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AN IMBEDDED CHIP FOR BATTERY APPLICATIONS

CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of and priority to U.S. provisional
application 61/639,712, filed on April 27, 2012, which is hereby incorporated by

reference in its entirety.
BACKGROUND

[0002] Over the last few decades, significant advances have been made in
electrochemical storage and conversion devices, expanding the capabilities of these
systems in a variety of fields including portable electronic devices, air and space
craft technologies, and biomedical devices. Current state of the art electrochemical
storage and conversion devices tend to have designs and performance attributes
specifically selected for compatibility with the diverse range of user applications. For
example, current electrochemical storage systems span a range from light weight,
stable batteries providing reliable, long runtimes to high capacity batteries capable of
providing extremely high discharge rates. Despite recent advances, widespread
development and demand for high power portable electronic products has created
significant pressure for researchers to develop even more high performance
batteries suitable for the wide range of these applications. Furthermore, demands of
miniaturization in the field of consumer electronics and instrumentation continue to
stimulate research into novel design and material strategies for reducing the sizes,
weights and form factors of high performance batteries.

[0003] Many recent advances in electrochemical storage and conversion
technology are directly attributable to discovery and integration of new materials for
battery components. Lithium-ion battery technology, for example, continues to
rapidly develop, at least in part, due to the integration of novel cathode and anode
materials for these systems. From the pioneering discovery and optimization of
intercalated carbon anode materials to more recent discoveries of nanostructured
transition metal oxide intercalation cathode materials and nano-phosphate cathode
materials, development of new materials has revolutionized the design and
performance capabilities of primary and secondary lithium ion batteries. For
example, advanced electrode materials have significantly enhanced the energy
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capacities, energy densities, discharge current rates and cycle life provided by these
systems, thus positioning lithium ion batteries to be the preferred technology for the
next generation of high-power portable electronic systems, hybrid electric car (HEV)
and electric vehicles (EV). Advances in electrode materials also has great promise
to positively impact other systems including elecirochemical capacitors and
supercapacitors, and fuel cells, and is likely to be critical to implementation of these
technologies for a range of device applications. Accordingly, the identification and
performance evaluation of novel electrode materials is currently a research priority in
the development of new and improved electrochemical energy storage and

conversion systems.

[0004] Electrochemical energy storage and conversion devices use two electrodes;
an anode and a cathode, which are electrical conductors, separated by a purely ionic
conductor, the electrolyte. The electric current generated during discharge results
from chemical reactions and physical processes (e.g., transport) taking place at the
electrodes’ surfaces, in which positively or negatively charged ions are exchanged
with the electrolyte. These processes, in turn, generate or absorb electrons so as to
keep the electrical neutrality of the system. The charge exchange induces important
modifications in the electrodes surface and bulk structures properties. In particular,
charge transfer processes affect each electrode’s potential and reaction rate, which
set the energy and the power density outputs of an electrochemical power
generating device. In the case of a rechargeable battery, for example, the
mechanism(s) and extent of changes in the electrodes surface and bulk structure
determine the cycle life under specific thermodynamic and kinetic operating
conditions (e.g., temperature, charge and discharge voltage limits, current rates and

SO on).

[0005] Knowing the thermodynamics of elecirode reactions and physical
transformations is essential in predicting the performance and stability of any
electrochemical storage and conversion system. For example, important
thermodynamic state functions establish, at least in part, the energy, the power and
the cycle life of an autonomous electrochemical power source. In fact, the energy
density reflects the total amounts of charges reversibly exchanged and the potential
at which the exchange occurs. On the other hand, cycle life relates to the stability of
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states or phases resulting from electrode transformations in the process of charge
and discharge. All these processes are controlled, at least to a certain degree, by the
thermodynamics of the electrode reactions.

[0006] A number of techniques have been developed and applied to evaluating the
thermochemical kinetics of electrode reactions including electroanalytical methods
(e.g., cyclic voltammetry, potentiometry etc.) and spectroscopic techniques (e.g. x-
ray diffraction, NMR, LEEDs, etc.). Given the importance of thermodynamics in
virtually all electrochemical energy storage and conversion systems, however, there
is currently a need in the art for systems and methods for measuring key
thermodynamic parameters, such as changes in entropy, enthalpy and Gibbs free
energy, with the accuracy needed for predicting and optimizing the performance
attributes and capabilities of these systems. Such systems would play a significant
role in identifying new materials for the next generation of electrochemical energy
storage and conversion systems, and would significantly contribute to enhancing
understanding of the thermochemical kinetics of established cathode and anode
materials. New thermodynamic analysis systems also have great potential as
versatile test instruments for characterizing materials properties and performance in

commercially manufactured electrode systems, including batteries and fuel cells.
SUMMARY

[0007] The present invention provides systems and methods for accurately
characterizing thermodynamic and materials properties of electrodes and
electrochemical energy storage and conversion systems. Systems and methods of
the present invention are capable of simultaneously collecting a suite of
measurements characterizing a plurality of interconnected electrochemical and
thermodynamic parameters relating to the electrode reaction state of advancement,
voltage and temperature. Enhanced sensitivity provided by the present methods and
systems combined with measurement conditions that reflect or approximate
thermodynamically stabilized electrode conditions allow very accurate measurement
of thermodynamic parameters, including state functions such as the Gibbs free
energy, enthalpy and entropy of electrode/electrochemical cell reactions, that enable
prediction of important performance attributes of electrode materials and
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electrochemical systems, such as the energy, power density, current rate, state of
health, state of safety and the cycle life of an electrochemical cell.

[0008] The present systems and methods also allow sensitive characterization of
the composition, phase and materials properties important for design and
performance of electrodes in electrochemical systems. The present methods enable
identification and characterization of phase transitions, crystallite size, surface and
bulk defects and crystal structure defects in electrode materials that dramatically
impact the electrochemical properties of electrodes and the performance of
electrochemical storage and conversion systems. For example, thermodynamic
state functions can be measured by the present systems and methods with an
accuracy that enables identification of major or small phase transformations, which
may be difficult, if not impossible, to detect via conventional means such as x-ray
diffactometry or simple open-circuit cell potential measurements. Some small
transformations may be the onset or the prelude of more drastic ones, which upon
prolonged cycling will affect the battery’s energy, power and cycle life performances.
Detection of such transformations and understanding their origin is crucial for
optimized electrode materials design.

[0009] Systems and methods of the present invention are also applicable for
characterizing a range of thermodynamic parameters useful for designing, testing
and characterizing electrochemical cells, such as primary and secondary batteries
and electrode materials, including but not limited to intercalating electrode materials.
The capabilities of the present systems and methods, however, extend beyond
batteries and encompass electrode reactions in other electrochemical
devices/systems including fuel cells, EDLCs, gas electrodes, catalysis, corrosions,
electro-deposition, and electro-synthesis, where the acquisition of thermodynamics
data also provides important insights on the energetics of electrode reactions and

device performance.

[0010] In one aspect, provided are devices for monitoring a condition of an
electrochemical cell. A device of this aspect comprises an integrated circuit
comprising a voltage monitoring circuit for measuring a plurality of open circuit
voltages of an electrochemical cell, a temperature monitoring circuit for measuring a

plurality of temperatures of the electrochemical cell, a current monitoring circuit for
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measuring a charging current or a discharging current of the electrochemical cell and
a circuit for determining a thermodynamic parameter of the electrochemical cell. In
embodiments, one or more of a plurality of open circuit voltages and a plurality of
temperatures of the electrochemical cell are generated upon charging or discharging
the electrochemical cell or upon stopping a charging or discharging of the
electrochemical cell. Useful thermodynamic parameters include one or more of a
change in entropy (AS) of the electrochemical cell, a differential entropy (dS) of the
electrochemical cell, a change in enthalpy (AH) of the electrochemical cell, a
differential enthalpy (dH) of the electrochemical cell and a change in free energy
(AG) of the electrochemical cell.

[0011] In embodiments, the circuit for determining a thermodynamic parameter is
positioned in electrical or data communication with the temperature monitoring circuit
to receive temperature measurements from the temperature monitoring circuit. In
embodiments, the circuit for determining a thermodynamic parameter is positioned in
electrical or data communication with the voltage monitoring circuit to receive open
circuit voltage measurements from the voltage monitoring circuit. In embodiments,
the circuit for determining a thermodynamic parameter is positioned in electrical or
data communication with the current monitoring circuit to receive current
measurements from the current monitoring circuit or to provide thermodynamics

parameters to the current monitoring circuit.

[0012] Optionally, a device of this aspect is a component of an electrochemical cell
or is imbedded in the electrochemical cell. Imbedded devices and battery systems of
this nature are beneficial, for example, as they can be used as a self-analyzing
battery, battery system or battery package or as a component of a larger system.
Imbedded devices and battery systems also provide the benefit of the ability to
quickly and efficiently diagnose and characterize individual cells within a multi-cell
battery system, such as to diagnose and identify cells that are malfunctioning,
improperly charging or discharging, unsafe, suitable for removal or replacement, or
to characterize one or more cell’'s cycle number, state of health or state of safety.
Optionally, electrochemical cells useful with the devices and methods described
herein comprise two or more electrodes, such as a cathode, an anode and,
optionally, one or more reference electrodes. Use of electrochemical cells
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comprising one or more reference electrodes, in embodiments, provides for directly
determining a condition of each electrode individually.

[0013] In embodiments, devices of this aspect are positioned so that the device and
any associated components are not corroded or degraded, for example by exposure
to components of an electrochemical cell. Preventing corrosion and degradation is
useful, for example, to provide for durability of the device and any associated
components, such as printed circuit boards, resistors, capacitors, inductors and other
circuit components. In embodiments, the device is mounted on a printed circuit
board or, optionally, the device is mounted on a flexible circuit board. In certain
embodiments, the device is mounted on a flexible circuit board that is wrapped at
least partially around an electrochemical cell. Optionally, the device comprises one
or more resistors, capacitors and inductors positioned in electrical communication
with one or more components of the integrated circuit. In an exemplary embodiment,
a device of this aspect is positioned in electrical communication with one or more of
an anode and a cathode of an electrochemical cell, for example by one or more
wires positioned to provide electrical communication between the device and the
anode or cathode.

[0014] Optionally, devices of this aspect comprise a wireless transceiver circuit, for
example positioned in data communication or electrical communication with one or
more components of the device or of the integrated circuit. In a specific
embodiment, a device of this aspect comprises one or more wireless transceivers
providing data communication between components of the device, such as between
one or more of the voltage monitoring circuit, the temperature monitoring circuit, the
current monitoring circuit the circuit for determining a thermodynamic parameter and
other circuits of the devices of this aspect. Including wireless transceivers in devices
of this aspect provides, for example, for flexibility in the design and configuration of
the devices.

