instance, in some methods,
V, is greater than V,. In another instance, V| is equal to V5.
[0142] In some methods, Vg is from about 50% to about 87% of the voltage, V.
[0143] In some methods, I; is about 500 Amps or less. For example, I, is from about 100
mA to about 500 Amps. In some of these examples, I, is about 500 Amps or less. For
instance, I, is from about 100 mA to about 500 Amps. In some of these examples, the battery
has a rated capacity of from about 1 Ah to about 1000 Ah.
[0144] In some methods, I; is about 500 mA or less. For example, I; is from about 20 mA
to about 500 mA. In some of these examples, I, is about 500 mA or less. For instance, I, is
from about 20 mA to about 500 mA. In some of these examples, the battery has a rated
capacity of from about 200 mAh to about 1 Ah.
[0145] In some methods, I; is about 50 mA or less. For example, I; is from about 5 mA to
about 50 mA. In some of these examples, I, is about 50 mA or less. For instance, I, is from
about 5 mA to about 50 mA. In some of these examples, the battery has a rated capacity of
from about 50 mAh to about 200 mAh. |
[0146] In some methods, I; is about 25 mA or less. For example, I, is from about 400 pA
to about 25 mA. In some of these examples, I, is about 25 mA or less. For instance, I, is
from about 400 pA to about 25 mA. In some of these examples, the battery has a rated
capacity of from about 4 mAh to about 50 mAh.
[0147] In some methods, I; is about 2 mA or less. For example, I, is from about 10 pA to
about 2 mA. In some of these examples, I, is about 2 mA or less. For instance, I, is from
about 10 pA to about 2 mA. In some of these examples, the battery has a rated capacity of
from about 1 mAh to about 4 mAh.
[0148] In some methods, I; is about 50 mA or less. For example, I, is from about 500 mA
to greater than 8 mA. In other examples, I, is from about 5 mA to about 500 mA. In some of
these examples, I, is less than 500 mA. For instance, I is from less than about 500 mA to
about 1 mA. In some of these examples, the battery has a rated capacity of from about 1 Ah
to about 4 Ah.
[0149] In some methods, I; is about 1 Amp or less. For example, I, is from about 1 Amps
to greater than 10 mA. In other examples, I, is from about 10 mA to about 1 A (e.g., from
about 10 mA to about 0.99 A). In some of these methods, L is less than 1 Amp. For example,

I; is less than 1 Amp to about 10 mA. In other examples, I is from about 10 mA to about
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0.99 A. In other examples, the battery has a rated capacity of from about 100 mAh to about
1000 mAh.

[0150] In some methods, I, is about 100 mA or less. For example, I; is from about 100 mA
to about greater than 1.0 mA. In other examples, I, is from about 1.0 mA to about 99.99 mA.
In some of these methods, I is less than 100 mA (e.g., less than 75 mA). For example, I is
from less than 75 mA to about 5 mA. In other examples, I is from about 5 mA to about
99.99 mA. In some of these methods, the battery has a rated capacity of from about 15 mAh
to about 150 mAh (e.g., from about 50 mAh to about 100 mAh).

[0151] In some methods, I; is about 150 mA or less. For example, I; is from ai)out 0.3 mA
to about 60 mA. In some of these methods, I, is less than about 150 mA. For example, I, is
from about 0.2 mA to about 149.99 mA. In some of these methods, the battery has a rated
capacity of from about 4 mAh to about 150 mAh.

[0152] In some methods, I; is about 25 mA or less. For example, I; is from about 25 mA to
greater than 0.4 mA. In some of these methods, I, is less than 25 mA. For example, I, is
from less than 25 mA to about 0.2 mA. In some of these methods, the battery has a rated
capacity of from about 4 mAh to about 50 mAh.

[0153] In some methods, I is about 15 mA or less. For example, I; is from about 15 mA to
greater than 0.1 mA. In some of these methods, I, is less than 15 mA. For example, I, is
from less than 15 mA to about 0.1 mA. In some of these methods, the battery has a rated
capacity of from about 1.0 mAh to about 15 mAh.

[0154] In some methods, I, is from about 3.0 mA to about 3.5 mA. In some of these
methods, the battery has a theoretical capacity of from about 40 mAh to about 50 mAh (e.g.,
about 44 mAh). In others, the battery has a rated capacity of from about 15 mAh to about 20
mAbh (e.g., about 18 mAh). And, in some embodiments, the battery stores from about 25
mWh to about 30 mWh (e.g., about 29 mWh).

[0155] In some methods, I, is from about 4.7 mA to about 5.6 mA. In some of these
methods, the battery has a theoretical capacity of from about 50 mAh to about 60 mAh (e.g.,
about 57 mAh). In others, the battery has a rated capacity of from about 20 mAh to about 30
mAh (e.g., about 28 mAh). And, in some embodiments, the battery stores from about 40
mWh to about 50 mWh (e.g., about 45 mWh).

[0156] In some methods, I, is from about 5.4 mA to about 6.4 mA. In some of these
methods, the battery has a theoretical capacity of from about 60 mAh to about 80 mAh (e.g.,
about 70 mA to about 80 mA or about 78 mAh). In others, the battery has a rated capacity of
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from about 30 mAh to about 40 mAh (e.g., about 32 mAh). And, in some embodiments, the
battery stores from about 50 mWh to about 60 mWh (e.g., about 51 mWh).

[0157] In some methods, I; is from about 15 mA to about 24 mA. In some of these
methods, the battery has a theoretical capacity of from about 250 mAh to about 275 mAh
(e.g., about 269 mAh). In others, the battery has a rated capacity of from about 100 mAh to
about 140 mAh (e.g., about 120 mAh). And, in some embodiments, the battery stores from
about 175 mWh to about 225 mWh (e.g., about 192 mWh).

[0158] In some methods, the voltage, V-, is from about 85% to about 100% (e.g., from
about 90% to about 100% or from about 90% to about 99%) of V. For example, the voltage,
V3, is from about 96% to about 99.5% of V.

[0159] Insome methods, V| is about 2.04 V or less. For example, V| is from about 1.96 V
to about 2.04 V. In other examples, V| is from about 1.96 V to about 1.99 V.

[0160] In some methods, V, is about 2.03 V or less. For example, V; is from about 1.93 V
to about 2.03 V. In other examples, V; is from about 1.93 V to about 1.98 V.

[0161] Several methods of recharging a rechargeable battery according to the present
invention exclude Coulomb counting as a method of determining the capacity that has been
charged to the battery.

[0162] Another aspect of the present invention provides a method of charging a
rechargeable battery having multiple voltage plateaus, wherein the battery has a voltage,
VBan, that is less than its highest voltage plateau comprising: charging the battery with a first
charging current, I,, wherein the first charging current, I;, is substantially constant until the
battery is charged to a voltage, V; and controlling the first charging current, I;, when the
voltage of the battery is V|, so that the voltage of the battery is maintained at V, with a
deviation of no more than about + 20% of V, for a period of from about 6 s to about 1200 s
(e.g., from about 6 s to about 900 s), wherein voltage, V|, is less than the voltage of the
natural polarization peak, Vpp, for a voltage plateau, Vp, that is higher than Vg, and V| is
greater than the voltage plateau, Vp.

[0163] Some methods further comprise charging the battery with a second charging current,
I, that is less than or equal to the first charging current, I;, when the battery has a voltage of
less than V), wherein the second charging current, I, is substantially constant until the
battery voltage reaches a voltage, V,, wherein the voltage, V», is less than or equal to the
voltage, V|, and greater than Vp,,, and confrolling the second charging current, I, when the
voltage of the battery reaches the voltage, V5, so that the voltage of the battery is maintained

at V, with a deviation of no more than about + 20% of V,. Also, some methods also
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comprise terminating the second charging current, I, after a period of about 10 min or less
(e.g., about 5 min or less) from the point when the battery is charged to a SOC of from about
80% to about 150% (e.g., from about 80% to about 110%) of the battery's rated capacity.
[0164] In some methods, the first charging current, Iy, is sufficient to charge the battery to
voltage, Vi, in a period of from about 5 min to about 240 min when the battery's initial SOC
is less than 40% (e.g., less than 30%) of its rated capacity. In other methods, the first
charging current, I;, is sufficient to charge the battery to a voltage of V; in a period of from
about 10 min to about 180 min, when the battery's initial SOC is less than 40% (e.g., less than
30%) of its rated capacity. In other methods, the first charging current, 1;, is sufficient to
charge the battery to a voltage of V; in a period of from about 15 min to about 75 min, when
the battery's initial SOC is less than 40% (e.g., less than 30%) of its rated capacity. Or, the
first charging current, I;, is sufficient to charge the battery from a SOC of less than 30% (e.g.,
less than 20%) of its rated capacity to a SOC of from about 30% to about 40% of its rated
capacity in about 240 min or less (e.g., about 180 min or less). For example, the first
charging current, I, is sufficient to charge the battery from a SOC of less than 40% (e.g., less
than 30%) of its rated capacity to a SOC of about 40% its rated capacity in less than about
240 min. In other methods, the first charging current, I, is sufficient to charge the battery to
a voltage of V| in a period of about 75 min or less, when the battery's initial SOC is less than
40% (e.g., less than 30%) of its rated capacity.

[0165] In some methods, Vgay is from about 50% to about 87% of the voltage, V.

[0166] Other methods further comprise controlling the first charging current, I;, when the
voltage of the battery reaches a voltage, V|, so that the voltage of the battery is maintained at
Vi with a deviation of no more than about +10% of V, for a period of from about 6 s to about
1200 s (e.g., from about 6 s to about 900 s or from about 550 s to about 650 s).

[0167] Optionally, some of these methods further comprise generating an electrical signal
that indicates a soft short in the battery if Vg, is lower than Vp (e.g. 1.90 V) for a period of
more than 1 second after the battery has been charged to a voltage of V».

[0168] Optionally, some of these methods further comprise charging the battery with a
diagnostic charge current, Ip;,,, to determine whether the battery is compatible with some
steps of the present charging method. One embodiment comprises charging the battery with
a diagnostic charge current, Ip;,g, for a period of less than about 30 s, detecting the voltage of
the battery, Vpay, and terminating charging of the battery if Vg is about 1.65 V or less (e.g.,
less than about 1.65 V). In some methods, Ipi, is greater than or equal to I;. In other

methods, Ipg is from about 5% to about 200% greater than I;. In some methods, Ipiag is from
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about 30% to about 100% greater than I;. And in some methods, Ipiag is about equal to I;.
Other embodiments comprise charging the battery with a diagnostic charge current, Ip;,s that
is about 10% to about 200% higher than I, for a period of less than about 10 s, detecting the
voltage of the battery, Vg, and terminating charging of the battery if Vg, is about 1.60 V or
less. Some methods comprise charging the battery with a diagnostic charge current, Ip;,s that
is about 30% to about 100% higher than I, for a period of less than about 5 s, detecting the
voltage of the battery, Vgan, and terminating charging of the battery if Vg, is about 1.55 V or
less.

[0169] In some methods, the voltage, V,, is from about 90% to about 100% of V. For
example, the voltage, Vy, is from about 96% to about 99.5% of V. In other methods, V| is
about 2.04 V or less. For example, V| is from about 2.04 V to about 1.96 V. Or, V| is from
about 1.99 V to about 1.96 V.

[0170] In other methods,' V, is about 2.03 V or less. For example, V; is from about 2.03 V
to about 1.93 V. In other examples, V; is from about 1.93 V to about 1.98 V.

[0171] One aspect of the present invention provides a method of detecting a rechargeable
silver-zinc battery comprising charging the battery with a diagnostic charge current, Ip;,,, for
a period of less than about 60 s, detecting the voltage of the battery, Vgay, and terminating
charging of the battery if Vg, is about 1.60 V or less (e.g., about 1.55 V or less); wherein
Ipiag is about 25 mA or less. In some embodiments, the battery is charged with Ip;,, for a
period of about 7 s or less, detecting the voltage of the battery, Vgay, and generating an
electrical signal if Vg is about 1.60 V or less, wherein Ipi,g is from about 20 mA to about 25
mA or about 10 mA or less. In some embodiments, the electrical signal activates an audio
alarm, a visual alarm, a vibrational alarm, or any combination thereof.

[0172] Referring generally to Figure 6, another aspect of the present invention provides a
method of charging a rechargeable battery having multiple voltage plateaus wherein the
battery has a voltage, Vpay, that is less than about 80% (e.g., less than about 70%) of the
voltage of a first sequential voltage plateau, Vp;, comprising:

a.  charging the battery with a recovery charging current, Iiecoy, that is
substantially constant for a period of no more than about 120 min (e.g., no more than 30 min,
no more than about 20 min, or no more than about 15 min) after the voltage of charging
battery reaches the first sequential voltage plateau, Vp, that is greater than Vpgy;

b.  charging the battery with a first charging current, I, wherein the first charging

_current, I}, is substantially constant until the battery is charged to a voltage, V;; and
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c.  controlling the first charging current, I;, when the voltage of the battery
reaches the voltage, V|, so that the voltage of the battery is maintained at V; with a deviation
of no more than about +20% of V|, for a period of from about 6s to about 1200s (e.g., from
about 6s to about 900s),

wherein voltage, V|, is less than the voltage of the natural polarization peak, Vpp, for a
voltage plateau, Vp, that is higher than Vp,, and V| is greater than the voltage plateau, Vp.
[0173] In some methods, Lrecov is from about 5% to about 90% of I,. For example, Iiecoy is
from about 10% to about 30% of I,.