[0015] In a specific embodiment, the device and optional circuit components, such
as inductors, capacitors, resistors and external circuit components, are surface
mount type components. In embodiments, the device and optional circuit

components have a thickness of 5 mm or less, 3 mm or less or 2 mm or less.
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Optionally, the device is attached to an electrochemical cell between fabrication of
the electrochemical cell and packaging of the electrochemical cell.

[0016] In one embodiment, for example, the device itself further comprises the
electrochemical cell. In one embodiment, for example, the device is a component of
a package comprising the device and one or more electrochemical cells, such as in a
battery pack. In certain embodiments, the device is positioned in selective data
communication, selective electrical communication, switchable data communication
or switchable electrical communication with one or more electrochemical cells. In
another embodiment, the device is positioned outside a housing of the
electrochemical cell or outside a package comprising the electrochemical cell.

[0017] In embodiments, the integrated circuit of devices of this aspect comprises a
circuit for determining an open circuit state of an electrochemical cell, for example a
current monitoring circuit. Optionally, the integrated circuit comprises a power
switching circuit and the power switching circuit optionally determines an open circuit
state of the electrochemical cell. In a specific embodiment, the circuit for
determining an open circuit state is configured to provide an indication, such as a
data or voltage indication, to the voltage monitoring circuit to measure the open
circuit voltage of the electrochemical cell when the electrochemical cell is in an open
circuit voltage state or operating under open circuit voltage conditions. Optionally,
the circuit for determining an open circuit state is configured to provide an indication
to one or more of a voltage monitoring circuit, a temperature monitoring circuit and a
current monitoring circuit to stop measuring an open circuit voltage, a temperature or
a current of the electrochemical cell after a preselected time period. Optionally, the
circuit for determining an open circuit state is configured to provide an indication to
one or more of a voltage monitoring circuit, a temperature monitoring circuit and a
current monitoring circuit to measure or re-measure an open circuit voltage, a
temperature or a current of the electrochemical cell after a preselected time period.
Thus, devices of this aspect optionally can detect when the cell is open circuit and
then can measure the open circuit voltage immediately, thereby improving
measurement accuracy and determining when the electrochemical cell or a device
comprising the electrochemical cell is powered off or shut down and thereby disable
devices of this aspect from draining energy from the electrochemical cell.
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[0018] Optionally, devices of this aspect do not directly or actively control the
temperature of the electrochemical cell. Devices which do not directly control the
temperature of the electrochemical cell are useful, for example, to minimize the
number of components and complexity of operation of the system. Devices which do
not directly control the temperature of the electrochemical cell are beneficial as they
do not require long times for establishing the temperature of an electrochemical cell,
but can still efficiently characterize and analyze one or more conditions of the cell,
such as a thermodynamic parameter, taking advantage of the changes in a
temperature of the cell that occur during charging and discharging or which occur
after charging or discharging is stopped as the cell temperature proceeds to the
ambient temperature due to passive heat exchange between the cell and the air or
environment. Advantages gained from not including a temperature controller and
related components include, but are not limited to, minimizing the size of the device,
minimizing the cost of the device, simplification of the complexity of the device. One
benefit of the devices of this aspect that do not directly or actively control the
temperature of the electrochemical cell is that they are capable of determining one or
more thermodynamic parameters of an electrochemical cell, regardless of the ability
to control the electrochemical cell temperature. An additional benefit of the devices
of this aspect of the that do not directly or actively control the temperature of the
electrochemical cell results from a reduced time for acquiring and processing an
electrochemical cell's temperature, voltage, OCV, thermodynamic parameters, such
as AS and AH, and state of charge and state of health data. Such a reduction in
acquisition and processing time is advantageous, for example, because the data can
be collected more frequently and does not require the time necessary for waiting for
the electrochemical cell’s temperature to stabilize to the controlled temperature.

[0019] For example, in one embodiment, the device does not comprise a
temperature controller or a means for controlling or establishing a temperature of the
electrochemical cell, such as a heating element or an element that transfers heat into
the electrochemical cell by conduction from an external heat source, or a cooling
element, such as a thermoelecitric cooler, a Peltier cooler or an element that actively
transports heat out of the electrochemical cell by conduction to an external heat sink.
In an embodiment, for example the device does not comprise a temperature
controller or a means for actively controlling or establishing a temperature of the
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electrochemical cell. In an embodiment, for example the device does not comprise a
temperature controller or a means for actively controlling or establishing a specified
or selected temperature of the electrochemical cell.

[0020] In certain embodiments, however, an electrochemical cell comprises or is in
thermal communication with one or more heat sinks, heat exchangers, liquid cooling
or air cooling systems or heat pipes, even when a device of this aspect does not
directly control the temperature of the electrochemical cell. Heat sinks, heat
exchangers, liquid cooling or air cooling systems or heat pipes are optionally used to
maintain the temperature of an electrochemical cell within a selected working range
or to prevent the temperature of an electrochemical cell from rising beyond a
specified, maximum, or rated temperature. Use of a heat sink, heat exchanger,
liquid cooling or air cooling system or heat pipe permits more efficient heat transfer
between an electrochemical cell and the environment than by passive transport of
heat than if a heat sink, heat exchanger or heat pipe were not used. In certain
embodiments, a heat sink or heat exchanger is positioned such that air is moved
across the heat sink or heat exchanger to facilitate passive heat transport to the air
or environment. Optionally, a liquid cooling or air cooling system or heat pipe is used
to transport heat between an electrochemical cell and a heat sink or heat exchanger.
In certain embodiments, a liquid cooling or air cooling system or heat pipe is
positioned such that heat is transported using the liquid cooling or air cooling system
or heat pipe to a remotely located heat sink or heat exchanger to facilitate passive

heat transport to the air or environment.

[0021] Other useful temperature regulating systems include forced air cooling
systems (e.g., fan driven systems), compressed air cooling systems and heat
exchangers using high heat exchange surface areas and fast heat transfer materials,
such as copper or aluminum. A heat exchanger optionally comprises a cooling fluid
such as compressed air, cooled water, a phase transition heat absorbent or a heat

transferring material such as a liquid metal or a molten salt.

[0022] Optionally, a device of this aspect further comprises a temperature sensor
positioned in thermal communication with the electrochemical cell and also
positioned in electrical or data communication with the temperature monitoring

circuit. Optionally, the temperature monitoring circuit determines or monitors a
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temperature of the electrochemical cell as the electrochemical cell is charging or
discharging. Optionally, the temperature monitoring circuit determines or monitors a
temperature of the electrochemical cell when the electrochemical cell is not charging
or when the electrochemical cell is not discharging. Useful temperature sensors

include those comprising thermocouples, resistance thermometers and thermistors.

[0023] Optionally, a device of this aspect is a component of an automobile, such as
an electric vehicle or a hybrid electric vehicle. Incorporation of devices of this aspect
into automobiles is beneficial to permit monitoring and characterizing of the
electrochemical cells used to drive an electric motor in an automobile. Optionally, in
devices of this aspect that comprise a component of an automobile, the voltage
monitoring circuit measures a plurality of open circuit voltages of the electrochemical
cell when the automobile is idle, stopped, parked, powered off, powering off,
powered on, powering on, accelerating or decelerating. Optionally, in devices of this
aspect that comprise a component of an automobile, the temperature monitoring
circuit measures a plurality of temperatures of the electrochemical cell when the
automobile is idle, stopped, parked, powered off, powering off, powered on,
powering on, accelerating or decelerating.

[0024] In embodiments, a change in open circuit voltage of the electrochemical cell
occurs when the automobile is idle, stopped, parked, powered off, powering off,
powered on, powering on, accelerating or decelerating. In embodiments, a change
in temperature of the electrochemical cell occurs when the automobile is idle,
stopped, parked, powered off, powering off, powered on or powering on off, powered
on, powering on, accelerating or decelerating. Optionally, a plurality of temperatures
of the electrochemical cell are measured during or after one or more of idling of the
automobile, stopping the automobile, parking the automobile, powering off the
automobile, powering on the automobile, accelerating the automobile, and
decelerating the automobile. Optionally, a plurality of open circuit voltages of the
electrochemical cell are measured during or after one or more of idling of the
automobile, stopping the automobile, parking the automobile, powering off the
automobile, powering on the automobile, accelerating the automobile, and
decelerating the automobile.

10
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[0025] Optionally, a device of this aspect is a component of a mobile or portable
electronic device, such as a cell phone, a laptop computer, a tablet computer, an e-
book reader, a portable music player, a portable audio player, a portable video
player, a bar code reader, a telemetric reader, a portable light device, a portable
sound or alarm device, a portable autonomous electric power devices, such as for
military, telecommunications, aerospace and space applications, games, watches,
clocks, portable medical devices, implantable medical devices. Optionally, a device
of this aspect is a component of a stationary, though portable, electronic device,
such as a gas detector, a smoke detector or an alarm system. Incorporation of
devices of this aspect into mobile and portable electronic devices is beneficial to
permit monitoring and characterizing of the electrochemical cells used to power the
mobile or portable electronic device. Optionally, in devices of this aspect that
comprise a component of a mobile or portable electronic device, the voltage
monitoring circuit measures a plurality of open circuit voltages of the electrochemical
cell when the portable electronic device is idle, powered off, powering off, powered
on or powering on. Optionally, in devices of this aspect that comprise a component
of a mobile or portable electronic device, the temperature monitoring circuit
measures a plurality of temperatures of the elecirochemical cell when the portable
electronic device is idle, powered off, powering off, powered on or powering on.

[0026] In embodiments, a change in open circuit voltage of the electrochemical cell
occurs when the portable electronic device is idle, powered off, powering off,
powered on or powering on. In embodiments, a change in temperature of the
electrochemical cell occurs when the portable electronic device is idle, powered off,
powering off, powered on or powering on. Optionally, a plurality of temperatures of
the electrochemical cell are measured during or after one or more of idling of the
portable electronic device, powering off the portable electronic device and powering
on the portable electronic device. Optionally, a plurality of open circuit voltages of
the electrochemical cell are measured during or after one or more of idling of the
portable electronic device, powering off the portable electronic device and powering
on the portable electronic device.

[0027] Optionally, a device of this aspect is a component of a battery backup
system, such as an uninterruptable power supply. Optionally, a device of this aspect

11
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is a component of a stationary energy storage system or facility, such as those
attached to photovoltaic, wind, geothermal, hydraulic and tide energy generating
systems and generally for electric power plants. Incorporation of devices of this
aspect into these and other systems is beneficial to permit monitoring and
characterizing of the electrochemical cells used in battery backup systems, load
leveling systems and peak shaving systems.

[0028] In embodiments, devices of this aspect are useful determining a
thermodynamic parameter of the electrochemical cell. In a specific embodiment, the
thermodynamic parameter of the electrochemical cell is determined using one or
more of the plurality of open circuit voltages of the electrochemical cell the plurality of
temperatures of the electrochemical cell. For example, in an embodiment, a change
in free energy of the electrochemical cell is determined by measuring an open circuit
voltage of the electrochemical cell. In an embodiment, for example, a change in
enthalpy of the electrochemical cell is determined by measuring an open circuit
voltage of the electrochemical cell at a plurality of temperatures. Optionally, a
change in enthalpy of the electrochemical cell is determined by computing an
intercept of a linear regression of open circuit voltage measurements of the
electrochemical cell versus temperature measurements of the electrochemical cell.
In an embodiment, for example, a change in entropy of the electrochemical cell is
determined by measuring an open circuit voltage of the electrochemical cell at a
plurality of temperatures. Optionally, a change in entropy of the electrochemical cell
is determined by computing a slope of a linear regression of open circuit voltage
measurements of the electrochemical cell versus temperature measurements of the

electrochemical cell.

[0029] In embodiments, different temperatures of the electrochemical cell are
achieved through the temperature changes that naturally occur through use of the
electrochemical cell, for example by charging or discharging. In embodiments, the
temperature of an electrochemical cell increases as the electrochemical cell is
charged or discharged. Conversely, in embodiments, the temperature of an
electrochemical cell decreases after charging or discharging of the electrochemical
cell stops. Such natural temperature changes are used by the devices and methods

of the present invention for determining one or more thermodynamic parameters.

12
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[0030] Although it may not uniformly be the case for all electrochemical cell
chemistries, in embodiments, the open circuit voltage for an electrochemical cell
increases as the temperature of the electrochemical cell increases or decreases as
the temperature of the electrochemical cell decreases. In many embodiments, the
open circuit voltage of an electrochemical cell changes as the electrochemical cell is
charged or discharged. In some embodiments, the open circuit voltage of an
electrochemical cell changes after charging or discharging of the electrochemical cell
stops.

[0031] In embodiments, a thermodynamic parameter of the electrochemical cell is
determined using a first temperature of the electrochemical cell and a second
temperature of the electrochemical cell different from the first temperature of the
electrochemical cell. Optionally, a thermodynamic parameter of the electrochemical
cell is determined using a first temperature of the electrochemical cell and a second
temperature of the electrochemical cell after the electrochemical cell is heated by
charging or discharging. Optionally, a thermodynamic parameter of the
electrochemical cell is determined using a first temperature of the electrochemical
cell and a second temperature of the electrochemical cell after the electrochemical
cell cools from the first temperature.

[0032] In embodiments, a thermodynamic parameter of the electrochemical cell is
determined using a first open circuit voltage of the electrochemical cell and a second
open circuit voltage of the electrochemical cell different from the first open circuit
voltage of the electrochemical cell. For example, a thermodynamic parameter of the
electrochemical cell is optionally determined using a first open circuit voltage of the
electrochemical cell and a second open circuit voltage of the electrochemical cell
after the electrochemical cell is charged or discharged. For example, a
thermodynamic parameter of the electrochemical cell is optionally determined using
a first open circuit voltage of the electrochemical cell after charging or discharging of
the electrochemical cell is stopped and a second open circuit voltage of the
electrochemical cell while charging or discharging of the electrochemical cell remains
stopped and after the temperature of the elecirochemical cell changes.

[0033] Optionally, for a device of this aspect, the integrated circuit further comprises
a state of charge calculating circuit for determining a state of charge of the

13
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electrochemical cell. In embodiments, a state of charge calculating circuit comprises
a current measuring circuit. Monitoring, calculating and determination of the state of
charge of an electrochemical cell can be useful, in embodiments, for determination of
one or more conditions of the electrochemical cell. For example, a state of health,
charge cycle, or a state of safety can optionally be determined through a plurality of
measurements or determinations of electrochemical cell state of charge. In some
embodiments, the state of health, charge cycle or state of safety of the
electrochemical cell is determined by comparing a state of charge of the
electrochemical cell with one or more thermodynamic parameters of the
electrochemical cell or by computing a linear or other regression of the state of
charge of the electrochemical cell versus one or more thermodynamic parameters of
the electrochemical cell. In embodiments, a plurality of states of charge of the
electrochemical cell are generated upon charging or discharging the electrochemical
cell. In embodiments, the circuit for determining a thermodynamic parameter is
positioned in electrical or data communication with the state of charge calculating
circuit to receive state of charge measurements from the state of charge calculating
circuit or to provide thermodynamic parameters to the state of charge calculating

circuit.

[0034] In embodiments, the state of charge of the electrochemical cell refers to a
ratio of a first value to a second value. In one specific embodiment, the first value is
a net amount of charge remaining in the electrochemical cell and the second value is
a rated charge capacity of the electrochemical cell or a theoretical charge capacity of
the electrochemical cell. In another specific embodiment, the first value is a net
amount of charge required to charge the electrochemical cell to a rated charge
capacity of the electrochemical cell or to a theoretical charge capacity of the
electrochemical cell and the second value is the rated charge capacity of the
electrochemical cell or the theoretical charge capacity of the electrochemical cell.

[0035] In one embodiment, a state of charge calculating circuit determines a
coulometric state of charge of an electrochemical cell, for example, based on current
measurements received from a current measuring circuit. In an embodiment, a state
of charge calculating circuit determines a true state of charge of an electrochemical
cell based on thermodynamic parameters received by the state of charge calculating

14
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circuit. Optionally, the true state of charge of the electrochemical cell is determined
by looking up received thermodynamic parameters in a look up table or interpolating
between points in a look up table. In a specific embodiment, the integrated circuit of
devices of this aspect monitors an electrochemical cell as it is charged under
controlled conditions and the integrated circuit updates entries in a look up table as
the electrochemical cell is charged. For example, during charging of an
electrochemical cell under controlled conditions, entries in the lookup table, such as
states of charge, open circuit voltages and thermodynamic parameters are updated.

[0036] Devices of this aspect include voltage monitoring circuits for measuring,
determining and/or estimating an open circuit voltage of an electrochemical cell.
Measurements or estimates of an open circuit voltage of an electrochemical cell are
useful for a variety of purposes, including determining a condition of an
electrochemical cell, such as a thermodynamic parameter of the electrochemical cell,
a state of charge of the electrochemical cell, a state of health of the electrochemical
cell, a state of safety of the electrochemical cell and a cycle number of the
electrochemical cell. In embodiments, open circuit voltage measurements or
estimates provide insight into the electrochemical cell’s usage, safety, health,
duration, durability and remaining life. In embodiments, open circuit voltage
measurements or estimates provide insight into the physical construction and or
distribution of materials and components within an electrochemical cell, such as to
indicate a phase or components of the electrochemical cell, a composition of
components of the elecirochemical cell, or an event or condition taking place within
the electrochemical cell.

[0037] In embodiments, a device of this aspect measures or monitors an open
circuit voltage of an electrochemical cell, for example, using the voltage monitoring
circuit. Optionally, the voltage monitoring circuit determines an open circuit voltage
of the electrochemical cell when the electrochemical cell is not charging or when the
electrochemical cell is not discharging. Optionally, the voltage monitoring circuit
determines an open circuit voltage of the electrochemical cell after a charging or
discharging of the electrochemical cell is stopped. Optionally, the voltage monitoring
circuit determines an open circuit voltage of the electrochemical cell for
thermochemically stabilized conditions of the electrochemical cell. Optionally, the

15
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voltage monitoring circuit determines an open circuit voltage of the electrochemical

cell for non-thermochemically stabilized conditions of the electrochemical cell.

[0038] In certain embodiments, it may require significant time for an electrochemical
cell to relax to thermochemically stabilized conditions, for example a time period
longer than one second, longer than ten seconds, longer than thirty seconds, etc.
Devices of this aspect are capable of estimating an open circuit voltage of an
electrochemical cell for thermochemically stabilized conditions by monitoring
changes in the open circuit voltage of the electrochemical cell as the electrochemical
cell relaxes towards thermochemically stabilized conditions over a shorter time
period than required for the electrochemical cell to fully relax to a thermochemically
stabilized condition. For example, in some embodiments, the relaxation of open
circuit voltage follows an exponential decay towards the open circuit voltage
corresponding to thermochemically stabilized conditions. Monitoring the open circuit
voltage and computing the exponential decay time constant thereby permits
calculation of the asymptotic open circuit voltage corresponding to thermochemically
stabilized conditions. In an embodiment, the voltage monitoring circuit determines or
estimates an open circuit voltage of the electrochemical cell for thermochemically
stabilized conditions of the electrochemical cell based on the open circuit voltage of
the electrochemical cell for the non-thermochemically stabilized conditions of the
electrochemical cell. This latter embodiment is useful, for example, for situations
where it takes time for the electrochemical cell to relax to thermochemically
stabilized conditions.

[0039] Optionally, devices of this aspect are useful for monitoring one or more
conditions of an electrochemical cell, for example, a thermodynamic parameter, a
state of health, a state of safety and a cycle number of the electrochemical cell.
Monitoring one or more of these conditions permits, for example, detailed information
about the electrochemical cell’s usage, safety, health, duration, durability and
remaining life. Such monitoring, for example, facilitates replacement of failing or
aging electrochemical cells, as well as warning of imminent failure or degraded
performance of an electrochemical cell, thereby preventing catastrophic failure of an
electrochemical cell or a system drawing power from the electrochemical cell.

16
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[0040] In a specific embodiment, the integrated circuit of a device of this aspect is
configured to monitor a condition of one or more electrochemical cells, wherein the
condition is one or more of a thermodynamic parameter, a state of health, a state of
safety and a cycle number. In an embodiment, the circuit for determining a
thermodynamic parameter of the electrochemical cell further determines one or more
of a state of health of the electrochemical cell, a state of safety of the
electrochemical cell and a cycle number of the electrochemical cell.

[0041] Optionally, the integrated circuit further comprises an additional circuit for
determining one or more of a state of health of the electrochemical cell, a state of
safety of the electrochemical cell and a cycle number of the electrochemical cell.
Optionally, a device of this aspect further comprises an additional circuit for
determining one or more of a state of health of the electrochemical cell, a state of
safety of the electrochemical cell and a cycle number of the electrochemical cell, for

example as a component external to the integrated circuit.