[0174] Some methods further comprise:

d.  charging the battery with a second charging current, I, that is less than the
first charging current, I;, wherein the second charging current, I, is substantially constant
until the battery voltage reaches a voltage, V,, wherein the voltage, V», is less than the
voltage, Vi, and greater than the first sequential voltage plateau, Vp,; and

e.  controlling the second charging current, I, when the voltage of the battery
reaches the voltage, V, so that the voltage of the battery is maintained at V, with a deviation
of no more than about +20% of the voltage V.

[0175] Other methods further comprise:

f. terminating the second charging current, I, after a period of about 10 minutes
or less from the point when the battery is charged to a capacity of from about 80% to about
150% (e.g., from about 80% to about 110%) of the battery's rated capacity.

[0176] And some methods further comprise generating an electrical signal that indicates
that the battery is experiencing a short (e.g., a soft short or a hard short) if the voltage of the
battery, Vpay, fails to reach the first sequential voltage plateau, Vp,, that is greater than Vg,
after being charged with ILcov for a period of from about 15 minutes to 2 hours (e.g., from
about 30 min to about 120 min).

[0177] Some methods of this aspect also exclude counting Coulombs to assess the capacity
that is charged to a battery.

[0178] In some methods, the rechargeable battery comprises an anode comprising a zinc
material.

[0179] In other methods, the rechargeable battery comprises a cathode comprising a silver
material.

[0180] Exemplary batteries that may be recharged using methods of the present invention

include button cells, coin cells, cylinder cells, or prismatic cells.
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[0181] The methods above may optionally include additional steps such as generating an
electrical signal when the second charging current, I, terminates. Some methods further
include activating a visual signal, activating an audio signal, activating a vibrational signal, or
any combination thereof when the second charging current, I, terminates.

[0182] Referring to Figures 7A, 7B, and 8A, another aspect of the present invention
provides a method of charging a rechargeable button cell having multiple voltage plateaus
wherein the cell has a voltage greater than about 1.10 V and less than about 1.70 V (e.g.,
greater than 1.20 V and 1.70 V) comprising:

a.  charging the cell with a first charging current, I;, wherein the first charging
current, I}, is substantially constant until the cell is charged to a voltage, V|, that is greater
than 1.70 V and less than 2.04 V; and

b.  controlling the first charging current, I;, when the voltage of the cell reaches
the voltage, Vi, so that the voltage of the cell is maintained at V, with a deviation of no more
than about +10% of V, for a period of from about 6 s to about 1500 s (e.g., from about 6 s to
about 1200 s).

[0183] Some methods further comprise:

c.  charging the cell with a second charging current, I,, that is less than or equal to
the first charging current, I;, when the battery has a voltage of less than V,, wherein the
second charging current, I, is substantially constant until the cell voltage reaches a voltage,
V,, wherein the voltage, V5, is less than or equal to the voltage, V|, and greater than 1.7 V;
and

d.  controlling the second charging current, I, when the voltage of the cell
reaches the voltage, V,, so that the voltage of the cell is maintained at V, with a deviation of
no more than about +10% of the voltage V.

[0184] And, other methods further comprise:

e.  terminating the second charging current, I, after no more than 5 minutes from
the point when the cell is charged to a capacity of from about 80% to about 150% (e.g., from
" about 80% to about 110%) of the cell's rated capacity.

[0185] In some methods, the first charging current, I;, is sufficient to charge the battery to
the voltage, Vi, in a period of from about 1 min to about 180 min (e.g., from about 30 min to
about 180 min).

[0186] Other methods further comprise controlling the first charging current, I,, when the

voltage of the cell reaches the voltage, V|, so that the voltage of the battery is maintained at
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V, with a deviation of no more than about £10% of V| for a period of from about 550 s to
about 650 s.

[0187] Insome methods, the voltage, Vs, is from about 90% to about 100% of V,. For
example, the voltage, V,, is from about 96% to about 99.5% of V.

[0188] In some methods, I, is about 1 Amp or less. For example, I, is from about 1 Amps
to greater than 80 mA. In other examples, I; is from about 80 mA to about 1 A (e.g., from
about 8 mA to about 0.99 A). In some of these methods, I is less than 1 Amp. For example,
I, is less than 1 Amp to about 80 mA. In other examples, I, is from about 80 mA to about
0.99 A. In other examples, the battery has a rated capacity of from about 100 mAh to about
1000 mAh.

[0189] In some methods, 1; is about 300 mA or less. For example, I, is from about 250 mA
to about greater than 8 mA. In other examples, I, is from about 8§ mA to about 299.99 mA.
In some of these methods, I is less than 300 mA (e.g., less than 250 mA). For example, I, is
from less than 250 mA to about 4 mA. In other examples, I, is from about 4 mA to about
299.99 mA. In some of these methods, the battery has a rated capacity of from about 15 mAh
to about 150 mAh (e.g., from about 50 mAh to about 100 mAh).

[0190] In some methods, the voltage, V,, is from about 1.93 V to about 1.98 V.

[0191] In some methods, I, is about 25 mA or less. For example, I; is from about 25 mA to
greater than 4 mA. In some of these methods, I, is less than 25 mA. For example, I, is from
less than 25 mA to about 2 mA. In some of these methods, the battery has a rated capacity of
from about 4 mAh to about 50 mAh.

[0192] In some methods, I, is about 15 mA or less. For example, I; is from about 15 mA to
greater than 0.1 mA. In some of these methods, I, is less than 15 mA. For example, I, is
from less than 15 mA to about 0.1 mA.

[0193] In some methods, I; is from about 3.0 mA to about 3.5 mA. In some of these
methods, the battery has a theoretical capacity of from about 40 mAh to about 50 mAh (e.g.,
about 44 mAh). In others, the battery has a rated capacity of from about 15 mAh to about 20
mAh (e.g., about 18 mAh). And, in some embodiments, the battery stores from about 25
mWh to about 30 mWh (e.g., about 29 mWh).

[0194] Insome methods, I; is from about 4.7 mA to about 5.6 mA. In some of these
methods, the battery has a theoretical capacity of from about 50 mAh to about 60 mAh (e.g.,
about 57 mAh). In others, the battery has a rated capacity of from about 20 mAh to about 30
mAbh (e.g., about 28 mAh). And, in some embodiments, the battery stores from about 40
mWh to about 50 mWh (e.g., about 45 mWh).
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[0195] Insome methods, I is from about 5.4 mA to about 6.4 mA. In some of these
methods, the battery has a theoretical capacity of from about 70 mAh to about 80 mAh (e.g.,
about 78 mAh). In others, the battery has a rated capacity of from about 30 mAh to about 40
mAbh (e.g., about 32 mAh). And, in some embodiments, the battery stores from about 50
mWh to about 60 mWh (e.g., about 51 mWh).
[0196] In some methods, I; is from about 15 mA to about 24 mA. In some of these
methods, the battery has a theoretical capacity of from about 250 mAh to about 275 mAh
(e.g., about 269 mAh). In others, the battery has a rated capacity of from about 100 mAh to
about 140 mAh (e.g., about 120 mAh). And, in some embodiments, the battery stores from
about 175 mWh to about 225 mWh (e.g., about 192 mWh).
[0197] In some methods, the voltage, V, is from about 90% to about 100% of V,. For
example, the voltage, V», is from about 96% to about 99.5% of V.
[0198] In some methods, the voltage, Vi, is from about 1.95 V to about 1.99 V.
[0199] In other methods, thé first charging current, I, is modulated for a period of about
550 s to about 650 s.
[0200] In some methods, the voltage, V», is from about 1.93 V to about 1.98 V.
[0201] Other methods exclude counting Coulombs as described above.
[0202] In some methods, the battery comprises an anode comprising a zinc material.
[0203] In other methods, the battery comprises a cathode comprising a silver material.
[0204] Some methods further comprise generating an electrical signal when the second
charging current, I, is terminated. And, other methods further comprise activating a signal
(e.g., a visual signal, an audio signal, a vibrational signal, or any combination thereof) when
the second charging current, I, is terminated.
[0205] Some methods of the present invention are useful for recharging a battery having a
relatively high initial SOC. Referring to Figure 4, the present invention provides a method of
charging a rechargeable battery having multiple voltage plateaus and an initial SOC of
greater than 50% of its rated capacity, wherein the battery has a voltage, Vgay, that is less than
or equal to its highest voltage plateau comprising:
a. charging the battery with a substantially constant charging current, I, until the
battery is charged to a voltage, V; and
b. controlling the charging current, I, so that the voltage of the battery is

maintained at V, with a deviation of no more than about + 20% of V,,

wherein voltage, V», is greater than or equal the voltage of a voltage plateau, Vp, that

is less than the voltage of a natural polarization peak, Vpp.
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[0206] Some methods further comprise:

C. terminating the charging current, I, when I, reaches I.e;, wherein I, is about
85% or less of I, during the period when the battery was being charged at V.
[0207] Other methods further comprise further comprise:

d.  terminating the charging current, I, when I reaches I,e;, wherein I is about
75% or less of I, during the period when the battery was being charged at V..
[0208] And in other methods, V, is about 2.0 V or less.
[0209] In some methods, I is about 6 mA. In other methods, I, is about 4.5 mA.
[0210] Other aspects of the present invention incorporate one or more of the methods above
into a charge method that is useful for recharging a rechargeable cell and that operates to
maximize the rechargeable cell's cycle life.
[0211] Examples of additional methods of the present invention are presented in the Figures
8A-8D.
[0212] One method includes the following steps:
[0213] Step 1: Measuring the SOC of the cell.
[0214] Step 2A: If the SOC of the cell is greater than about 0.0% and less than or equal to
about 40% (e.g., the open circuit voltage (OCV) is greater than about 1.2 V and less than or
equal to about 1.6 V), then charging the cell according to a multi-stage charge process
(starting at step 3A, below).
[0215] Step 2B: If the SOC is greater than about 50% (e.g., the OCV is greater than about
1.6 V (e.g., about 1.85 V or greater)), then charging the cell according to a single stage
charge process (starting at step 3B, below).
[0216] Step 2C: If the SOC is less than 30% (e.g., the OCV is about 1.2 V or less), then
charging the cell according to an over-discharge recovery process (starting at step 3C,
below).
[0217] Multi-zone Charge Process
[0218] Step 3A (Zone 1 of Multi-zone Charge Process): Charging the cell with a
substantially constant charge current, I;, having sufficient amperage to charge the cell to a
SOC of from about less than 30% to about 40% of its rated capacity within about 1 hour of
charging, wherein the charge current, I, is controlled such that the cell is charged to a
voltage, V|, that is less than its natural polarization peak voltage, Vpp, for a period of time
ending from about 6 s to about 1500 s (e.g., from about 6 s to about 1200 s, from about 6 s to
about 900 s, or from about 6 s to about 600 s) after the cell is charged to a voltage of V, then

charging the cell according to stage 2 of the multi-zone charge process.
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[0219] Step 4A (Zone 2 of Multi-zone Charge Process): Charging the cell with a
substantially constant charge current, I, wherein the charge current is controlled such that the
voltage of the cell does not rise above a maximum voltage, V, that is less than its natural
polarization peak voltage, Vpp; and greater than the voltage of the voltage plateau; clocking
the time that the cell is charged with a charge current of I, and terminating the charge current
about 60 s after the battery is charged to an SOC of 85% or higher (e.g., from about 85% to
about 150% or from about 85% to about 130%) of its rated capacity.

[0220] 1 Single Zone Charge Process

[0221] Step 3B: Charging the cell with a charge current, I, wherein the charge current is
controlled such that the voltage of the cell does not rise above a maximum voltage, V- that is
less than its natural polarization peak voltage, Vpp; and greater than the voltage of the voltage
plateau; clocking the time that the cell is charged with a charge current of I, to a voltage of
V», and terminating the charge current about 60 s after the cell is charged to an SOC of 85%
or higher (e.g., from about 80% to about 150% or from about 80% to about 110%) of its rated
capacity.

[0222] 2. Over-Discharge Recovery Process

[0223] Step 3C: Charging the cell with a cénstant charge current, Liecov, until the cell is
charged to a voltage, Vp,, of the first sequential voltage plateau (e.g., an SOC of about less
than about 30% or an SOC of less than about 5% of the cell's rated capacity), followed by
charging the cell according to the multi-stage charge method described above.

[0224] Each of the abovementioned charging methods (e.g., the multi-stage charge process,
the single-stage charge process, or the over-discharge recovery charge process) is exemplified
in Figures 2, 4, 5, 6, and 8 A-8D.