[0042] Useful conditions for monitoring of electrochemical cells include, but are not
limited to, a thermodynamic parameter of the electrochemical cell, a state of charge
of the electrochemical cell, a state of health of the electrochemical cell, a state of
safety of the electrochemical cell and a cycle number of the electrochemical cell. In
embodiments, the state of health of the electrochemical cell refers to the amount of
energy (W-h) and power (W) deliverable or available in a system compared to the
best, ideal, theoretical or rated amounts when the system is newly fabricated and
tested, such as at 100% state of charge. In embodiments, battery state of health
decays or reductions result from electrode and electrolyte materials degradation,
from an increase in internal resistance and from mechanical and chemical effects,
such as hardware deformation due to heat, gazing and corrosion. In embodiments,
a metric for state of health assessment is the relative peak power fade at a specified
or defined state of charge, such as expressed by SOH = 100(P(SOC)/Po(SOC)),
where, SOH refers to the state of health of the electrochemical cell, P(SOC) is the
peak power at a state of charge (SOC) of an aged cell and Po(SOC) is the peak
power at a state of charge of a freshly manufactured and tested cell at the same
state of charge (SOC); optionally a state of charge of 50% is used in determination of
SOH, though other states of charge are optionally used as well. The following
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references, hereby incorporated by reference, disclose methods for estimating,
calculating or measuring a state of health of an electrochemical cell: Ng et al.,
Applied Energy 86 (2009) 1506-1511; Remmlinger et al., J. Power Sources 196
(2011) 5357-5363; Andre et al., Engineering Applications of Artificial Intelligence 26
(2013) 951-961; Lin et al., IEEE Transactions on Industrial Informatics, 9:2 (2013)
679-685; Eddahech et al., Electrical Power and Energy Systems 42 (2012) 487-494.

[0043] In embodiments, the state of safety (SOS) of the electrochemical cell refers
to the likelihood or probability of the electrochemical cell to undergo a thermal
runaway. In embodiments, one useful metric for determination of SOS is the onset
temperature of a thermal event within the electrochemical cell at a defined state of
charge. In embodiments, the lower the onset temperature, such as that measured
by a thermal analysis method including calorimetric methods, differential thermal
analysis (DTA) methods and differential scanning calorimetric methods (DSC), the
higher the thermal runaway risk and thus the lower the SOS. In embodiments, the
cycle number of the electrochemical cell refers to a number of charge or discharge
cycles the electrochemical cell has experienced, for example the number of full
charge or discharge cycles, the number of partial charge or discharge cycles or
combinations thereof.

[0044] In embodiments, devices of this aspect analyze a history of one or more
electrochemical cells in order to determine a state of health or a state of safety of the
electrochemical cell. Useful histories of electrochemical cells include, but are not
limited to, as an open circuit voltage history, a temperature history, a state of charge
history, a thermodynamic parameter history, a cycle number history. As used herein,
the term “history” refers to previous measurements, estimates or analyses of
conditions or events of an electrochemical cell made over a time period. In
embodiments, a state of health of an electrochemical cell is determined by
measurement of a peak power of the electrochemical cell, such as at a specified
state of health. In one embodiment, the electrochemical cell under consideration is
brought to a defined state of charge and discharged at a fast increasing power
(P=UI, U=voltage, I=current). Optionally, peak power is defined as the highest power
the cell can sustain for a short period of time, for example over a fraction of a second

to a few seconds. In embodiments, a peak power measurement is not reversible

18



WO 2014/021957 PCT/US2013/038407

and may itself adversely affect the cell’s state of health. In embodiments, a state of
safety of an electrochemical cell is determined through calorimetric methods, such
as differential scanning calorimetry (DSC) and accelerated rate calorimetry (ARC),
by determining a temperature one set, total heat and self-heating rates of processes
within an electrochemical cell at a defined initial state of charge.

[0045] In a specific embodiment, a device of this aspect determines an entropy, a
change in entropy or a differential entropy of the electrochemical cell and compares
the determined entropy, change in entropy or differential entropy with a reference
entropy, a reference change in entropy or a reference differential entropy and
disables charging or discharging of the electrochemical cell when the determined
entropy, change in entropy, or differential entropy is different from the reference
entropy, reference change in entropy or reference differential entropy. In
embodiments, the reference entropy, reference change in entropy or reference
differential entropy is an entropy, change in entropy or differential entropy of a
reference electrochemical cell, such as an electrochemical cell having a preselected
state of charge, a preselected state of safety, a preselected state of health or any
combination of these. In embodiments, the electrochemical cell is disabled from
charging or discharging when the determined entropy, change in entropy, or
differential entropy is greater than the reference entropy, reference change in
entropy or reference differential entropy or less than the reference entropy, reference
change in entropy or reference differential entropy. In an embodiment, a device of
this aspect determines a temperature of the electrochemical cell and compares the
determined temperature with a reference temperature and disables charging or
discharging said electrochemical cell when the determined temperature is greater
than the reference temperature.

[0046] In embodiments, devices of this aspect comprise one or more integrated
circuits or one or more integrated circuit components. For example, in one
embodiment, the integrated circuit comprises a field programmable gate array. In an
embodiment, for example, the integrated circuit comprises an application-specific
integrated circuit. Optionally, a circuit component of an integrated circuit comprises
a field programmable gate array or an application-specific circuit. For example, in

embodiments, a circuit for determining a thermodynamic parameter of the
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electrochemical cell comprises a field programmable gate array or an application-
specific integrated circuit.

[0047] In another aspect, the present invention provides methods, including
methods of determining a condition of an electrochemical cell and methods of
determining a parameter of an electrochemical cell. In embodiments, methods of
this aspect provide ways for determining states of health of an electrochemical cell,
for determining a state of charge of an electrochemical cell, determining a state of
safety of an electrochemical cell, for determining states of safety of an
electrochemical cell, for determining a cycle number of an electrochemical cell,
determining a composition of an electrochemical cell, determining a change in a
phase of one or more components of an electrochemical cell, and for determining a
thermodynamic parameter of an electrochemical cell, such as a change in entropy
(AS), a change in enthalpy (AH) and a change in free energy (AG).

[0048] In an embodiment, a method of this aspect comprises the steps of:

providing an integrated circuit comprising: a voltage monitoring circuit for measuring
a plurality of open circuit voltages of the electrochemical cell, the plurality of open
circuit voltages generated upon charging or discharging the electrochemical cell or
stopping charging or discharging the electrochemical cell, a temperature monitoring
circuit for measuring a plurality of temperatures of the electrochemical cell, the
plurality of temperatures generated upon charging or discharging the electrochemical
cell or stopping charging or discharging the electrochemical cell, and a circuit for
determining a thermodynamic parameter of the electrochemical cell, wherein the
thermodynamic parameter is one or more of a change in entropy of the
electrochemical cell, a change in enthalpy of the electrochemical cell and a change
in free energy of the electrochemical cell, the circuit for determining a
thermodynamic parameter positioned in electrical or data communication with the
temperature monitoring circuit to receive temperature measurements from the
temperature monitoring circuit and positioned in electrical or data communication
with the voltage monitoring circuit to receive open circuit voltage measurements from
the voltage monitoring circuit; generating the plurality of open circuit voltages of the
electrochemical cell, the plurality of temperatures of the electrochemical cell or both
the plurality of open circuit voltages of the electrochemical cell and the plurality of
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temperatures of the electrochemical cell; and determining a first thermodynamic
parameter of the electrochemical cell using the integrated circuit.

[0049] Optionally, a generating step of a method of this aspect comprises charging
or discharging the electrochemical cell. Optionally, one or more of a temperature of
the electrochemical cell and an open circuit voltage of the electrochemical cell
changes during the charging or discharging. In this way, embodiments of this aspect
can utilize the natural temperature and open circuit voltage changes associated with
charging or discharging the electrochemical cell for determination of a parameter or
condition of the electrochemical cell.

[0050] Optionally, a generating step of a method of this aspect comprises stopping
a charging or a discharging of the electrochemical cell. Optionally, one or more of a
temperature of the electrochemical cell and an open circuit voltage of the
electrochemical cell changes after stopping the charging or the discharging. Here,
embodiments of this aspect can utilize the natural changes in temperature and open
circuit voltage that occur as an electrochemical cell relaxes back towards ambient
temperature after being heated during charging or discharging for determination of a
parameter or condition of the electrochemical cell.

[0051] In embodiments, methods of this aspect further comprise a step of
comparing the first thermodynamic parameter with one or more reference
thermodynamic parameters for a reference electrochemical cell. In a specific
embodiment, a cell chemistry of the reference electrochemical cell is identical to a
cell chemistry of the electrochemical cell. In embodiments, methods comprising
steps of comparing thermodynamic parameters are useful, for example, because
they permit thorough characterization of an reference electrochemical cell under
carefully controlled conditions in order to provide useful reference measurements for
later comparison with an electrochemical cell as it is being used, for example in an
automotive or portable electronic device application. By comparing a
thermodynamic parameter measured for an electrochemical cell as it is being used
with reference thermodynamic parameters for a reference electrochemical cell,
insights into a condition of the electrochemical cell can be obtained. For example,

method embodiments incorporating comparison of thermodynamic parameters
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permit estimation or determination of an electrochemical cell’s state of health, state
of safety, cycle number, and other characteristics of cell aging.

[0052] In one embodiment, for example, the step of determining a first
thermodynamic parameter comprises determining a change in entropy for the
electrochemical cell at a first open circuit voltage. Optionally, a method of this
aspect further comprises a step of determining a second thermodynamic parameter
of the electrochemical cell using the integrated circuit. Optionally, a method of this
aspect further comprises a step of comparing the second thermodynamic parameter
with one or more reference thermodynamic parameters for a reference
electrochemical cell. In an embodiment, for example, the step of determining a
second thermodynamic parameter comprises determining a change in entropy for
the electrochemical cell at a second open circuit voltage.

[0053] Optionally, a step of comparing the first thermodynamic parameter with one
or more reference thermodynamic parameters comprises interpolating between
points in an array of reference thermodynamic parameters or in a look-up table of
reference thermodynamic parameters. As described above, useful reference
thermodynamic parameters or in a look-up table of reference thermodynamic
parameters include values determined for a reference electrochemical cell. In an
embodiment, the step of comparing the first thermodynamic parameter with one or
more reference thermodynamic parameters comprises determining a condition of the

electrochemical cell based on the comparison.