[0225] Referring now to Figure 2, a charge curve that is related to the "multi-zone charge
mode" of a silver-zinc cell is shown according to an embodiment of the invention. In an
embodiment, the charge curve includes two corresponding curves, which are plotted against
time and read left-to-right. In an embodiment, the first curve, starting at about 1.65 V, is the
voltage of the silver-zinc cell after charging has commenced, and, in an embodiment, the
second curve, starting at about 8.5 mA is the charge current of the silver-zinc cell.

[0226] In view of what is described above, in an embodiment, recharging management
circuitry, such as the circuitry illustrated in Figure 1, useful for practicing the method of the
present invention may be located within a charging base, which may be described as a
current-limited voltage source. In other embodiments, the management circuitry may be split

between the charging base, the battery, an electronic device powered by the battery, or any
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combination thereof. Accordingly, the recharging management circuitry may include the
hardware for implementing the charge method and cause the charging base to deliver the first
charge current, I;, when the SOC of the silver-zinc cell is less than about 40%, wherein the
first charge current, I, is controlled so that the voltage of the battery does not exceed V.
When the battery is charged to voltage V|, and for a period of no more than 1500 s (e.g.,
about 1200 s, about 900 s, or about 600 s), the recharging management circuitry may cause
the charging base to deliver a second charge current, I, wherein the second charge current is
controlled so that the cell is not charged above a second maximum voltage level, V,, wherein
V3 is less than or equal to V. Further, in an embodiment, the charging method for charging
of the silver-zinc cell may be terminated when the controlled charge current, I, is less than or
equal to a minimum charge current, I, for a period of about 60 s (e.g., from about 30 s to
about 90 s, or from about 50 s to about 70 s).

[0227] Prior to describing further aspects of the method, some aspects of one or more
embodiments of the system are provided. In an embodiment, the charge voltage accuracy
may be within about + 2 mV between 1.900-2.000 V. In an embodiment, the voltage
accuracy may be within about + 25 mV between 1.900-1.200 V. Further, in an embodiment,
the charge current accuracy may be within about + 0.1 mA. Further, in an embodiment, the
temperature measurement accuracy may be within about + 5 °C (e.g., £ 2 °C) and be a
measure of the ambient temperature; further, in an embodiment, the temperature
measurement does not have to measure the cell case temperature.

[0228] In an embodiment, the following limits may also be considered in the design of one
or more of the silver-zinc cell, system, and charge methods. In an embodiment, the voltage
of the silver-zinc cell may not exceed 2.00 V for more than one (1) second continuously.
Further, in an embodiment, any voltage excursion above the 2.00 V limit may result from a
charge voltage/current transition while the charging base is stabilizing the charge voltage on
the silver-zinc cell. Further, in an embodiment, the charge current, I; or I¢;, may not fall
below a "trickle" charge level of about 1mA for more than thirty (30) minutes continuously.
Further, in an embodiment, the maximum charge time (at about room temperature) of a
silver-zinc cell may be about six (6) hours. Further, in an embodiment, a silver-zinc cell may
be charged when ambient temperature conditions are between about approximately about 0
°C and about approximately about 40 °C. Further, in an embodiment, the cell current may be
integrated during charging and may not exceed 27 mAh in a single charge.

[0229] In some methods of the present invention, a discharge warning signal triggers a

Coulomb count terminated cycle.
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[0230] B. Charging Method 2:
[0231] Referring to Figures 10-17, another aspect of the present invention provides a

method of charging a rechargeable battery having multiple voltage plateaus comprising:

1)  Continuously charging the battery with a modulated charge current, I,
wherein the charge current, I;, has a maximum amperage, Imax, and is modulated so that the
voltage of the battery is restricted to Vs, Which is less than the voltage of the next
sequentially higher natural polarization peak, Vpp, and higher than the next sequentially
higher voltage plateau; and

2)  Arresting the charge current, I;, when the charge current reaches a minimum
threshold amperage for a given period of time (e.g., Ijend in Figure 12 or Ipenq in Figures 13-
16).

[0232] In some embodiments, the minimum threshold amperage, Leng, is calculated as
follows:

Lend = Icng + Itemp, Ichg = (T2 X Imax)/Tong, Wherein

Iremp is the temperature compensation current, T; is the time necessary to charge the
battery from a voltage of from about 87% to about 96% (e.g., about 95.9%) of V nax, prior to
the polarization peak, to a voltage of V. (e.g., from 1.9 V to a voltage of about 2.0 V or
about 2.03 V in a 2 V battery) after the polarization peak. Ip,x is the maximum current
charged to the battery, and Tcyg is the cell time constant; and the voltages have a deviation of
+ 0.5%, the current amperages have deviations of +2%, and clocked fimes have a deviation of
+ 2%. This calculation is discussed in detail below.
[0233] In some methods, Ieng iS Iiend. In others, Ieng is Lend.
[0234] In other embodiments, the charge current is arrested when the charge current, I;, has
an amperage less than or equal to I.q for a period of from about 30 s to about 90 s (e.g., 60 s).
[0235] In some embodiments, the charge current is arrested when the cell experiences a
hard short.
[0236] In some embodiments, the charge current is arrested when the cell is determined to
be other than a silver zinc cell.
[0237] Inseveral methods, Vmax 18 2.03 V or 2.0 V. In other methods, the charge current
has a maximum amperage, Ina, of about 10 mA or less (e.g., about 6 mA or less). For
example, the charge current has a maximum amperage, I, of 5.5 mA or less.
[0238] And, some methods include measuring the temperature, wherein the temperature

measurement accuracy has a deviation of + 5 °C.
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[0239] Another aspect of the present invention provides a method of charging a
rechargeable battery having multiple voltage plateaus comprising:

1)  Charging the battery with a modulated charge current, I;, wherein the charge
current, I;, has a maximum amperage, Inax, and is modulated so that the voltage of the battery
is restricted to Vax, Which is less than the voltage of the next sequentially higher natural
polarization peak, Vpp, and higher than the next sequentially higher voltage plateau;

2)  Arresting charge current I, after a period of from about 10 min to about 30
min (e.g., about 20 min) has elapsed starting from the point when the battery has a voltage of
from about 87% to about 97% of V ax; and

3)  Charging the battery with a modulated charge current, I;, wherein the charge
current, I, has a maximum amperage, Inax, and is modulated so that the voltage of the battery
is restricted to V jax.

[0240] Some embodiments further comprise arresting charge current I, when the amperage
of I, is below Ieng for a period of from about 30 to about 90 (e.g., about 60) continuous
seconds.

[0241] Some embodiments further comprise arresting charge current I, once the battery is
charged to an SOC of about 50%, if the lowest amperage of Ip, Ijow, is less than the amperage
of charge current I, after 20 minutes has been clocked, wherein the SOC of the battery is
determined by integrating the charge current while time is being clocked.

[0242] Some embodiments further comprise arresting charge current I; when the amperage
of I; is below Ijyin, €.8., 1.0 V, for a period of about 5 min or less.

[0243] In some embodiments, the voltages have a deviation of + 0.5%; the charge current
amperages have deviations of + 2%; and clocked time has a deviation of + 2%.

[0244] Another aspect of the present invention provides a method of charging a 2.0 V
rechargeable battery comprising:

1)  Charging the battery with a modulated charge current I, wherein the charge
current, I, is modulated so that the voltage of the battery is restricted to 2.0 V or less (e.g.,
1.98 V), ahd the charge current has a maximum amperage, Inax, of 6.0 mA or less (e.g., 5.5
mA or 5.0 mA);

2)  Clocking time 15 seconds after charging begins (shown in Figure 11 as T));

3)  Measuring the amperage of charge current, I, when time is being clocked; and

4A) Arresting charge current I, when the amperage of I, is below Ipenq for a
period of 60 continuous seconds if the amperage of I, is I, for a period of 5 or more

continuous seconds when time is being clocked, wherein Lenq is the temperature dependent
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minimum charge current necessary to maintain a voltage of 2.0 V in the battery when the
battery is charged to an SOC of about 100% of its rated capacity; or

4B) Arresting charge current I, once the battery is charged to an SOC of about
100% to about 150%, if the amperage of I is Imax for a period of less than 5 continuous
seconds when time is being clocked, wherein the SOC of the battery is determined by
integrating the charge current while time is being clocked; or

4C) Arresting charge current I} when the amperage of I, is below 1jmin (e.g., 1.0
mA), for a period of about 5 min or less,

wherein the voltages have a deviation of + 0.5%; the charge current amperages

have deviations of + 2%; and clocked time has a deviation of + 2%.
[0245] Some methods further comprise charging the battery with a second modulated
charge current I, wherein the second charge current I, is modulated so that the voltage of the
battery is restricted to 2.0 V or less, and the charge current amperage is restricted to a
maximum amperage, Imax, of 5.0 mA; clocking time when the voltage of the battery is 1.9 V;
and continuously charging the battery with charge current I, until 20 minutes has been
clocked.
[0246] In some instances, the battery being charged is a size 10, 13, 312, or 675
rechargeable silver-zinc button cell.
[0247] Another aspect of the present invention provides a method of charging a
rechargeable 2.0 V silver-zinc battery comprising charging the battery with a charge current,
I, having a maximum amperage, I, of about 10 mA or less (e.g., about 6 mA or less)
wherein the charge current I, is modulated so that the voltage of the battery is restricted to
about 2.03 V or less; clocking time 60 seconds after charging with second charge current, I,
begins; measuring the lowest amperage, Low, of charge current I, when time is being clocked;
and arresting charge current I, once the battery is charged with from about 40% to about 60%
(e.g., about 50%) of its rated capacity with charge current, I, wherein the capacity charged to
the battery is determined by integrating the charge current, I, while time is being clocked;
and the voltages have a deviation of + 0.5%, the current amperages have deviations of +2%,
and clocked times have a deviation of +2%.
[0248] In some embodiments, the battery has an OCV of greater than about 1.6 V (e.g.,
greater than about 1.65 V) in its discharged state, i.e., immediately before charging.
[0249] Another aspect of the present invention provides a method of charging a
rechargeable 2.0 V silver-zinc battery comprising charging the battery with a charge current,

I, having a maximum amperage, I, of about 10 mA or less (e.g., about 6 mA or less)
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wherein the charge current I, is modulated so that the voltage of the battery is restricted to
about 2.03 V or less; clocking time 60 seconds after charging with second charge current, I,
begins; measuring the lowest amperage, Ijow, Of charge current I, when time is being clocked;
and arresting charge current I, when the amperage of I is below I.nq for a period of 60
continuous seconds if the amperage of I, is Ima for a period of 2 continuous seconds while
time is being clocked; or arresting charge current I, once the battery is charged with from
about 40% to about 60% (e.g., about 50%) of its rated capacity with charge current I, if Iiow
is less than the amperage of charge current I, after 20 minutes has been clocked, wherein the
capacity charged to the battery is determined by integrating the charge current, I, while time
is being clocked; or arresting charge current I, when the amperage of I, is below I¢,q for a
period of 60 continuous seconds, if I oy is greater than or equal to the amperage of I, after 20
minutes has been clocked; or arresting charge current I, when the amperage of I, is below 1.0
V, for a period of about 5 min or less; wherein Ieng = Icng + Itemp, Ichg = (T2 X Imax)/Tchg, Iremp
is the temperature compensation current, T is the time necessary to charge the battery from a
voltage of about 1.9 V to a voltage of about 2.0 V, Iy, is the maximum current charged to the
battery, and Tcy, is the cell time constant; and the voltages have a deviation of + 0.5%, the
current amperages have deviations of +2%, and clocked times have a deviation of + 2%.
[0250] In some embodiments, the battery has an OCV of greater than about 1.6 V (e.g.,
greater than about 1.65 V) in its discharged state.

[0251] Some embodiments further comprise measuring the temperature, wherein the
temperature measurement has accuracy of about 5 °C (e.g., + 2 °C).

[0252] Another aspect of the present invention provides a method of charging a
rechargeable 2.0 V silver-zinc battery comprising charging the battery with first charge
current, I;, having a maximum amperage, Inax, of about 10 mA or less (e.g., about 6 mA or
less); clocking time once the battery is charged to a voltage of 1.90 V; modulating the first
charge current, I, so that the voltage of the battery is restricted to about 2.03 V or less;
arresting the first charge current, I;, once from between about 10 min to about 30 min (e.g.,
about 20 min) has been clocked; charging the battery with second charge current, I, having a
maximum amperage, Imax, of about 10 mA or less (e.g., about 6 mA or less) wherein the
second charge current I, is modulated so that the voltage of the battery is restricted to about
2.0 V or less; clocking time 60 seconds after charging with second charge current, I, begins;
measuring the lowest amperage, Ij,w, of charge current I, when time is being clocked; and
arresting charge current I when the amperage of I, is below L4 for a period of 60 continuous

seconds if the amperage of I is I, for a period of 2 continuous seconds while time is being
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clocked; or arresting charge current I, once the battery is charged with from about 40% to
about 60% (e.g., about 50%) of its rated capacity with charge current I, if I,y is less than the
amperage of charge current I, after 20 minutes has been clocked, wherein the capacity
charged to the battery is determined by integrating the charge current, I, while time is being
clocked; or arresting charge current I, when the amperage of I, is below Ienq for a period of 60
continuous seconds, if I,y is greater than or equal to the amperage of I, after 20 minutes has
been clocked; or arresting charge current I, when the amperage of I, is below 1.0 V, for a
period of about 5 min or less; wherein Ieng = Icng + Tremp, Ichg = (T2 X Inax)/Tcng, Iremp is the
temperature compensation current, T is the time necessary to charge the battery from a
voltage of about 1.9 V to a voltage of about 2.0 V, 15 is the maximum current charged to the
battery, and Tcn, is the cell time constant; and the voltages have a deviation of + 0.5%, the
current amperages have deviations of +2%, and clocked times have a deviation of + 2%.
[0253] Some of these methods further comprise measuring the temperature, wherein the
temperature measurement has an accuracy of about + 5 °C (e.g., + 2 °C).