[0054] In an exemplary embodiment, the step of determining a first thermodynamic
parameter of the electrochemical cell comprises the steps of: charging or
discharging the electrochemical cell to a first open circuit voltage value; stopping the
charging or discharging; measuring open circuit voltages of the electrochemical cell
as a function of time using the integrated circuit; and measuring temperatures of the
electrochemical cell as a function of time using the integrated circuit. Optionally, the
step of determining a first thermodynamic parameter for the electrochemical cell
further comprises computing a linear regression of open circuit voltage
measurements versus temperature measurements. In an embodiment, the
measured open circuit voltages of the electrochemical cell provide values for
changes in free energy of the electrochemical cell, wherein an intercept of the linear
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regression provides values for changes in enthalpy of the electrochemical cell and
wherein a slope of the linear regression provides values for changes in entropy of
the electrochemical cell.

[0055] As described previously with reference to devices of the invention, some
method embodiments do not comprise controlling a temperature of the
electrochemical cell using a temperature controller, a heater, a cooler or any

combination of these.

[0056] In embodiments, another method of this aspect comprises the steps of:
providing a reference array of values comprising thermodynamic parameter values
for a reference electrochemical and cell condition values for the reference
electrochemical cell; determining a thermodynamic parameter for the
electrochemical cell; and determining the condition of the electrochemical cell using
the reference array of values, wherein the condition of the electrochemical cell
corresponds to a cell condition of the reference electrochemical cell for a reference
thermodynamic value equal to the determined thermodynamic parameter for the
electrochemical cell.

[0057] Optionally, the array of values further comprises open circuit voltage values
for the reference electrochemical cell, as described above. In a specific
embodiment, the array of values comprises two or more open circuit voltage values,
a plurality of thermodynamic parameter values for each of the two or more open
circuit voltage values and one or more cell condition values for each of the two or
more open circuit voltage values and the plurality of thermodynamic parameter
values. Optionally, the step of determining the condition of the electrochemical cell
comprises interpolating between values of the array of values.

[0058] In embodiments, methods of this aspect advantageously determine one or
more conditions of an electrochemical cell including a state of health of the
electrochemical cell, a state of charge of the elecirochemical cell, a state of safety of
the electrochemical cell and a cycle number of the electrochemical cell. In a specific
embodiment, cell condition values in an array of values comprises one or more of a
state of health of the reference electrochemical cell, a state of charge of the
reference electrochemical cell, a state of safety of the reference electrochemical cell
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and a cycle number of the reference electrochemical cell. Optionally, the array of
values comprises values for changes in entropy of the reference electrochemical cell

at two or more open circuit voltages.

[0059] In specific embodiments, the thermodynamic parameter values for an
electrochemical cell, such as a reference electrochemical cell, are obtained by a
method comprising the steps of: controlling a composition of the reference
electrochemical cell to establish a plurality of reference electrochemical cell
compositions; controlling a temperature of the reference electrochemical cell to
establish a plurality of electrochemical cell compositions for each of the plurality of
reference electrochemical cell compositions; measuring open circuit voltages of the
reference electrochemical cell for each of the plurality of reference electrochemical
cell compositions and the reference electrochemical cell temperatures. Such
methods are useful, as described above, for carefully and thoroughly characterizing
an electrochemical cell, such as a reference electrochemical cell, and particularly for
developing multiple arrays of values for a variety of electrochemical cell chemistries.
Optionally, the thermodynamic parameter values for an electrochemical cell, such as
a reference electrochemical cell, are obtained by a method further comprising a step
of computing a linear regression of open circuit voltage measurements of the
reference electrochemical cell versus temperature measurements of the reference
electrochemical cell. Optionally, the measured open circuit voltages of the
electrochemical cell provide values for changes in free energy of the electrochemical
cell, wherein an intercept of the linear regression provides values for changes in
enthalpy of the electrochemical cell and wherein a slope of the linear regression
provides values for changes in entropy of the electrochemical cell.

[0060] In a specific embodiment, the step of determining a thermodynamic
parameter for the electrochemical cell comprises the steps of: charging or
discharging the electrochemical cell to a first open circuit voltage value; stopping the
charging or discharging; measuring open circuit voltages of the electrochemical cell
as a function of time; and measuring temperatures of the electrochemical cell as a
function of time. Optionally, the step of determining a thermodynamic parameter for
the electrochemical cell further comprises computing a linear regression of open

circuit voltage measurements of the electrochemical cell versus temperature
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measurements of the electrochemical cell. Optionally, the measured open circuit
voltages of the electrochemical cell provide values for changes in free energy of the
electrochemical cell, wherein an intercept of the linear regression provides values for
changes in enthalpy of the electrochemical cell and wherein a slope of the linear
regression provides values for changes in entropy of the electrochemical cell.

[0061] In an exemplary embodiment, the step of determining a thermodynamic
parameter for the electrochemical cell is performed using an integrated circuit
comprising: a voltage monitoring circuit for measuring a plurality of open circuit
voltages of the electrochemical cell, the plurality of open circuit voltages generated
upon charging or discharging the electrochemical cell or stopping charging or
discharging the electrochemical cell; a temperature monitoring circuit for measuring
a plurality of temperatures of the electrochemical cell, the plurality of temperatures
generated upon charging or discharging the electrochemical cell or stopping
charging or discharging the electrochemical cell; and a circuit for determining a
thermodynamic parameter of the electrochemical cell, wherein the thermodynamic
parameter is one or more of a change in entropy of the electrochemical cell, a
change in enthalpy of the electrochemical cell and a change in free energy of the
electrochemical cell, the circuit for determining a thermodynamic parameter
positioned in electrical or data communication with the temperature monitoring circuit
to receive temperature measurements from the temperature monitoring circuit and
positioned in electrical or data communication with the voltage monitoring circuit to

receive open circuit voltage measurements from the voltage monitoring circuit.

[0062] In a specific embodiment, the step of determining a thermodynamic
parameter for the electrochemical cell does not comprise controlling a temperature of
the electrochemical cell using a temperature controller, a heater, a cooler or any
combination of these. Optionally, the step of determining a thermodynamic
parameter for the electrochemical cell comprises generating a plurality of open circuit
voltages of the electrochemical cell, a plurality of temperatures of the
electrochemical cell or both a plurality of open circuit voltages of the electrochemical
cell and a plurality of temperatures of the electrochemical cell.

[0063] Optionally, the generating step comprises charging or discharging the
electrochemical cell; wherein a temperature of the electrochemical cell changes
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during the charging or discharging, wherein an open circuit voltage of the
electrochemical cell changes during the charging or discharging or wherein both a
temperature of the electrochemical cell and an open circuit voltage of the
electrochemical cell change during the charging or discharging. Optionally, the
generating step comprises stopping a charging or a discharging of the
electrochemical cell; wherein a temperature of the electrochemical cell changes after
stopping the charging or the discharging, wherein an open circuit voltage of the
electrochemical cell changes after stopping the charging or the discharging or
wherein both a temperature of the electrochemical cell and an open circuit voltage of
the electrochemical cell change after stopping the charging or the discharging.

[0064] In another aspect provided are methods for safely operating an
electrochemical cell. A specific embodiment of this aspect comprises the steps of:
providing an electrochemical cell; providing an entropy monitoring circuit for
monitoring an entropy of the electrochemical cell, the circuit positioned in electrical
communication with the electrochemical cell; determining an entropy of the
electrochemical cell using the entropy monitoring circuit; comparing the determined
entropy of the electrochemical cell with a reference entropy; and disabling the
electrochemical cell from charging or discharging when the determined entropy of
the electrochemical cell is different from the reference entropy. In embodiments,
methods of this aspect provide for safe operation and monitoring of electrochemical
cells, such as to prevent electrochemical cells from operating under conditions in
which thermal runaway of the electrochemical cell is likely to take place. In
embodiments, methods of this aspect provide a way to disable or bypass
electrochemical cells which are determined to be unfit for safe operation, thereby
preventing further increasing the likelihood that the electrochemical cell will undergo
thermal runaway.

[0065] Optionally, the reference entropy is an entropy of a reference
electrochemical cell having a preselected state of safety, a preselected state of
charge, a preselected state of health or any combination of these, such as a
reference electrochemical cell that is approaching the end of its useful life and
should be removed from operation to prevent unsafe conditions. In a specific

embodiment, the disabling step comprises actuating a switch, relay or transistor in
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electrical communication with an electrode of the electrochemical cell, thereby
disabling charging or discharging the electrochemical cell. Optionally, the
determining step comprises determining a change in entropy of the electrochemical
cell. Optionally, the comparing step comprises comparing the change in entropy of
the electrochemical cell with a reference change in entropy. Optionally, the disabling
step comprises disabling the electrochemical cell from charging or discharging when
the determined change in entropy of the electrochemical cell is greater than the
reference change in entropy. Optionally, the determining step comprises
determining a differential entropy of the electrochemical cell. Optionally, the
comparing step comprises comparing the differential entropy of the electrochemical
cell with a reference differential entropy. Optionally, the disabling step comprises
disabling the electrochemical cell from charging or discharging when the determined
differential entropy of the electrochemical cell is greater than the reference
differential entropy. In a specific embodiment, the step disabling step disables the
electrochemical cell from charging or discharging with the determined entropy is
greater than the reference entropy or less than the reference entropy.

[0066] In another embodiment, a method of this aspect further comprises the steps
of: monitoring a temperature of the electrochemical cell; comparing the temperature
of the electrochemical cell with a reference temperature; and disabling the
electrochemical cell from charging or discharging when the temperature of the
electrochemical cell is greater than the reference temperature. Optionally, these
embodiments provide another means for ensuring safe operation of an
electrochemical cell or for determining whether an electrochemical cell has begun
thermal runaway or will later undergo thermal runaway if the cell is continued in
operation. Optionally, the reference temperature is a temperature of a reference
electrochemical cell having a preselected state of safety, a preselected state of
charge, a preselected state of health or any combination of these. Optionally, the
disabling step comprises actuating a switch, relay or transistor in electrical
communication with an electrode of the electrochemical cell, thereby disabling
charging or discharging the electrochemical cell.

[0067] In an exemplary embodiment, methods of this aspect utilize devices
described herein for monitoring an entropy of an electrochemical cell. In a specific
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embodiment, the entropy monitoring circuit comprises an integrated circuit
comprising: a voltage monitoring circuit for measuring a plurality of open circuit
voltages of the electrochemical cell, the plurality of open circuit voltages generated
upon charging or discharging the electrochemical cell or stopping charging or
discharging the electrochemical cell; a temperature monitoring circuit for measuring
a plurality of temperatures of the electrochemical cell, the plurality of temperatures
generated upon charging or discharging the electrochemical cell or stopping
charging or discharging the electrochemical cell; a current monitoring circuit for
measuring a charging current of the electrochemical cell or a discharging current of
the electrochemical cell; and a circuit for determining a thermodynamic parameter of
the electrochemical cell, wherein the thermodynamic parameter is one or more of a
change in entropy of the electrochemical cell, a change in enthalpy of the
electrochemical cell and a change in free energy of the electrochemical cell, the
circuit for determining a thermodynamic parameter positioned in electrical or data
communication with the temperature monitoring circuit to receive temperature
measurements from the temperature monitoring circuit, positioned in electrical or
data communication with the voltage monitoring circuit to receive open circuit voltage
measurements from the voltage monitoring circuit and positioned in electrical or data
communication with the current monitoring circuit to receive current measurements
from the current monitoring circuit or to provide thermodynamics parameters to the

current monitoring circuit.

[0068] In the context of this description, the term “thermodynamically stabilized
conditions” refers to experimental conditions wherein measured open circuit voltages
approximate equilibrium cell voltage such that the measurements can be used to
determine thermodynamic parameters and materials properties with accuracies such
that these parameters may be used to evaluate the elecirochemical, materials and
performance attributes of the electrodes and/or electrochemical cell. Measurement
of open circuit voltages for thermodynamically stabilized conditions enables
determination of state functions such as the Gibbs free energy, enthalpy and entropy
of electrode/electrochemical cell reactions. It is intended that thermodynamically
stabilized conditions include some deviations from absolute equilibrium conditions.

In some embodiments open circuit voltages for thermodynamically stabilized
conditions deviate from true equilibrium voltages by less than 1mV and preferably,
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for some embodiments, conditions deviate from true equilibrium voltages by less
than 0.1mV. Under some experimental conditions of the present invention, the open
circuit voltages are nearly an exact measure of the difference in Gibbs free energy of
Li in the anode and cathode and any observed deviations originate from limitations in
the measurement techniques employed during analysis. The ability to accurately
identify open circuit voltage measurements reflecting thermodynamically stabilized
conditions is useful for providing measurements of open circuit voltage, temperature
and composition that may be used for characterization of important thermodynamic,
electrochemical and materials properties of the electrodes analyzed.

[0069] In some embodiments, the expression “electrochemical cell” refers to a
device comprising of three major active materials:

[0070] anode: is typically the electrode where an oxidation takes place. Oxidation is
a loss of electron and can be schematized as: Ra = O, + n.e, wherein R, is the
reduced form and O, is the oxidized form of a chemical specie or used for the anode
material. It comprises a neutral or positively charged (cation) or negatively charged
(anion), n.=number of electron moles exchanged in the anode reaction per R. mole.
The anode is the negative pole of the cell during discharge;

[0071] cathode: is typically the electrode where a reduction (electron gain) takes
place. The reaction is the reverse of the previous one, i.e. O; +n.e > R, wherein O,
is the oxidized form and R is the reduced form of a chemical specie or used for the
cathode material. It comprises a neutral or positively charged (cation) or negatively
charged (anion), nc=number of electron moles exchanged in the anode reaction per
O. mole. The cathode is the positive pole of the cell during discharge; and

[0072] electrolyte: is an ionically conductive material, which role is to provide anions
and cations needed for the electrode reactions to be achieved. It usually comprises a
solvent medium and a solute material such as a salt, an acid or a base. In some
cases, the electrolyte changes composition a result of the cell’s charge and
discharge (see, lead-acid batteries for example where sulfuric acid is consumed
during discharge: Pb +PbO, + 2H,SO, - 2PbSO, +2H,0)

[0073] As used herein, the expressions “electrochemical cell composition” or

“composition of an electrochemical cell” are used synonymously and refer to
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compositions and/or physical states of active materials comprising the
electrochemical cell (i.e., electrodes such as cathode and anode, and the
electrolyte). Accordingly, in some embodiments electrochemical cell composition
refers to surface and/or bulk compositions of cathode and anode materials, the
composition of the electrolyte or any combination of these). In some embodiments
of the present invention, the expression “composition of an electrochemical cell”
refers to the state of charge of the electrochemical cell or any component thereof
(e.g. active material such as electrodes or electrolyte).

[0074] Examples of electrochemical cells useful in the present invention include, but
are not limited to, batteries (primary and secondary) and fuel cells. While the above
anode and cathode reactions are characteristic of electrode processes in batteries
and fuel cells and involve electron transfer between the electrolyte and the electrode
in a so called faradaic process (or Redox process), there are other non-faradaic
processes that allow for electrical charges storage at the electrode surface without a
charge transfer or a Redox process.

[0075] Examples of electrochemical cells useful in the present invention include, but
are not limited to, electrochemical double layer capacitors (EDLC) and
electrochemical double layer supercapacitors. In an electrochemical double layer
capacitor EDLC (or supercapacitor), an anion A" or a cation C" is stored on the
electrode surface owing to accumulation of electrons (e7) or electron holes (h*) at the
electrode-electrolyte interface to balance the adsorbed charge species and form
neutral species in a double layer structure: (A, h*) and (C*, e). During charge and
discharge the anions and/or cations are adsorbed or desorbed from the surface,
which causes an electric current flow in the external circuit (charger or load) to
balance for surface charges.

[0076] Hybrid supercapacitors are an intermediary category of electrical power
sources between batteries and EDLC. They are hybrid because they combine two
electrodes, one is a faradaic electrode like in a battery, and the other is a non-
faradaic (capacitive) electrode like in an EDLC.

[0077] Batteries, fuel cells and EDLC are polarized systems in that the voltage of
the anode and the cathode are different. During discharge, the cathode has the
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higher voltage V*, therefore it is the positive pole, whereas the anode bears the
lower voltage V™ and is the negative pole. The difference in voltage U=V*-V" depends

on different parameters, the most important are:

[0078] State of charge: (SOC) of each electrode. SOC is usually given in % of the
total charge theoretically stored in the anode (Qw(an) or the cathode (Qw(ca);
Density of discharge current (i): Under zero current, Ui is the open-circuit voltage,
which with time tends to an equilibrium value U.. fixed by SOC and temperature;
Temperature; State of health (SOH) of the system components: for anode, cathode
and electrolyte the SOH varies with the system ‘history’, such as for the most
common charge/discharge cycles, overcharge and overdischarge and thermal aging.
Since a battery, a fuel cell and an EDLC function in a ‘series’ mode, any degradation
of one of the active components: anode, cathode and electrolyte, will affect the cell’s
SOH.

[0079] With changing SOC, the electrodes surface or bulk composition changes
and in some cases the electrolyte composition changes too. These changes in
electrode surface and/or bulk composition and/or electrolyte composition establish,
at least in part, the composition of the electrochemical cell (i.e. electrochemical cell
composition) as described herein. Change in electrode composition is especially
relevant for battery systems wherein electrolyte is consumed (e.g., lead acid, NiCd
and Zn-silver batteries (See: reactions below)) and in normal or hybrid EDLCs.

[0080] A. Reactions for lead acid battery

[0081] Negative Electrode:  Pb ——% Pp* + 2e

charge

discharge

Pb* + SO,Z "**° PbSO,

[0082] Positive Electrode: PbO, + 4H* + 26 —% PP 4 2H,0

charge

discharge

Pb% + SO,> **° PpSO,
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[0083] Overall Reaction: Pb + PbO, + 2H,S0s % 2PpS0, + 2H,0

charge

[0084] B. Reactions for nickel-cadmium system

ONIOOH + 2H,0 + Cd ——= 2Ni(OH), + Cd(OH)»

charge

[0085] C. Reactions for silver — zinc, silver — cadmium and silver-iron systems

discharge

AgO + Zn + H,O — Zn(OH), + Ag
charge
AgO + Cd + H,0 =% Cd(OH)s + Ag
charge
4AQO + 3Fe + 4H,0 =% Fe,0,4H,0 + 4Ag

charge

[0086] The present measurement system is capable of measuring thermodynamic
functions of a half- or a full-cell at different SOC of the anode, cathode and
electrolyte.

[0087] As used herein the expression “composition of an electrochemical cell”
refers generally to bulk compositions and/or surface compositions of components of
an electrochemical cell. In some embodiments, composition of an electrochemical
cell refers to the composition of electrodes of the electrochemical cell, such as
compositions of electrodes (e.g., cathode and/or anode electrodes) of the
electrochemical cell. In embodiments wherein the electrode(s) is an intercalating
electrode, the composition of an electrochemical cell may refer to the stoichiometry
of the intercalating electrode materials with respect to the amount of intercalant
physically associated with the electrode, the absolute amount of intercalant
physically associated with the electrode, or the concentration of intercalant physically
associated with the elecirode. In some embodiments, the expression “composition
of the electrochemical cell” refers to the composition of the electrolyte (e.g., the
concentration(s) of components (ionic and/or nonionic) of the electrolyte). In some
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useful embodiments of the present invention, the expression “composition of an
electrochemical cell” refers to the state of charge of the electrochemical cell or any
component thereof, such as the state of charge of an electrode (cathode, anode,
working, counter etc.) or combination of electrodes.

[0088] Coulometry is a technique useful in the present invention for measuring
and/or selecting the electrochemical cell composition by establishing and/or
determining the SOC of an electrochemical cell. In some embodiments, therefore,
the composition controller comprises a coulometer. For example, let i(t) be the
current intensity in the cell at time ‘t". The total amount of charge Q(t) at time tis
given by the time integration of i(t):

O(7) = j i(t)dt
0 (1)

[0089] The SOC of anode (an), cathode (cat) and electrolyte (elec) is given in % as:

Q@)

SOC(an,cat,elec.) =100
Q. (an,cat,elec.) 2)

[0090] The SOC of the full cell is fixed by that of the limiting component, anode,
cathode or electrolyte:

SOC(full cell)=inf(SOC(an), SOC(cat),SOC(elec)) (3)

(the ‘inf’ function refers to the lowest value of a group of parameters). The
electrochemical techniques for acquiring i(t) include, but are not limited to, the
following:

[0091] Galvanostatic method: here the applied current or current density is constant
i(t)=1. The amount of electricity passed is therefore proportional to time: Q(t)=It.
Usually the electrode or cell voltage is plotted versus time, a technique called
chronopotentiometry.

[0092] Constant voltage: applying a constant voltage different from the
thermodynamic OCV will cause a current i(t) to flow in the cell. The latter is recorded
versus time, a technique called chronoamperometry. A variant of this method is the
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‘voltage step’ method, where a series of voltage steps U, (n=step number) are
applied usually with a constant increment dU (U,=Uo £ n 8U). At each step, the

current is recorded and integrated.