[0254] In some embodiments, the maximum amperage, Imax, is about 6 mA or less. For
example, I o« is about 5.5 mA or less.

[0255] In other embodiments, the battery has an OCV of less than about 1.70 V (e.g., about
1.65 V or less) in its discharged state.

[0256] In some embodiments, the OCV of the battery is greater than 1.25 V prior to
charging.

[0257] In other embodiments, the OCV of the battery is less than 1.25 V prior to charging.
[0258] Some embodiments further comprise charging the battery with a recovery charge
current of 1.0 mA for a period of at least 20 minutes (e.g., at least 30 minutes); and arresting
the recovery charge current when the battery is charged to a voltage of about 1.50 V or more
(e.g., about 1.6 V).

[0259] Other exemplary methods are provided, as a step-diagrams, in Figures 8A-9.

[0260] In some methods, the battery charger is a current limited voltage source. When cell
impedance is low the charger delivers maximum allowed current as set by the charge method.
As cell impedance increases, cell voltage rises to the maximum allowed voltage, and the
charge current is modulated, i.e., reduced, to maintain the battery's voltage at the maximum
allowed voltage.

[0261] In some methods, the charge voltage accuracy has a deviation of +0.5% (e.g.,

+ 10mV between 1.200-2.000 V). In other methods, the charge current accuracy has a

deviation of +2% (e.g., + 0.1 mA between 1-5 mA). In some methods, time is measured or
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clocked with an accuracy of + 2% (e.g., for a 5 hour time period, the accuracy is + 0.1 hours).
And, in some methods, the temperature measurement accuracy has a deviation of + 5 °C (e.g.,
+ 2 °C). The temperature measurement does not have to measure the cell case temperature,
only the ambient temperature.

[0262] In some methods, the cell voltage does not exceed 2.00 V for more than 1 second
continuously. Voltage excursions above this voltage limit should be due to a charge
voltage/current transition while the charger is stabilizing the charge voltage on the cell. In
Figures 10 and 13-17, the maximum charge voltage for the cell is labeled as V. Voltage
ripple is allowed in these charge methods, but the peak should not exceed 2.0V.

[0263] In some methods, V. is 1.98 V.

[0264] In some methods, the cell charge current does not fall below a minimum level, L,
for more than 5 minutes continuously. The maximum charge current for the cell is Inax.
Current ripple is allowed but the voltage peak should not exceed 2.0 V. In some methods,
Inin is 1.0 mA. In other methods, Inax is 5.0 mA (e.g., Inax is 5.0 mA when the rated capacity
of the battery is 31 mAh). In some methods, Ina is 5.5 mA (e.g., Inax is 5.5 mA when the
rated capacity of the battery is 35 mAh).

[0265] 1 Deep Discharge (Zone 1)

[0266] Another aspect of the present invention provides a method of charging a
rechargeable 2.0 V silver-zinc battery having an voltage (e.g., OCV) of less than 1.65 V
comprising

1) Charging the battery with first charge current, I;, having an amperage of 6.0
mA or less (e.g., 5.5 mA or 5.0 mA);

2) Clocking time once the battery is charged to a voltage of 1.90 V;

3) Modulating the first charge current so that the voltage of the battery is
restricted to 2.0 V or less, and the first charge current has a maximum amperage, Ijpax, of
about 10 mA or less (e.g., about 6.0 mA or less, about 5.5 mA or about 5.0 mA);

4) Continuously charging the battery with the first charge current until 20
minutes has been clocked and arresting the first charge current;

5) Charging the battery with second charge current I, wherein the charge
current I is modulated so that the voltage of the battery is restricted to 2.0 V or less, and the
second charge current has a maximum amperage, Inax, of about 10 mA or less (e.g., about 6.0
mA or less, about 5.5 mA or about 5.0 mA);

6) Arresting charge current I, when the amperage of I, is below Ieq for a period

of 60 continuous seconds, wherein Ieng = Icng + Iremp, Icng is the charge compensation current,
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Itemp is the temperature compensation current, and Ichg = (T2 X 5.0 mA)/T, Chg» Wherein T is
the time necessary to charge the battery to a voltage of about 2.0 V with the second charge
current, I>, and Tcy, is the cell time constant; or

7 Arresting charge current I, when the amperage of I, is below 1.0mA, for a
period of about 5 min or less,

wherein the voltages have a deviation of + 0.5%; the current amperages have
deviations of +2%; and clocked times have a deviation of +2%.
[0267] In some methods, a two zone approach is utilized for charging. Referring to Figures
11 and 12, zone 1 includes the steps of the charge method starting from the initial steps
through the steps charging the battery to a voltage, Vi, that is less than the natural
polarization peak. Zone 2 includes the steps of the charge method starting from about 30 s to
about 90 s after the battery is charged to Vi (€.g., at the end of T, in Figure 11) and
continues until the charge current is terminated. Charging is terminated when the charge
current drops to a termination current level in Zone 2. The termination current level depends
on which zone the cell started charging.
[0268] In some methods, as illustrated in Figure 11, when the battery voltage (e.g., OCV) is
less than or equal to 1.65 V prior to charge, the cell is deeply discharged, typically to a SOC
of less than 50% of its rated capacity. If allowed to settle, the battery's open circuit voltage
(OCV) will settle at 1.60 V. The cell is charged at I« (€.8., 5.0 mA or 5.5 mA) to a
maximum voltage of V. (€.8., 1.98 V or 2.0 V). When the cell voltage reaches 1.90 V, the
battery voltage is near the polarization peak, and a Polarization Peak timer, T, is started. The
Polarization Peak timer clocks about 20 minutes of time. While this timer is active, the
charge current will rapidly drop and recover. While the T, timer is active, the charge current
is not terminated even if the charge current falls below Iyi,. Zone 2 is entered when T timer
is complete, i.e., the timer has clocked 20 minutes. After the T timer is complete, the charge
set points are maintained at Vi (€.8., 1.98 V or 2.0 V) and I (€.8., 5.0 mA or 5.5 mA).
The charge current continues until the charge current is less than e for 60 seconds
continuously. Ie,q is the calculated charge termination current in mA, which compensates for
state of charge, cell aging, and ambient temperature. The calculation for L is expressed in
equation (1):
l,,=1¢, +1I,, )

where Icng is the charge compensation current, in mA, and Iremp is the temperature

compensation current in mA that are provided in Tables 1A and 1B:
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Table 1A: Tremp and Ienq values for 31 mAh capacity batteries.

PCT/US2011/044212

Temperature Maxm,;,'i':'n fharge Tremp L2end
>=25°C 0.0hr 0.6 4.0
15°C +1.0hr 0.4 3.5

5°C +2.0hr 0.2 3.0

0°C +2.5hr 0.0 25

Table 1B: Tremp and Leng values for 35 mAh capacity batteries

Temperature Maxim;;::n eChar ge Iremp L2end
>25°C 0.0hr 1.0 45
15°C +1.0hr 0.6 4.0

5°C +2.0hr 0.3 3.5.

0°C +2.5hr 0.0 3.0

[0269] Iy is a calculated value based on a constant current timer, T,, the measured length
of time the cell is charged under constant current in Zone 2, e.g., when I, is substantially
constant. When timer T) starts, timer T, also starts. Timer T, ends when charge current falls
below I after Ty ends. The minimum value for T, is T;. Icyg is determined with equation
(2):

Loy = (T, X 1, ) Ty, @
where Tcyg is the cell time constant in hours. Note that Tcyg is empirically determined for a
specific cell design such as the 31 mAh button cell or the 35 mAh button cell. Some values

for Tcng for 31 and 35 mAh button cells above are provided in Table 2:

Table 2: Tcyg values for two types of rechargeable button cells.

Capacity Teng
31 mAh 5.0 hours
35 mAh 5.5 hours

[0270] Note that a battery that is in its early stages of cycle life will have a lower impedance
and will accept charge more easily, which results in a longer measured T,. A longer T
results in a larger Ichg which terminates charge sooner while the charge current is higher. A
battery that is in its later stages of life will have a higher impedance and more difficulty in
accepting charge, which results in a shorter T,. A shorter T, results in a smaller Leng which

terminates charge later when the charge current is lower.
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[0271] 2. Temperature Dependence

[0272] Higher ambient temperatures increase the conductivity of the cell which allows the
battery to charge faster. Lower ambient temperatures decrease the conductivity of the battery
and require more time to charge the battery to the same capacity. As a result, the value for
maximum charge time may be modified to compensate for the effect temperature has on
conductivity.

[0273] Tables 1A and 1B, above, detail the offsets to use with the maximum charge time
based on ambient temperature. For temperatures in between the specific values indicated
below, scale the offset proportionally. Regardless of temperature, the minimum charge
current value remains the lowest acceptable charge current.

[0274] Some methods of the present invention further comprise measuring the temperature,
wherein the temperature measurement accuracy has a deviation of + 5 °C (e.g., = 2 °C).
[0275] 3. Shallow Discharge (Zone 2)

[0276] Another aspect of the present invention provides a method of charging a
rechargeable silver-zinc battery having a rated voltage of about 2.0 V comprising:

1)  Charging the battery with a modulated charge current I;, wherein the charge
current 1; is modulated so that the voltage of the battery is restricted to 2.0 V or less, and the
charge current has a maximum amperage, Ipnax, of 5.0 mA;

2)  Clocking time 60 seconds after charging begins;

3)  Measuring the lowest amperage, Ijjow, of charge current I; when time is being
clocked; and

4A) Arresting charge current I; when the amperage of I is below I;nq for a period
of 60 continuous seconds if the amperage of I; is Imax for a period of 2 continuous seconds
when time is being clocked, wherein Iyenq is the temperature dependent minimum charge
current necessary to maintain a voltage of 2.0V in the battery when the battery is charged to
an SOC of about 100%; or

4B) Arresting charge current I; once the battery is charged to an SOC of about
50%, if I jow is less than the amperage of charge current I; after 20 minutes has been clocked,
wherein the SOC of the battery is determined by integrating the charge current while time is
being clocked; or

4C) Arresting charge current I; when the amperage of I; is below Ijeyq for a period
of 60 continuous seconds, if ;0w is greater than or equal to the amperage of I after 20

minutes has been clocked; or
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4D) Arresting charge current I; when the amperage of I, is below Iy, 1.0V, for a
period of about 5 min or less; and

the voltages have a deviation of + 0.5%; the charge current amperages have
deviations of + 2%; and clocked time has a deviation of + 2%.
[0277] Some methods further comprise charging the battery with a second modulated
charge current I, wherein the second charge current I, is modulated so that the voltage of the
battery is restricted to 2.0 V or less, and the charge current amperage is restricted to a
maximum amperage, Imax, of 5.0 mA; clocking time when the voltage of the battery is 1.9V;
and continuously charging the battery with charge current I, until 20 minutes has been
clocked.
[0278] Some methods further comprise charging the battery with a second modulated
charge current I, wherein the second charge current I, is modulated so that the voltage of the
battery is restricted to 2.0 V or less, and the charge current amperage is restricted to a
maximum amperage, Inax, 0of 5.0 mA; clocking time when the voltage of the battery is 1.9 V;
and continuously charging the battery with charge current I; until 20 minutes has been
clocked.
[0279] If the battery OCV is greater than 1.65 V prior to charge, the battery has a relatively
high state of charge. If allowed to settle, the battery’s open circuit voltage (OCV) will be at
1.86 V. In this case a fixed termination charge current, Ieyq, is used.
[0280] There is a wide variation in battery impedance when charge is started in Zone 2. If
the battery is nearly fully charged at the start of charge, the cell impedance is significantly
lower than if the battery is near the transition zone. Figure 13 shows a battery starting charge
with a high state of charge versus the battery in Figure 14 starting charge near the transition
zone.
[0281] Because of this impedance variation, the Zone 2 filter timer, T, is used. Timer T3
starts 60 seconds after the start of charging. While T; is active, if the charge current reaches
Imax for 2 seconds continuously, Lenq (see Tables 1A and 1B) is used to terminate charge.
Figure 13 shows an example of this since the charge current reached I . during T3. Charge
terminated when the charge current fell below Iz.nq. Charging can terminate while T; is
active if charge current has reached I and then falls below Lyenq before T is complete (refer
to Figure 15) or any time charge current falls below Iy.
[0282] Once Tj; starts, the minimum charge current, I oy, is recorded and compared to the
charge current when T; has ended. If I, is less than the charge current at the end of T3, 50%

Of Cinax, i.€., 50 % of the SOC, is charged into the cell by integrating the charge current.
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Charging terminates when 50% of Cpax has been charged into the cell or if the charge current
falls below Iy, Figure 16 shows this as the charge current never reaches Iy, during T3 and
charge current is less than Leng When 50% of Cpax has been charged into the cell.
[0283] If I,,w is equal to or greater than the charge current at the end of T3, charging may
terminate when charge current falls below Irenq. For this case, if the charge current is already
below Iend, charging may terminate immediately.
[0284] 4. Over-Discharge Recovery
[0285] Another aspect of the present invention provides a method for charging a
rechargeable battery having an OCV of less than 1.25 V comprising:

1)  Charging the battery with a recovery charge current of 1.0 mA for a period of
at least 30 minutes; and

2)  Arresting the recovery charge current when the battery is charged to a voltage
of 1.60 V.
[0286] When the battery OCV is less than 1.25 V, the battery has been over-discharged. In
this condition, the battery may be gently charged to a minimum condition before the normal
charge method can be used. The battery is charged at Iiecoy for a minimum of 30 minutes and
until the charge voltage reaches Viov. Once the charge voltage has exceeded Viecov, charging
may transition to normal charging. The battery may not be charged for more than 1 hour at
the Iecov charge rate. Sample Viecoy and Irecov Values are presented in Table 3 for both 31 mAh
and 35 mAh button cells.