[0093] Potentio-dynamic methods such as linear sweep voltammetry and cyclic
voltammetry: in this method the voltage is driven between two limit values U, and
Uiw at a constant pace (U(t)=Uo = ki, k=constant, Ui,w <U(t)<Uyp). The current

response i(t) is recorded and generally plotted against U(t).

[0094] Discharge under constant load: the cell is connected to a resistance and the

current is recorded versus time.

[0095] By proper selection of the compositions, design and/or experimental
conditions of the electrochemical cell, the measurement system of the present
invention can probe the materials properties, SOH, thermodynamics and/or materials
properties of a single component of the electrochemical cell, such as a selected
electrode (cathode or anode) or the electrolyte, and chemical reactions occurring on
or in a single component of the electrochemical cell. Selection of such
electrochemical cell and measurement system configurations are beneficial for using
the present measuring system to generate useful information (thermodynamic,
composition, physical properties etc.) relating to a single active component of an
electrochemical cell and chemical reactions thereof. For example, by choice of an
electrochemical cell having a first electrode (e.g. counter electrode) having a
chemical potential that is independent of the state of charge of the electrochemical
cell, the system of the present invention is capable of generating measurements of
open circuit voltage for thermodynamically stabilized conditions for different
compositions and/or states of charge of the second electrode (e.g. working
electrode). In one embodiment, for example, use of a first electrode (e.g. counter
electrode) comprising a pure electrode material (e.g., a lithium, cadmium or zinc pure
metal electrode) is useful for providing open circuit voltage measurements that
principally reflect the state of charge, composition and/or chemical reactions of the
second elecirode (e.g. working electrode). More generally, however, systems of the
present invention employing a reference electrode (i.e., a third electrode), in addition
to first and second electrodes, may be used to provide measurements of open circuit

voltage or thermodynamic parameters, for example, as a function of the composition
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and/or state of charge (SOC) of a selected electrode (e.g., cathode or anode). In
these embodiments, the incorporation of a reference electrode (i.e. a third electrode),
therefore, allows accurate measurements of open circuit voltage for
thermodynamically stabilized conditions for different compositions, temperatures and
chemical reactions of a selected electrode of the electrochemical cell. Use of such
system configurations is highly beneficial for providing thermodynamic and other
useful information that principally reflects the chemistry, physical properties,
thermodynamics and structure of a single electrochemical cell component. For
example, use of a reference electrode or selection of an electrode having a chemical
potential that is independent of the state of charge of the electrochemical cell allows
thermodynamic state functions (AH, AS and AG) to be determined that correspond to
a single electrode reaction. Such information is useful for the structural,
thermodynamic and chemical characterization of electrochemical cell components,
and may serve the basis for testing and quality control methods for evaluating

components of electrochemical cells.

[0096] Open circuit voltage analyzers and voltage monitoring circuits of the present
invention are capable of determining open circuit voltages, for example, that
correspond to thermodynamically stabilized conditions or approximately
thermodynamically stabilized conditions. In some embodiments, an open circuit
voltage analyzer or voltage monitoring circuit is also capable of open circuit voltage
data acquisition and, of optionally providing analysis of the data generated by the
measurement system including calculating thermodynamic state functions, such as
changes in entropy and enthalpy, and generating plots of thermodynamic state
functions versus open circuit voltage or electrochemical cell composition useful for
characterizing electrochemical cells and electrode materials. Useful open circuit
analyzers and voltage monitoring circuits include, but are not limited to, those
comprising processors capable of executing algorithms that utilize open circuit
measurements as a function of time to identify open circuit voltages that correspond
to thermodynamically stabilized conditions or approximately thermodynamically
stabilized conditions. In an embodiment, an open circuit voltage analyzer or voltage
monitoring circuit is capable of calculating observed rates of change in open circuit
voltage per unit time (AOCV / At)observed fOr electrochemical cell as a function of time.

For example, an open circuit voltage analyzer or voltage monitoring circuit is
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optionally configured such that it directly or indirectly monitors open circuit voltage
and calculates observed rates of change in open circuit voltage per unit time. For
each observed rate of change in open circuit voltage per unit time, the absolute
value of the observed rates of change in open circuit voltage per unit time is
optionally compared to a threshold rate of change in open circuit voltage per unit
time (AOCV / At)mreshoia- An Open circuit voltage analyzer or voltage monitoring
circuit determines that an open circuit voltage is equal to the open circuit voltage of
the electrochemical cell for thermochemically stabilized conditions for the selected
electrochemical cell temperature and composition combination when the absolute
value of the observed rate of change in open circuit voltage per unit time is equal to
or less than the threshold rate of change in open circuit voltage per unit time:

AOCYV < AOCYV
At observed| At Threshold

In exemplary embodiments, the threshold rate of change in open circuit voltage as a
function of time is equal to or less than 1 mV h™* (millivolt per hour) and preferably for
some applications the threshold rate of change in open circuit voltage as a function
of time is equal to or less than 0.3 mV h™', and more preferably for some applications
the threshold rate of change in open circuit voltage as a function of time is equal to
or less than 0.1 mV h™.

[0097] Optionally, an open circuit voltage analyzer or voltage monitoring circuit
monitors the open circuit voltage of an electrochemical cell for a set period of time,
for example a time period smaller than that required for the electrochemical cell to
relax to thermochemically stabilized conditions. The open circuit voltage analyzer or
voltage monitoring circuit then determines an exponential or other growth or decay
rate in order to compute the open circuit voltage for thermochemically stabilized
conditions from the growth or decay rate and a measured open circuit voltage for
non-thermochemically stabilized conditions. Such a process permits determination
of an open circuit voltage for thermochemically stabilized conditions even though
thermochemically stabilized conditions are not directly measured, for example by
extrapolating the open circuit voltage trend without having to wait for equilibrium
values to be reached. For example, in one embodiment, a mathematical model is
used for determination of equilibrium values by extrapolation. D.M. Bernardi et al., J.
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Power Sources 196 (2011) 412-427, herein incorporated by reference in its entirety,
provides example methods for determination of equilibrium values by extrapolation

[0098] In one embodiment, for example, the open circuit voltage analyzer, voltage
monitoring circuit or other system component measures open circuit voltages at
various times and uses this information to repeatedly (periodically or aperidocially)
calculate observed rates of change in open circuit voltage per unit time. When the
observed rate of change (AOCV / At)oserved Calculated is equal to or less than the
threshold rate of change (AOCV / At)mreshold, the open circuit voltage analyzer or
voltage monitoring circuit may determine that the most recent open circuit voltage
measurement is equal 1o the open circuit voltage for thermochemically stabilized
conditions, may determine the next open circuit voltage to be measured is equal to
the open circuit voltage for thermochemically stabilized conditions, or may calculate
a time averaged valued of open circuit voltage corresponding to experimental
conditions when [(AOCV / At)opserved | < (AOCV / At)threshold-

[0099] A significant capability of the present system is that it provides a means of
establishing electrochemical cell conditions and collecting voltage, time and
temperature measurements with the enhanced accuracy required to enable accurate
thermodynamic analysis. Selection of a combination of a means for measuring open
circuit voltage accurate to within about 1 mV and a temperature sensor capable of
sensing electrochemical cell temperatures to within about 0.1 degrees Kelvin, for
example, provides a number of benefits. For example, this combination of system
component performance attributes provides measurements accurate enough to
determine a range of important thermodynamic parameters and materials properties
of many electrode materials and/or electrochemical energy conversion and storage
systems. Further, these performance attributes enable thermodynamic state
functions, such as the Gibbs free energy, enthalpy and entropy of
electrode/electrochemical cell reactions, to be determined using measurements
corresponding to a relatively narrow range of temperatures (e.g. less than or equal to
about 10 degrees Kelvin). For some applications, confining measurements to a
narrow range of electrochemical cell temperatures is beneficial for avoiding thermally
activated phase changes in electrode materials that make thermodynamic analysis
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difficult and for avoiding electrochemical cell temperatures where self-discharge of
the electrochemical cell is significant.

[00100] Methods of the present invention may further comprise a number of
analysis steps wherein measurements of open circuit voltage, electrochemical cell
composition, time and/or temperature are used to characterize thermodynamics and
materials properties of the electrodes, electrolyte and/or electrochemical cell and/or
to predict electrochemical performance parameters for these systems such as
energy, energy density, power density, current rate, discharge voltage, capacity and
the cycle life.

[00101] One method of the present invention, for example, further comprises
analysis steps of generating plots or computing a linear regression of the open circuit
voltages of the electrochemical cell versus temperature. In this embodiment,
determination of slopes and intercepts for each of the plots or regressions
corresponds to measured changes in entropy (AS) and enthalpy (AH), respectively,
for reactions at the electrodes for each of the cell compositions. Analysis steps of
this aspect of the present invention may further comprise calculating changes in
Gibbs free energy (AG) for reactions at the electrodes for each of the cell
compositions using the determined entropy and enthalpy data.

[00102] A method of the present invention, for example, further comprises
analysis steps of: (i) generating a plot of measured changes in entropy (AS) versus
electrochemical cell composition and/or (ii) generating a plot of measured changes in
enthalpy (AH) versus electrochemical cell composition; (iii) generating a plot of
measured changes in entropy (AS) versus open circuit voltage and (iv) generating a
plot of changes in entropy (AS) versus changes in enthalpy (AH). Features in such
plots of AS or AH versus electrochemical cell composition or open circuit voltage are
useful for characterizing phase (and changes in phase), morphology and/or
structural defects in electrode materials. Furthermore, such parametric entropy and
enthalpy curves can be used as a 'fingerprint' for characterizing and/or identifying an
electrode (e.g., cathode and an anode) material, an electrolyte and/or an
electrochemical cell. As the material cycles in the battery, these traces change due
to physical and/or chemical changes occurring in the electrode materials. The
present methods, therefore, are useful for evaluating the 'state of health' of an
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electrode material upon heavy cycling or exposing to high temperatures or to
overpotentials (overcharge and overdischarge for a cathode and an anode,
respectively) or to provide quality control information regarding the presence of
defects in electrodes and electrochemical systems.

[00103] Even when the composition of the electrode material is not well known,
it is still very useful to plot the AS versus the OCV or electrochemical cell
composition to ascertain the materials properties of the electrodes. The AS and the
AH are functions of the chemical composition of the electrode material, and
parametric plots of AS and AH versus open circuit voltage or composition is very
sensitive to differences in the composition and structures of different materials.
Accordingly, these parametric plots can serve as a "fingerprinting” for different
materials so as to ascertain the identity, composition, structure, defect structure etc.

of electrode materials, even when composition is not well known in advance.