Table 3: Viecoy and Irecov values for two rechargeable batteries.

Capacity Vrecov Irecov
31 mAh, 1.60 V ImA
35 mAh

[0287] After the cell voltage reaches Viecoy, the charge current may be integrated until the
maximum capacity, Cnay, is charged into the cell, then charging may be terminated.
Subsequent charge cycles will revert back to the normal charge method. Referring to Figure
17. The estimated charge time is 7-8 hours at room temperature due to the slower start of
charge and the maximum capacity charge target.

[0288] 5. Diagnostics

[0289] a. Diagnostics — Soft Shorting

[0290] In an embodiment, one or more of the methods may also take into account a "soft
short," which is an internal short circuit caused by a zinc dendrite that momentarily pierces

the separator stack but is burned back by the short circuit current. For comparative purposes,
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a charge curve that does not include a soft short is shown in Figure 7A whereas a charge
curve including a soft short is shown in Figure 7B. It is noted that soft shorts are an expected
failure mode for silver-zinc batteries.

[0291] Soft shorts typically occur during charging in the upper plateau at the highest
voltage level across the electrodes. After each burn-back event, the zinc dendrite grows
larger and is able to carry more short circuit current until the dendrite vaporizes or dissolves.
A soft short progressively gets worse until it ultimately forms a "hard short," which is
described in greater detail below.

[0292] Typically, soft shorts will occur in one charge cycle and not reappear until several
cycles later as it takes time for the dendrite to grow back. Initially, the soft shorts will
slightly reduce the rated charge capacity of the silver-zinc cell, and, as the zinc dendrite is
able to carry more current, the rated charge capacity of the silver-zinc cell will be even
further reduced. Accordingly, early detection of soft shorts may allow one or more of the
methods associated with the system to communicate to the user that the silver-zinc battery
may have to be replaced at some point in the future.

[0293] To account for battery shorting, some methods of the present invention optionally
comprise generating an electrical signal if the voltage of the battery is lower than Vp for a
period of 2 seconds or more, which may be indicative of a soft short in the battery.

[0294] In a multi-zone charge method, a soft short first appears in the Zone 2 charging step
since the potential is highest and is most favorable to drawing current through the dendrite. If
the charge voltage in Zone 2 is less than or equal to the voltage plateau, Vp, (e.g., 1.90 V) for
a period of more than 1 second, (e.g., about 2 seconds or more) continuously, once the battery
has been charged to a voltage of V», the soft short diagnostic may be confirmed. Some
methods of the present invention include generating an electrical signal when the soft short is
confirmed.

[0295] b. Diagnostics — Hard Shorting

[0296] In an embodiment, one or more of the methods may also take into account a "hard
short,” which renders the silver-zinc cell as being inoperable as a result of the hard short
completely discharging the silver-zinc cell, causing the voltage of the cell to drop to nearly
0.00V. Typically, hard shorts are caused by dendrite shorts through the separators, which are
internal structures that compromise the insulating barrier between the can and lid resulting in
zinc dendrite growth under or around the gasket and external conductive bridges from can to

lid. Separators are typically designed to withstand dendrite growth, but at the end of life of
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the battery, the separators will become weaker and eventually may allow dendrites to grow
through, causing a 'hard short'.

[0297] A silver-zinc cell with a hard short can be distinguished from an over-discharged
silver-zinc cell during an over-discharge recovery event (see, e.g., steps S.302, S.303' of the
charge method 300). For example, if the voltage of the cell, V, does not reach the Vecov
within the specified time limit (e.g., within about one (1) hour, which is seen, e.g., at step
S.302), the chargé method 300 may determine that the silver-zinc cell has a hard short and
may be advanced from step S.302 to step S.303". In an embodiment, when determining if the
silver-zinc cell includes a hard short, the charge method 300 may consider a minimum OCV
detection level of about 0.100V to about 0.300V.

[0298] A hard short renders the cell inoperable due to its completely discharging the cell
and causing the cell voltage to drop to nearly zero (0) V.

[0299] Hard shorts are caused by dendrite shorts through the separators, internal mechanical
issues that compromise the insulating barrier between the can and lid, zinc dendrites that
grow under or around the gasket, and external conductive bridges from can to lid.

[0300] A cell with a hard short can be distinguished from an over-discharged cell during the
Over-Discharge Recovery charge. If the cell voltage does not reach the Ve, within the
specified time limit, i.e., 1 hr, the cell has a hard short.

[0301] c. Detection

[0302] A high impedance cell has difficulty getting the charge capacity back into
electrodes. A cell with this condition gradually requires more time to become fully charged.
This results in longer charge times and lower current thresholds. Eventually, as the
impedance rises, the cell will no longer charge to full capacity within 6 hours at room
temperature. The capacity tends to gradually drop with each successive cycle when less
charge is put back into the cell.

[0303] High impedance cells are caused by the zinc anode gradually densifying and
becoming more difficult to charge, aging of the cell which affects how efficiently the
electrodes accept charge and electrolyte imbalance which can occur when the separators are
blocked and do not allow water transfer to efficiently occur.

[0304] In an embodiment, one or more of the methods may also take into account a silver-
zinc cell having a relatively high impedance, which may result in the silver-zinc cell having
difficulty in getting the charge back into electrodes. Typically, a high impedance silver-zinc
cell is usually caused by the zinc anode gradually densifying and becoming more difficult to

charge, thereby aging silver-zinc cell, which may affect (a) how efficiently the electrodes
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accept charge, and (b) electrolyte imbalance, which may occur when the separators are
blocked and do not allow water transfer to efficiently occur.

[0305] In one embodiment, when Iy, terminates charge, the high impedance/capacity fade
diagnostic is confirmed. Multiple high impedance/capacity fade warnings may be confirmed
before warning the user.

[0306] d. Incorrect Battery Chemistry

[0307] As noted above, the methods of recharging batteries according to the present
invention are not compatible for all types of batteries. It is appreciated that many cells
having a non-silver-zinc chemistry may share the same casing geometry as that of the silver-
zinc cell; as such, when designing the one or more methods, the different chemistries should
be kept in mind and considered in order to prevent a user from attempting to recharge a cell
having a non-compliant chemistry. For example, in an embodiment, similar cell casing may
not include a silver-zinc chemistry, but rather, for example: zinc-air (ZnO;), nickel-metal
hydride (NiMH) or the like.

[0308] Zinc-air batteries or manganese-oxide batteries may undergo gassing or explode
when some charging methods of this invention are applied to the cell. To avoid this, some
charging methods of the present invention further comprise a step or series of steps that
assess the chemistry of the battery being charged, and if battery is assessed to have
incompatible charging characteristics, the charge method is terminated. These steps may
occur upon charging the battery or upon discharging the battery.

[0309] Zinc-air and NiMH cells tend to have a slower charge voltage rise than AgZn when
charged at Ip;s,. The rise in charge voltage can be measured and the zinc-air and NiMH cells
identified. If the cell voltage before charge is between 1.25 V and 1.65 V and the cell voltage
has not exceeded 1.55 V after 3 seconds of being charged at Ipi,, the cell is zinc-air or
NiMH. For zinc-air and NiMH cells where the cell voltage before charge is less than 1.25 V,
the over-discharge recovery method is used for detection. Over-discharged zinc-air and
NiMH cells will not reach Vecov When charged at Irecoy for 1 hour. Ipiag values for two
batteries are provided in Table 4:

Table 4: Ipjsg values for 2 batteries.

Capacity | Ipisg
31 mAh | 8 mA
35 mAh | 10 mA
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[0310] A partially discharged Ag,O or silver-oxide cell looks nearly identical to AgZn
during charge because the anode and cathode are the same chemistry. As a result, the Ag,O
cell may be charged up to V;. When V| is reached, the charge current in an Ag,O cell will
drop similar to AgZn. The differentiator is that the charge current for Ag,O typically drops
below 1.0 mA and never recovers to a higher level. The AgZn cell also has a charge current
drop when V| is reached, but the charge current drop is only momentary before the current
rises back up again before the polarization peak timer is complete. The inflection point of the
charge current is used to identify AgZn. An inflection is defined as a rise of 0.5 mA or more.
A fully discharged Ag,O cell has a fairly slow voltage rise during charge. This is detected by
measuring the voltage rise after the charge voltage has exceeded 1.80 V. The AgZn cell will
reach V, within 5 minutes after reaching 1.80 V, but the Ag,O cell will take much longer.
The silver-oxide chemistry may take as long as 1 hour to detect but the cell is not damaged
and will take charge during this time.

[0311] A deeply discharged alkaline cell also has a slower charge voltage rise than AgZn
and can be detected similar to zinc-air and NiMH. A fresh alkaline cell has an open circuit
voltage closer to AgZn and Ag;O. As a result, it may be charged up to V| and then the
charge current may be monitored like Ag,O during the polarization peak timer.

[0312] Referring to Figure 8D, the above-mentioned charging method 400 is described in
accordance with an embodiment of the invention. In an embodiment, the charging method
400 includes several branches, each including a different outcome in determining if charging
of a cell interfaced with / connected to the system should or should not proceed. In
circumstances where charging should not proceed, the reason may include any of the
following, such as, for example: (a) an attempt to charge a cell having a non-compliant
chemistry, or, for example: (b) the cell includes a compliant chemistry, but, for example,
includes an impermissibly high impedance.

[0313] However, if the cell to be charged by the system includes an appropriate OCV
criteria (e.g., the OCV, V, at the outset of the charging period is greater than or equal to
about, for example, 1.65V) the method 400 may be advanced from step S.401 to step S.402
(ie., at step S.402, the method 400 may be advanced to one of the "multi-stage charge mode"
at step S.102' or the "single-stage charge mode" at step S.202). Conversely, if, however, the
cell to be charged by the system 50 does not include an appropriate OCV criteria (e.g., the
OCV, V, at the outset of the charging period is less than 1.65V), the method 400 may be
advanced from step S.401 to step S.402' in order to further investigate the OCV of the cell to
be charged by the system 50.
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[0314] 1. Branch S.402'-S.405'

[0315] At step S.402', for example, the method determines if the OCV of the cell is greater
than or equal to about approximately 1.2V and less than or equal to about approximately
1.45V. If the above condition at step S.402' is true, the method 400 is advanced from step
S.402' to step S.403' where the cell is charged at 8 mA until the voltage of the cell is equal to
about approximately 1.55V or the time of charging is about equal to three (3) seconds. The
method 400 is then advanced from step S.403' to step S.404' to determine if the voltage of the
cell is less than 1.55V within three (3) seconds of being charged at 8mA. If the above
condition at step S.404' is not true, then the method 400 is advanced to step S.405' where
charging is ceased due to the cell potentially having a non-compliant chemistry of one of
Zn0,, NiMH, alkaline or the like. If, however, the condition at step S.404' is true, then the
method 400 is advanced from step S.404' to step S.404", which is discussed in greater detail
in the foregoing disclosure.

[0316] 2. Branch S.402' and S.403"-S.407"

[0317] Referring back to step S.402', another branch of the method 400 is discussed. At
step S.402', it may be determined that the condition is not true (i.e., the OCV may be greater
than or equal to 1.2V but .less than or equal to 1.45V), and, as such, the method 400 is
advanced from step S.402' to S.403". At step S.403", for example, the method 400
determines if the OCV of the cell is greater than about approximately 1.45 V and less than
about approximately 1.65 V.

[0318] If the above condition at step S.403" is true, the method 400 is advanced from step
S.403" to step S.404" where the cell is charged at 8mA until the voltage of the cell is equal to
about approximately 1.98 V or until the charge current, I, drops. The method 400 is then
advanced from step S.404" to S.405" where it is determined if the cell reaches Vi within
five (5) minutes in reference to period of time when the cell voltage was 1.8 V.

[0319] If the above condition at step S.405" is true, then the method 400 is advanced from
step S.405" to step S.406" to determine if the charge current, I, is less than 1mA during the
polarization peak timer, T;. If the above condition at step S.405" is true, then the method 400
is advanced from step S.406" to step S.407" where charging is ceased due to the cell
potentially having a non-compliant chemistry (e.g., the cell is an alkaline cell) or the cell
includes a compliant chemistry (e.g., Ag,O / AgZn), but, however, includes an impermissibly
high impedance. Similarly, if the condition at step S.405" is not true, then the method 400 is

advanced from S.405" to step S.407" where charging is ceased. Further, if the condition at
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step S.406" is not true, then the method is advanced from step S.406" to step S.407", which is
discussed in greater detail in the foregoing disclosure.

[0320] When considering step S.406" described above, it will be appreciated that an Ag,O
or "silver I oxide" cell behaves nearly identical to an AgZn or "silver II oxide" cell during
charging because the anode and cathode are the same chemistry; as a result, the Ag>O cell
may be charged up to Vmax; when Vi, is reached, the charge current in an Ag,O cell will
drop similarly with respect to an AgZn cell. The differentiator, however, is that the charge
current for an AgyO cell typically drops below 1mA and usually does not recover to a higher
level. Further, the AgZn cell also has a charge current drop when V. is reached, but,
however, the charge current drop is only momentary before the current rises back up again
before the polarization peak timer is complete. Yet, even further, an empty Ag;O cell has a
fairly slow voltage rise during charge, which may be detected by measuring the voltage rise
after the charge voltage has exceeded 1.8 V. Further, an AgZn cell will quickly reach Viax
after reaching 1.8 V, but, however, the Ag;O cell will take much longer.

[0321] 3. Branch S.402', S.403" and S.403"-S.405"

[0322] Referring back to step S.402', another branch of the method 400 is discussed. At
step S.402', it may be determined that the condition is not true (i.e., the OCV may be less than
1.2 V or greater than 1.45 V), and, as such, the method 400 is advanced from step S.402' to
S.403". At step S.403", for example, the method 400 determines if the OCV of the cell is
greater than about approximately 1.45 V and less than about approximately 1.65 V. At step
S.403", it may be determined that the condition is not true (i.e., the OCV may be less than 1.2
V), and, as such, the method 400 is advanced from step S.403" to S.403".

[0323] Atstep S.403"', the cell is charged 1mA until the cell reaches 1.6 V. The method
400 is then advanced from step S.403™ to S.404" where it is determined if the voltage of the
cell reaches 1.6 V within one (1) hour. If the above condition at step S.404" is not true, then
the method 400 is advanced to step S.405™ where charging is ceased due to the cell
potentially having a non-compliant chemistry of one of ZnO,, NiMH, alkaline or the like. If,
however, the condition at step S.404™ is true, the method is advanced to step S.404", which
has been discussed above and is not repeated here for brevity purposes.

[0324] 4. Branch S.402', S.403"-S.406" and S.407"

[0325] Attention is now drawn to step S.407". Step S.407" is arrived at if the condition
described above at step S.406" is not true. At step S.407", the method 400 determines if the
charge current, I, exhibits an inflection (i.e., an inflection is defined as a rise of 0.5mA or

more) during the polarization peak timer, T;. If the above condition at step S.407" is true, the
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inflection may indicate that the cell is a silver-zinc cell and that the silver-state of the silver
zinc cell is AgZn or "silver II oxide"; as such, the method 400 is advanced from step S.407"
to step S.402 (i.e., at step S.402, the method 400 may be advanced to one of the "multi-stage
charge mode" at step S.102' or the "single-stage charge mode" at step S.202). Conversely, if,
however, the condition at step S.407" is not true, the method 400 is advanced from S.407" to
step S.407" where charging is ceased.

[0326] In some methods of the present invention, the battery assessment occurs during
charging and comprises charging the battery with a charge current for a set period of time and
determining whether the initial voltage rise rate meets a threshold value, and if the voltage
rise rate fails to meet the threshold value, charging is terminated. For example, when a
battery is discharged to an SOC of about 50% or less of the rated capacity, the battery is
initially charged with a diagnostic charge current, Ip;,g, for a short period of time (e.g., less
than 10 seconds), and the voltage of the battery is measured. If the voltage of the battery fails
to meet a threshold value (e.g., about 1.65 V), then charging is terminated.

[0327] In some embodiments, any of the charging methods above further comprise charging
a battery with a diagnostic charge current, Ipi,g, of about 8 mA for a period of less than about
7 seconds (e.g., less than about 5 seconds, or about 3 seconds), and if Vg, is less than or
equal to about 1.65 V (e.g., less than or equal to about 1.55 V), then terminating the charge
method.

[0328] In other embodiments, any of the charging methods above further comprise charging
a battery with a diagnostic charge current, Ipi,g, of about 8 mA for a period of less than about
7 seconds (e.g., less than about 5 seconds, or about 3 seconds), and if the increase in SOC of
the battery is not at least 0.02 %, then terminating the charge method.

[0329] In one example, the assessment occurs upon discharge of the battery. For instance,
at the end of discharging the battery, the change in the average battery voltage per unit time is
measured when Vg, is between 1.4 V and 1.15 V (e.g., between 1.4 V and 1.2 V), and if the
change is not greater than or equal to 60 mV during a period of 30 minutes or less (e.g., 15
minutes or less, 10 minutes or less, or 5 minutes or less), then an electrical signal is generated
that alerts the user that the battery should not be charged according to the methods of the
present invention.

[0330] One embodiment comprises determining the change in the average battery voltage
per unit capacity at the end of discharging a battery, e.g., when DOD is about 70% or less,
when DOD is about 90% or less, or when DOD is about 95% or less, and if the change in

battery voltage per unit time is not greater than or equal to 60mV over a 3% change in the
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DOD, then generating a signal, e.g., an audio signal, a visual signal, a vibration signal, or any
combination thereof, that alerts the user that the battery should not be recharged according to
the present invention. Or, if the change in battery voltage per unit time is greater than or
equal to 60mV over a 3% change in the DOD, then generating a signal, e.g., an audio signal,
a visual signal, a vibration signal, or any combination thereof, that alerts the user that the
battery should be recharged according to the present invention. Other embodiments comprise
generating a signal that communicates with the charge management system and enables or
disables the charging of the battery according to the methods of the present invention
depending on the results of the assessment.

[0331] 6. Assessing the SOC of a Recharging Battery

[0332] The capacity of a battery that is recharged according to a method of the present

invention, and the associated SOC, may be calculated using equation (3), below:
T Tinat
Capacity = [IdT+ [ I(T)dT  (3)
0 T,

wherein Tcc is constant current time, I¢c is the substantially constant current, Icy is the
controlled current, which maintains a constant voltage in the battery, and Ty, is the time at
which the charging terminates. The capacity may be approximated using mathematical
approximation methods to determine the capacities of each of the integrals in equation (3).
[0333] In some methods of the present invention, Coulomb counting may be used to
determine capacity of electrical energy that is charged to a rechargeable battery.

[0334] Other methods approximate the electrical capacity based on the time necessary to
charge the battery to a certain voltage.

[0335] One exemplary method of approximating a battery's capacity or determining when a
battery is charged to a SOC of about 80% or more of its rated capacity for a battery that is
charged to V, and V; according to several methods of the present invention is to measure the
time required for the voltage of the battery to reach V; from the voltage V;. This time is then
used to determine L, by use of the equation (4), below:

I +mT, ~T,) @

er — 1 comp
where I¢omp is the minimum charge current for a given temperature, the term (Ty2-Tv))
represents the amount of time required for the battery to charge from V; to V,,and mand Y
are constants. If equation (4) gives a value for I that is less than I, then, li;= I,. One way
of determining Y and m is to test a population of batteries of the same general design as the
batteries intended to be charged using the present method using various values for m and Y

(e.g., Yis 1, Y is between 0.25 and 4.0, or Y is between 0.3 and 3) and selecting the m and Y
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values from batteries that demonstrate the longest cycle life. One way to determine Ieomp is to
test a population of batteries of the same general design as the batteries intended to be
charged using the present method using various values for Icomp at several temperatures and
choose the value Leomp at each temperature such that shorting of the cell does not occur. Liomp
is typically a current that would fully charge a cell from 0% SOC to 100% SOC in a time
period of between 5 to 200 hours (e.8. Leomp is 1 mA, Leomp 1s 10mA to 0.01mA, Lcomp is 7mA
to 0.1mA at a temperature of 23 °C). In some examples, such as for some button cells, Leomp
is 1 mA at a temperature of about 23 °C, m is 1 mA/hour and Y is 1.

[0336] When the battery is charged to V, and the charge current I is controlled, the
controlléd I, charge current is terminated when I, equals I;, which occurs when the battery is
charged to a SQC of 80% or more (e.g., 90% or more, 95% or more, 99% or more, or about
100%) of its rated capacity. |

[0337] Another exemplary method of approximating a battery's capacity or determining
when a battery is charged to a SOC of about 80% or more of its rated capacity for a battery
that is charged to V; and V; according to several methods of the present invention is to
measure the time required for the voltage of the battery to reach V, from the voltage V, for
the current charge cycle and the time to reach V, and V| from previous charge cycles. These
times are then used to determine I by use of a piece-wise continuous equation similar in

form to the equation (5) , below:
L,=1,,+mT, -T,) +Y m(T, ,-T, )" (5
i=l

where Icomp is the minimum charge current for a given temperature, the term (Ty,-Ty,)
represents the amount of time required for the battery to charge from V, to V,, and m and Y
are constants. If equation (5) gives a value for I, that is less than I, then L= 1,. One way
of determining Y and m is to test a population of batteries of the same general design as the
batteries intended to be charged using the present method using various values for m and Y
(e.g., Yis 1,Y is between 0.25 and 4.0, or Y is between 0.3 and 3) and selecting the m and Y
values from batteries that demonstrate the longest cycle life. One way to determine Lomp is to
test a population of batteries of the same general design as the batteries intended to be
charged using the present method using various values for Icomp at several temperatures and
choose the value Leomp at each temperature such that shorting of the cell does not occur. Leomp
is typically a current thélt would fully charge a cell from 0% SOC to 100% SOC in a time
period of between 5 to 200 hours (e.g. Leompis 1 mA, Icomp is 10mA to 0.01mA, Icomp is 7mA

to 0.1mA at a temperature of 23 °C). In some examples, such as for some button cells, Leomp
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is 1 mA at a temperature of about 23 °C, m is 1 mA/hour and Y is 1. The subscript, i, in the
sum of equation (5) ranges from the previous cycle to the present one,i=1,andi=n, a
number further previous to the current cycle. The number n is typically less that 10 or less
than 5. One way of determining Y; and myj; is to test a population of batteries of the same
general design as the batteries intended to be charged using the present method using various
values for m; and Y (e.g., Yiis 1, Y; is between 0.0 and 4.0, or Y; is between 0.3 and 3) and
selecting the m; and Y; values from batteries that demonstrate the longest cycle life. The sum
in equation (5) could also be replaced by a term that is a function of the time derivative or
difference of (Ty»-Tv)), i.e., equation (6), where A denotes the difference operation and x

denotes the first, second, or third difference.

n AT, T, )"
I, =1, +mT, =T,) +> m Bri Ty,

ter — * comp X
i=l A’

(6)

when the battery is charged to V; and the charge current I, is controlled, the controlled I,
charge current is terminated when I, equals I.;, which occurs when the battery is charged to a
SOC of 80% or more (e.g., 90% or more, 95% or more, 99% or more, or about 100%) of its
rated capacity.

[0338] Another exemplary method of approximating a battery's capacity or determining
when a battery is charged to a SOC of about 80% or more of its rated capacity for a battery
that is charged to V, and V, according to several methods of the present invention is to
measure the time required for the voltage of the battery to reach V, from the voltage V, for
the current charge cycle and the time to reach V3 and V, from previous charge cycles. These
times are then used to determine I, by use of any of the known delayed feedback control
methods or extended time-delay autosynchronization methods.

[0339] 7. Dynamic Modulation of Vi, V5, I, I, and I,,,

[0340] The charge parameters V, V2, I;, I, and L, are not necessarily constant from cycle
to cycle but can be modulated to optimize various performance characteristics. Examples of
these performance characteristics are: providing constant discharge capacity over a number of
cycles, maintaining constant charge time over the life of the battery, increasing the number of
cycles to a minimum capacity, healing soft shorts, and recovering performance after an over
discharge event. The charge parameters, V, Vy, I, I and I, can be modulated by use of
any of the known delayed feedback control methods or extended time-delay
autosynchronization methods such as those described in I. Kiss, Z. Kazsu and V. Gaspar;
Chaos 16 033109 (2006), which is hereby incorporated by reference in its entirety, where

different performance characteristic from previous charge and/or discharge cycles are used
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with current charge parameter to modulate one or more of the charge parameters for the
current charge cycle. Each of the charge parameters can be modulated by different methods
at the same time. Examples of performance characteristics that can be used in the control
methods are end of discharge voltage, open circuit voltage, time on standby, total charge
time, average discharge voltage, lier or Ty2-Ty;.

[0341] III. CHARGING APPARATUS

[0342] In some embodiments, a rechargeable battery is coupled to a host device (e.g., an
electronic device such as a cell phone, PDA, laptop computer, flashlight, portable audio
device, and/or portable video device) that comprises a charging management system (e.g.,
hardware, firmware, and/or software). In other embodiments, the rechargeable battery
comprises a charging management system, wherein the rechargeable battery couples to a host
device, such as a cellular phone, laptop computer, portable audio device (e.g., mp3 player), or
the like, that includes the battery charging management system. One such system is
described in U.S. Pat. No. 6,191,522, And, in some embodiments, the charging management
system or circuitry is divided among the host device (e.g., electronic device powered by the
battery), the battery itself, a charging base, or any combination thereof. Although some of
the foregoing disclosure is directed to a battery and a host device, it will be appreciated that
the terms "battery" and "host device" are directed to an embodiment of the claimed invention
and that the application-specific description of a "battery" and a "host device" should not be
used to limit the scope of the claims.

[0343] In an embodiment, the battery has a rated charge capacity of about 50% or less of
the cell's actual capacity. When the battery is said to be "fully charged", the cell has a SOC
of about 100% of the battery's rated capacity. When the battery powers a host device, such as
an electronic device, the SOC of the battery decreases. A rechargeable battery is recharged
when electrical energy is delivered to the rechargeable battery. One or more methods for
recharging the rechargeable battery is described above and shown generally at 100, 200, 300
and 400 in Figures 8 A-8D, respectively.

[0344] In an embodiment, the system may include, for example, a charging dock or
charging base such as the charging dock or base described in U.S. Pat. No. 6, 337, 557. In
other embodiments, the system may include recharging hardware comprising a circuit, as
depicted in Figure 1. The rechargeable battery may be directly docked with or otherwise
placed upon a charging base such that the charging base is able to directly or indirectly
recharge the battery. In another example, the battery may be coupled to the electronic device,

and, in an embodiment, the electronic device may be directly docked with or otherwise
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placed upon the charging base such that charging base is able to directly or indirectly
recharge the rechargeable battery. In one embodiment, the charging base may be connected
to a mains power system, which is shown generally at AC, in order to permit the rechargeable
battery to be recharged.

[0345] In an embodiment, a "direct” charging method may include, for example, a "direct
wired contact” including, for example, one or more electrical contacts / leads extending from,
for example, one or more of the rechargeable battery, electrical device, and charging base
such that the electrical contacts / leads permit power to be delivered from, for example, the
mains power system to the rechargeable battery. In an embodiment, an "indirect" charging
method may include, for example, "inductive charging” such that a electromagnetic field may
transfer energy from, for example, the charging base that is connected to the main power
system, and one or more of the rechargeable battery and electronic device.

[0346] In an embodiment, the rechargeable battery is a button battery; however, other
embodiments of the present invention comprise a rechargeable battery comprising a plurality
of electrochemical cells that are arranged electrically in series, and methods of charging such
batteries. Other rechargeable batteries useful in the present invention also include cylindrical
cells and prismatic cells.

[0347] Insome embodiments, the rechargeable battery comprises two electrodes (i.e., an
anode and a cathode) and an electrolyte (i.e., a substance that behaves as an electrically-
conductive medium for facilitating mobilization of electrons and cations). Electrolytes may
include mixtures of materials such as, for example, aqueous solutions of alkaline agents (e.g.,
aqueous NaOH, aqueous KOH, or a combination thereof). Some electrolytes may also
comprise additives, such as buffers including a borate, phosphate, or the like. Some
exemplary cathodes in batteries of the present invention comprise a silver material. And,
some exemplary anodes in batteries of the present invention comprise zinc.

[0348] In an embodiment, the cathode of the rechargeable battery comprises a silver
material. In an embodiment, the anode of the rechargeable battery may comprise zinc (Zn).
Accordingly, in view of the potential chemistry of electrodes of the rechargeable
electrochemical battery described above, the rechargeable electrochemical battery may be
referred to as a "silver-zinc battery."

[0349] In an embodiment, the silver-zinc battery includes an alkaline electrolyte comprising
an aqueous hydroxide of an alkali metal. In an embodiment, the electrolyte may comprise
lithium hydroxide (LiOH), sodium hydroxide (NaOH), potassium hydroxide (KOH), cesium
hydroxide (CsOH), rubidium hydroxide (RbOH), or any combination thereof. Although
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several electrolytes are described above, it will be appreciated that the silver-zinc battery is
not limited to a particular electrolyte and that the silver-zinc battery may include any
desirable electrolyte. ’

[0350] In an embodiment, the silver-zinc battery may be recharged in a controlled manner.
In an embodiment, the system for recharging the silver-zinc battery may include recharging
management circuitry, that is illustrated as a circuit diagram in Figure 1.

[0351] In an embodiment, the recharging management circuitry permits recharging of the
silver-zinc battery in a controlled manner. In an embodiment, the recharging management
circuitry may be included within one or more of the silver-zinc battery, such as the battery
described in U.S. Pat. No. 7,375,494, the electronic device and the charging base. In an
embodiment, the recharging management circuitry may be provided as a processor, logic
circuitry or a combination thereof. Some aspects of other recharging systems useful for
performing the charging methods of the present invention include those described in U.S. Pat.
Nos. 7,018,737, 6,181,107; 6,215,276; 6,040,684; and 6,931,266; and U.S. Patent
Application Publication Nos. 20050029989; 20030040255.

[0352] In an embodiment, the recharging management circuitry, as exemplified in Figure 1,
permits recharging of the silver-zinc battery in a controlled manner. In an embodiment, the
recharging management circuitry may be included within one or more of the silver-zinc
battery, the electronic device and the charging base. In an embodiment, the recharging
management circuitry may be provided as a processor, logic circuitry or a combination
thereof.

[0353] In an embodiment, the charge methods 100-400, which may be accomplished by the
recharging management circuitry for the rechargeable battery may employ one or more
modulated charge currents (e.g., I; and/or I,) that, in some embodiments, is described as
constant-current, constant-voltage (CC-CV) charge currents. As seen in the charge curve
plots in Figures 2, 4, 5, 6, 7A, and 7B, the controlled charge currents employed in the charge
methods 100-400 charge the battery with a maximum charge current up to a charge current
ceiling (e.g., Imax Or Iomax) until the battery is charged to a maximum voltage (e.g., V; or V) at
which point the charge current is continued at the maximum current or reduced, so that the
voltage of the charging battery does not rise above the maximum voltage. And, when the
voltage of the battery drops below the maximum voltage, the charge current is increased up to
a maximum charge current until the voltage of the battery reaches the maximum voltage, the
charge current is arrested, or the charging process/method enters another zone, such as in the

multi-stage charge process.
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[0354] Further, in an embodiment, one of, or, a communication of two or more of the
charge methods 100-400, which may be provided by the recharging management circuitry,
for battery may include at least two different modes of charging, which may be dependent
upon, for example, the capacity of the silver-zinc battery. In an embodiment, the modes of
charging comprise a multi-stage charge mode (see, e.g., method 100) and a single-stage
charge mode (see, e.g., method 200). Other embodiments further comprise an optional "over-
discharge recovery charge mode" (see, €.g., method 300) and/or a "battery diagnostic
investigation charge mode" (see, e.g., method 400).

[0355] Accordingly, it will be appreciated that because a user may utilize an electronic
device for about eighteen (18) hours, the remaining balance (in time) of a twenty-four (24)
hour period only leaves about six (6) hours to recharge the silver-zinc battery. As such, in
designing one or more of the charge methods 100-400, an embodiment of a maximum charge
time of the silver-zinc battery may be about six (6) hours. Thus, it will be appreciated that, if,
for example, the user operates the electronic device for about eighteen (18) hours, the user
may be permitted to recharge the silver-zinc battery to about full capacity in about six (6)
hours when, for example, the user is not using the electronic device and may, for example, be
sleeping. In other words, a six (6) hour charging period may be referred to as an embodiment
of the above-mentioned single stage charge mode.

[0356] However, in an embodiment, it will also be appreciated that, if, for example, the user
operates the electronic device for a period of time (e.g., the user operates the electronic
device for about eighteen (18) hours) and forgets to recharge the silver-zinc battery, the
silver-zinc battery may have to be quickly recharged in order to input electrical capacity into
the battery and render the electronic device operable for at least a shortened period. In such a
circumstance, the recharging of the silver-zinc battery may have to be expedited in a manner
such that the battery's SOC is at least partially restored over an abbreviated charging time;
thereby, rendering the electronic device operable for a period of time. Accordingly, in an
embodiment, one or more of the charging methods 100-400 may also be designed in a
manner that charges a battery having an SOC of less than 40% to a SOC of about 40% within
about 1 hour of charging. In other words, a one hour charging period may be referred to as
an embodiment of the above-mentioned multi-stage charge mode.

OTHER EMBODIMENTS

[0357] The embodiments disclosed herein have been discussed for the purpose of
familiarizing the reader with novel aspects of the invention. Although preferred

embodiments of the invention have been shown and described, many changes, modifications
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and substitutions may be made by one having ordinary skill in the art without necessarily

departing from the spirit and scope of the invention as described in the foliowing claims.
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WHAT IS CLAIMED 1IS:

1. A method of charging a rechargeable battery having multiple voltage plateaus
wherein the battery has a voltage, Viay, that is less than its highest voltage plateau
comprising:

charging the battery with a first charging current, I,, wherein the first charging
current, I}, is applied until the battery is charged to a voltage, V|; and

controlling the first charging current, I;, when the voltage of the battery is V|, so that
the voltage of the battery is maintained at V,; with a deviation of no more than about + 20%
of Vi,

wherein voltage, V|, is less than the voltage of a natural polarization peak, Vpp,
associated with a voltage plateau, Vp, that is higher than Vg, and V| is greater than the

voltage plateau, Vp.

2, The method of claim 1, further comprising:

charging the battery with a second charging current, I, wherein the second charging
current, I, is applied after the first charging current, I;, until the battery voltage reaches a
voltage, V,, wherein the voltage, V,, is greater than Vp, and less than Vpp; and

controlling the second charging current, I, when the voltage of the battery reaches the
voltage, V, so that the voltage of the battery is maintained at V, with a deviation of no more

than about + 20% of V,.
3. The method of claim 2, wherein the second charging current, I, is applied at least
until the battery is charged to a SOC of from about 80% to about 150% of the battery's rated

capacity.

4, The method of any one of claims 1-3, wherein I, is substantially constant until the

battery is charged to a voltage, V.

5. The method of claim 4, wherein I, is substantially constant until the battery is charged

to a voltage, V.
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6. The method of any one of claims 1-5, wherein the first charging current, 1, is
sufficient to charge the battery to voltage, V|, in a period of from about 1 min to about 300

min when the battery's initial SOC is less than 40% of its rated capacity.

7. The method of any one of claims 1-6, wherein the first charging current, I, is
sufficient to charge the battery to a voltage of V, in a period of from about 5 min to about 240

min, when the battery's initial SOC is less than 40% of its rated capacity.

8. The method of any one of claims 1-7, wherein the first charging current, I}, is
sufficient to charge the battery to a voltage of V| in a period of from about 10 min to about 90

min, when the battery's initial SOC is less than 40% of its rated capacity.

9. The method of any one of claims 1-5, wherein the first charging current, Iy, is
sufficient to charge the battery to a voltage of V| in a period of about 75 min or less, when

the battery's initial SOC is less than 40% of its rated capacity.

10. The method of any one of claims I-5, wherein the first charging current, I, is
sufficient to charge the battery from a SOC of less than 30% of its rated capacity to an SOC

of from about 30% to about 40% of its rated capacity in about 240 min or less.

11. The method of any one of claims 1-5 or 10, wherein the first charging current, I, is
sufficient to charge the battery from an SOC of less than about 30% of its rated capacity to a

SOC of about 40% its rated capacity in less than about 240 min.

12. The method of any one of claims 1-11, wherein the first charging current, I;, is
controlled when the voltage of the battery is V|, so that the voltage of the battery is
maintained at V, with a deviation of no more than about + 20% of V|, for a period of from

about 6 s to about 1500 s.

13.  The method of any one of claims 2-12, further comprising:

terminating the first charging current, I;, after the voltage of the battery is maintained
at V; with a deviation of no more than about + 20% of V|, for a period of from about 6 s to
about 1200 s; and
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applying the second charging current, I, when the first charging current, I,

terminates.
14.  The method of claim 13, further comprising:

controlling the first charging current, I;, when the voltage of the battery reaches a
voltage, V|, so that the voltage of the battery is maintained at V; with a deviation of no more

than about +10% of V| for a period of from about 5 s to about 600 s.

15. The method of claim 5, wherein I, is greater than or equal to I, during the period

before the battery is charged to a voltage of V.

16.  The method of any one of claims 2-15, wherein V) is greater than or equal to V.

17. The method of any one of claims 1-16, wherein Vg, is from about 50% to about 87%
of the voltage, V.

18. The method of any one of claims 1-17, wherein I, is about 500 Amps or less.

19.  The method of any one of claims 1-18, wherein I, is from about 100 mA to about
500 Amps.

20.  The method of any one of claims 2-19, wherein I, is about 500 Amps or less.

21. The method of any one of claims 2-20, wherein I is from about 100 mA to about 500
Amps.

22.  The method of any one of claims 1-21, wherein the battery has a rated capacity of
from about 1 Ah to about 1000 Ah.

23.  The method of any one of claims 1-17, wherein I, is about 500 mA or less.

24.  The method of any one of claims 1-17 or 23, wherein I, is from about 20 mA to about
500 mA.
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25.  The method of any one of claims 2-17, 23, or 24, wherein I, is about 500 mA or less.

26.  The method of any one of claims 2-17 or 23-25, wherein L, is from about 20 mA to
about 500 mA.

27.  The method of any one of claims 1-17 or 23-26, wherein the battery has a rated
capacity of from about 200 mAh to about 1 Ah.

28.  The method of any one of claims 1-17, wherein I, is about 50 mA or less.

29, The method of any one of claims 1-17 or 28, wherein I; is from about 5 mA to about
50 mA.

30.  The method of any one of claims 2-17, 28, or 29, wherein I, is about 50 mA or less.

31.  The method of any one of claims 2-17 or 28-30, wherein I, is from about 5 mA to
about 50 mA.

32.  The method of any one of claims 1-17 or 28-31, wherein the battery has a rated
capacity of from about 50 mAh to about 200 mAh.

33.  The method of any one of claims 1-17, wherein I is about 25 mA or less.

34. The method of any one of claims 1-17 or 33, wherein I; is from about 4 mA to about

25 mA.

35. The method of any one of claims 2-17, 33, or 34, wherein I, is about 25 mA or less.

36.  The method of any one of claims 2-17 or 33-35, wherein I, is from about 4 mA to
about 25 mA.

37.  The method of any one of claims 1-17 or 33-36, wherein the battery has a rated
capacity of from about 4 mAh to about 50 mAh.
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38. The method of any one of claims 1-17, wherein I; is about 2 mA or less.

39.  The method of any one of claims 1-17 or 38, wherein I, is from about 10 pA to about
2 mA.

40.  The method of any one of claims 2-17, 38, or 39, wherein I, is about 2 mA or less.

41.  The method of any one of claims 2-17 or 38-40, wherein I, is from about 10 pA to
about 2 mA.

42.  The method of any one of claims 2-17 or 38-41, wherein the battery has a rated
capacity of from about 1 mAh to about 4 mAh.

43.  The method of any one of claims 1-42, wherein the voltage, V>, is from about 90% to
about 100% of V.

44, The method of any one of claims 1-43, wherein V, is about 2.04 V or less.

45.  The method of any one of claims 1-44, wherein V| is from about 1.96 V to about 2.04

46.  The method of any one of claims 2-44, wherein V, is about 2.03 V or less.

47, The method of any one of claims 2-44 or 46, wherein V, is from about 1.93 V to
about 2.03 V.

48.  The method of any one of claims 1-47, wherein the method excludes counting

Coulombs.
49.  The method of any one of claims 1-48, further comprising generating an electrical

signal that indicates a soft short in the battery if Vg, is lower than Vp for a period of more

than 1 second after the battery has been charged to a voltage of V,.
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50.  The method of any one of claims 1-49, further comprising charging the battery with a
diagnostic charge current, Ipiyg, for a period of less than about 30 s, detecting the voltage of

the battery, Vpay, and terminating charging of the battery if Vgqq is about 1.65 V or less.

51.  The method of claim 50, wherein Ipiy is greater than or equal to I;.

52.  The method of claim 51, wherein Ipis, is from about 5% to about 200% greater than I;.

53. The method of claim 52, wherein Ipiy is from about 30% to about 100% greater than

54, The method of claim 51, wherein Ipis is about equal to I,.

55.  The method of any one of claims 1-51, further comprising charging the battery with a
diagnostic charge current, Ip;ag that is about 10% to about 200% higher than I; for a period of
less than about 10 s, detecting the voltage of the battery, Vp,y, and terminating charging of

the battery if Vg, is about 1.60 V or less.

56.  The method of any one of claims 1-51 or 55, further comprising charging the battery
with a diagnostic charge current, Ipj,g that is about 30% to about 100% higher than I, for a
period of less than about 5 s, detecting the voltage of the battery, Vg,y, and terminating

charging of the battery if Vg, is about 1.55 V or less.

57. A method of detecting a rechargeable silver-zinc battery comprising charging the
battery with a diagnostic charge current, Ipis,, for a period of less than about 60 s, detecting
the voltage of the battery, Vpay, and terminating charging of the battery if Vg is about 1.60

V or less; wherein Ipiag is about 25 mA or less.

58. The method of claim 57, wherein the battery is charged with Ipiae for a period of about
7 s or less, detecting the voltage of the battery, Vgaq, and generating an electrical signal if
Vpan is about 1.60 V or less, wherein Ip;, is from about 20 mA to about 25 mA or about 10

mA or less.
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59.  The method of claim 58, wherein the electrical signal activates an audio alarm, a

visual alarm, a vibrational alarm, or any combination thereof.

60. A method of charging a rechargeable battery having multiple voltage plateaus
wherein the battery has an OCV that is less than about 80% of the voltage of a first sequential
voltage plateau, Vp,, comprising:

charging the battery with a recovery charging current, Iy, that is substantially
constant for a period of no more than about 120 min after the voltage of charging battery
reaches the first sequential voltage plateau, Vp, that is greater than Vpy;

charging the battery with a first charging current, I;, wherein the first charging
current, I;, is substantially constant until the battery is charged to a voltage, V;; and

controlling the first charging current, I;, when the voltage of the battery reaches the
voltage, V|, so that the voltage of the battery is maintained at V; with a deviation of no more
than about +20% of V|, for a period of from about 6s to about 900s,

wherein voltage, V|, is less than the voltage of the natural polarization peak, Vpp, for a

voltage plateau, Vp, that is higher than Vp,, and V| is greater than the voltage plateau, Vp.

61. The method of claim 60, wherein I,y is from about 5% to about 90% of I;.

62.  The method of claim 61, further comprising charging the battery with a recovery
charging current, Irecov, that is substantially constant for a period of no more than about 30
min after the voltage of charging battery, Vpa, reaches the first sequential voltage plateau,
Vp), that is greater than Vg, and

arresting the modulated second charge current when the battery is charged to a SOC
of about 100-120% of the battery’s rated capacity; or

arresting charge current I, when the charging current is below 1.0 mA, for a period of
about 5 min or less; wherein the voltages have a deviation of + 1%, the current amperages
have deviations of +2%, the temperature measurement accuracy has a deviation of no more

than +5 °C, and clocked times have a deviation of + 2%.

63.  The method of claim 62, further comprising generating an electrical signal if the
voltage of the battery, Vpay, fails to reach the first sequential voltage plateau, Vpy, that is
greater than Vg, after being charged with Loy for a period of from about 30 min to about 2

hours.
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64.  The method of claim 62, further comprising charging the battery according to any one

of claims 2-53.

65.  The method of any one of claims 1-64, wherein the rechargeable battery comprises a

button cell, a coin cell, a cylinder cell, or a prismatic cell.

66.  The method of any of claims 2-65, further comprising:

generating an electrical signal when the second charging current, I, terminates.

67.  The method of claim 66, further comprising:
activating a visual signal, activating an audio signal, activating a vibrational signal, or

any combination thereof when the second charging current, I, terminates.

68. A method of charging a rechargeable battery having multiple voltage plateaus and an
initial SOC of greater than 50% of its rated capacity, wherein the battery has a voltage, Vgay,
that is less than or equal to its highest voltage plateau comprising:

charging the battery with a substantially constant charging current, I, until the battery
is charged to a voltage, V,; and

controlling charging current, I, so that the voltage of the battery is maintained at V;
with a deviation of no more than about + 20% of V,,

wherein voltage, Vs, is greater than the voltage of a voltage plateau, Vp, and less than

the voltage of a natural polarization peak, Vpp.

69.  The method of claim 68, further comprising:
terminating the charging current, I, when I, reaches L, wherein I, is about 85% or

less of I, during the period when the battery was being charged to V».
70.  The method of claim 69, further comprising:
terminating the charging current, I, when I, reaches I, wherein I, is about 75% or

less of I, during the period when the battery was being charged to V,.

71. The method of claim 68, wherein V, is about 2.0 V or less.
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72. The method of claim 71, wherein the charge current, I, is about 6 mA when the

battery is being charged to V.

73.  The method of claim 72, further comprising terminating the charging current, I, when

I, is about 4.5 mA.

74. A method of charging a rechargeable 2.0 V silver-zinc battery having an OCV of less
than 1.65 V comprising:

charging the battery with first charge current, I;, having an amperage of 10 mA or
less;

clocking time once the battery is charged to a voltage of 1.90 V;

modulating the first charge current, I;, so that the voltage of the battery is restricted to
2.03 V or less, and the first charge current, I;, has a maximum amperage of about 10.0 mA or
less;

arresting the charging of the battery with the first charge current, I;, once 20 minutes
has been clocked;

charging the battery with second charge current, I, wherein the charge current, I, is
modulated so that the voltage of the battery is restricted to 2.0 V or less, and the second
charge current has a maximum amperage of about 10.0 mA or less; and

arresting the modulated second charge current, I;, when the amperage of the charge
current is less than the amperage of termination current, Lend, for a continuous period of 60
seconds or less, wherein the battery is charged to a SOC of about 80-150% of the battery’s
rated capacity;

wherein

Ioend = Icng + Itemp, and

Ichg is the charge compensation current, Ienp is the temperature compensation current,
Ichg = (T2 x I})/Tcng, Wherein T is the integrated time in hours starting when the charge
current reaches 1.90V and ending when the charge current begins to modulate to a value less
than I>; and T, is the cell time constant, determined for each battery size and construction;
or

arresting charge current I, when the charging current is below 1.0 mA, for a period of

about 5 min or less; and
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the voltages have a deviation of + 1%, the current amperages have deviations of 2%,
the temperature measurement accuracy has a deviation of no more than +5 °C, and clocked

times have a deviation of = 2%.

75.  The method of claim 74, further comprising measuring the temperature, wherein the

temperature measurement accuracy has a deviation of + 2 °C.

76.  The method of either of claims 74 or 75, wherein the voltage of the battery is greater
than about 1.25 V prior to charging.

77.  The method of either of claims 74 or 75, wherein the voltage of the battery is less than
about 1.25 V prior to charging.

78.  The method of claim 77, further comprising:

charging the battery with a recovery charge current, Irecov, 0f 1.0 mA for a period of at
least 30 minutes; and

arresting the recovery charge current, L.y, Wwhen the battery is charged to a voltage of

1.60 V.

79. A method of charging a rechargeable 2.0 V silver-zinc battery having an OCV of
greater than 1.65 V comprising:

charging the battery with a modulated charge current I, wherein the charge
current I, is modulated so that the voltage of the battery is restricted to 2.0 V or less (e.g.,
1.98 V), and the charge current has a maximum amperage, Iax, of about 6.0 mA or less;

clocking time 15 seconds after charging begins;

measuring the amperage of charge current I, when time is being clocked; and

arresting charge current I, when the amperage of I, is below Ienq for a period of
60 continuous seconds if the amperage of I, is I« for a period of 5 or more continuous
seconds when time is being clocked, wherein I5.yq is the temperature dependent termination
charge current level when the battery is charged to an SOC of about 100% to 150% of its
rated capacity; or _

arresting charge current I, once the battery is charged to an SOC of about 100% to

150%, if the amperage of I, is Iy« for a period less than 5 continuous seconds when time is

being clocked, wherein the charge current is integrated until 50% of the battery’s rated
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capacity is counted; or
arresting charge current I, when the amperage of I is below 1.0 mA for a period of

about 5 min or less after the clocking time is complete.

80. A method of detecting a rechargeable silver-zinc battery during discharge comprising:
measuring the change in the average battery discharge voltage per unit time in a

battery when the battery voltage, Vgau, is between 1.4 V and 1.15 V, and if the change is not

greater than or equal to 60 mV during a period of 30 minutes or less generating an electrical

signal.
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