[00104] Thermodynamic measuring methods and systems of the present
invention enable a broad range of functionalities. In embodiments, methods of the
present invention comprise a method of predicting one or more performance
parameter of an electrode and/or electrochemical cell including the capacity, specific
energy, power, cycle life, cell voltage, stability, self-discharge or discharge current of
the electrochemical cell. In embodiments, methods of the present invention
comprise a method of assessing the composition, morphology, phase or physical
state of an electrode(s) or electrochemical cell. In embodiments, methods of the
present invention comprise a method of identifying surface, bulk and crystal defect
structures in electrode materials or electrochemical cell. In embodiments, methods
of the present invention comprise a method of identifying a phase transition in
electrode materials.

[00105] In one aspect, the SOH of a battery is related to the SOH of one (or a
combination) of three major cell components: anode, cathode and electrolyte. The
thermodynamic functions (AG, AS and AH) of each electrode reaction are used as
the fingerprint of the corresponding electrode's SOH. These functions can be plotted
versus the 'electrode composition' or the 'electrode Potential' to provide a
quantitative characterization of the electrochemical cell or any component thereof.
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[00106] The present invention also provides methods for determining the SOH
of an electrochemical cell, for example an electrochemical cell comprising a host
material. An embodiment of this aspect comprises the steps of: determining a AG,
AS and/or AH of the electrochemical cell for a plurality of selected electrochemical
cell compositions; determining states of charge of the electrochemical cell for each of
the plurality of selected electrochemical cell compositions; identifying the states of
charge and AG, AS and/or AH corresponding to an event or condition of the
electrochemical cell; and comparing the AG, AS and/or AH corresponding to the
event or condition of the electrochemical cell to reference AG, AS and/or AH
corresponding to the event or condition of a reference electrochemical cell.

[00107] In specific embodiments, the event or condition includes, but is not
limited to: a 0% charge state of the electrochemical cell, a 100% charge state of the
electrochemical cell, one or more specific partial charge states of the electrochemical
cell and a phase transition taking place within the electrochemical cell. For certain
embodiments, the selected electrochemical cell compositions correspond to
compositions of an electrode of the electrochemical cell, compositions of an
electrolyte of the electrochemical cell and/or compositions or more than one
electrode of the electrochemical cell. In an exemplary embodiment, the reference
AG, AS and/or AH are AG, AS and/or AH for the electrochemical cell at a previous
charge cycle.

[00108] The methods and systems of the present invention also are capable of
thermodynamically evaluating virtually any electrochemical system having an
electrode pair including, but not limited to, gas electrodes, electrochemical sensors,
catalysis materials, corrosion systems, electro-deposition systems and
electrosynthesis systems.

[00109] The methods and systems of the present invention also are capable of
thermodynamically evaluating and otherwise analyzing virtually any type of electrode
or any electrode material including, but not limited to, host electrode materials and
intercalating electrode materials such as carbon electrodes, nanostructure metal

oxide electrodes and nano-phosphate electrodes.
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[00110] Without wishing to be bound by any particular theory, there can be
discussion herein of beliefs or understandings of underlying principles relating to the
invention. It is recognized that regardless of the ultimate correctness of any
mechanistic explanation or hypothesis, an embodiment of the invention can
nonetheless be operative and useful.

BRIEF DESCRIPTION OF THE DRAWINGS

[00111] Figure 1 provides a block diagram of an electrochemical
thermodynamic measurement system (ETMS).

[00112] Figure 2 provides a block diagram of an electrochemical
thermodynamic measurement system (ETMS) incorporated into a single chip.

[00113] Figure 3 illustrates a block diagram for a electrochemical

thermodynamic measurement system including temperature control components.

[00114] Figure 4 illustrates an embodiment comprising a circuit for determining

a thermodynamic parameter.

[00115] Figure 5 illustrates a power switching circuit embodiment.

[00116] Figures 6A and 6B illustrate voltage converter circuit embodiments.
[00117] Figure 7 illustrates a temperature to voltage converter embodiment
[00118] Figure 8 illustrates a voltage differentiator embodiment.

[00119] Figure 9 illustrates a division circuit embodiment.

[00120] Figures 10A and 10B illustrate modulation circuit embodiments.
[00121] Figures 11-14 illustrates open circuit voltage versus temperature data

obtained for four cells in which the temperature of the cells was not controlled.
[00122] Figure 15 provides a summary of the analysis results of Figures 11-14.

[00123] Figure 16 illustrates data showing a comparison of measurements of
open circuit voltage obtained with and without temperature control.

41



WO 2014/021957 PCT/US2013/038407

[00124] Figure 17 illustrates data showing a comparison of measurements of
changes in entropy obtained with and without temperature control.

[00125] Figure 18 illustrates data showing a comparison of measurements of
changes in enthalpy obtained with and without temperature conirol.

[00126] Figures 19 and 20 provide data illustrating the discharge profiles of
cells aged at 60 °C and 70 °C, respectively, over a period of 8 weeks.

[00127] Figures 21A and 21B provide a summary of the discharge
characteristics after aging at 60 °C and 70 °C, respectively.

[00128] Figure 22 provides data illustrating the entropy profiles of lithium ion
cells aged at 70 °C.

[00129] Figure 23 provides data illustrating the enthalpy profiles of lithium ion
cells aged at 70 °C.

[00130] Figure 24 provides data illustrating differential entropy profiles of lithium
ion cells aged at 70 °C.

[00131] Figure 25 provides data illustrating differential enthalpy profiles of
lithium ion cells aged at 70 °C.

[00132] Figure 26 illustrates data providing the state of health versus
differential entropy of cells aged at 60 °C.

[00133] Figure 27 illustrates data providing the state of health versus
differential entropy of cells aged at 70 °C.

[00134] Figure 28 provides data illustrating the discharge profile of cells
overcharged at different cut-off voltages.

[00135] Figure 29 summarizes the discharge characteristics after overcharging
cells to different cut-off voltages.

[00136] Figure 30 provides data showing entropy profiles of electrochemical
cells overcharged to different cut-off voltages.
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[00137] Figure 31 provides data showing enthalpy profiles of electrochemical
cells overcharged to different cut-off voltages.

[00138] Figure 32 illustrates data providing the state of health versus
differential entropy of overcharged cells.

[00139] Figure 33 provides a summary of discharge characteristics of cells after
cycling for a specified number of cycles.

[00140] Figure 34 provides data showing differential entropy profiles of cells
after cycling.

[00141] Figure 35 provides data showing differential enthalpy profiles of cells
after cycling.

[00142] Figure 36 illustrates data providing the state of health versus
differential entropy of cycled cells.

[00143] Figure 37 provides data illustrating the differential entropy profile of the
fresh and aged cells.

[00144] Figure 38 provides data from accelerating rate calorimetry experiments
showing the self-heating rate for fresh and aged cells.

[00145] Figure 39 illustrates data showing self-heating peak intensity plotted as
a function of differential entropy peak intensity at 5% SOC.

[00146] Figure 40 illustrates data showing self-heating peak intensity as a
function of differential entropy peak intensity at 80% SOC.

DETAILED DESCRIPTION

[00147] In general the terms and phrases used herein have their art-recognized
meaning, which can be found by reference to standard texts, journal references and
contexts known to those skilled in the art. The following definitions are provided to
clarify their specific use in the context of the invention.

[00148] The term “electrochemical cell” refers to devices and/or device
components that convert chemical energy into electrical energy or electrical energy
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into chemical energy. Electrochemical cells typically have two or more electrodes
(e.g., cathode and anode) wherein electrode reactions occurring at the electrode
surfaces result in charge transfer processes. Electrochemical cells include, but are
not limited to, primary batteries, secondary batteries, galvanic cells, fuel cells and
photovoltaic cells.

[00149] The term “open circuit voltage” refers to the difference in potential
between terminals (i.e. electrodes) of an electrochemical cell when the circuit is open
(i.e. no load conditions). Under certain conditions the open circuit voltage can be
used to estimate the composition of an electrochemical cell. The present methods
and system utilize measurements of open circuit voltage for thermochemically
stabilized conditions of an electrochemical cell to determine thermodynamic
parameters, materials properties and electrochemical properties of electrodes,
electrochemical cells and electrochemical systems.

[00150] The term “capacity” is a characteristic of an electrochemical cell that
refers to the total amount of electrical charge an electrochemical cell, such as a
battery, is able to hold. Capacity is typically expressed in units of ampere-hours.

[00151] The expression “state of charge” or “SOC” is a characteristic of an
electrochemical cell or component thereof (e.g. electrode — cathode and/or anode)
referring to its available capacity, such as a baitery, expressed as a percentage of its
rated or theoretical capacity. The expression “state of charge” can optionally refer to
a true state of charge or a coulometric state of charge. The state of charge of an
electrochemical cell can be measured using a variety of methods, including those
described herein. The following references, hereby incorporated by reference,
disclose methods for estimating, calculating or measuring a state of charge of an
electrochemical cell: Ng et al., Applied Energy 86 (2009) 1506-1511; Piller et al.,
J..Power Sources 96 (2001) 113-120; Coleman et al., IEEE Trans. Ind. Electron. 54
(2007) 2250-2257; Ng et al., “An enhanced coulomb counting method for estimating
state-of-charge and state-of-health of lead-acid batteries,” INTELEC 31st, Incheon,
KR, 2009; Snihir et al., J. Power Sources 159:2 (2006) 1484-1487;

[00152] The term “host material” refers to a component of an electrochemical
cell configured for accommodating a molecule, atom, ion and/or group into the host
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material. In this context, accommodating includes insertion of a molecule, atom, ion
and/or group into the host material, intercalation of a molecule, atom, ion and/or
group into the host material and/or reaction of a molecule, atom, ion and/or group
with the host material. In embodiments, accommodation of a molecule, atom, ion
and/or group is a reversible process, such that a molecule, atom, ion and/or group
can be released from the accommodating host material. For certain embodiments,
reversible accommodation by host materials does not result in significant
degradation or significant structural deformation of the material upon multiple
accommodation/release cycles. In some embodiments a host material is an
intercalation material. In some embodiments a host material is a framework
material. In some embodiments a host material is a host electrode of an
electrochemical cell and/or an intercalation electrode of an electrochemical cell.

[00153] "Intercalation” refers to refers to the process wherein an ion inserts into
a host material to generate an intercalation compound via a host/guest solid state
redox reaction involving electrochemical charge transfer processes coupled with
insertion of mobile guest ions, such as fluoride ions. Major structural features of the
host material are preserved after insertion of the guest ions via intercalation. In
some host materials, intercalation refers to a process wherein guest ions are taken
up with interlayer gaps (e.g., galleries) of a layered host material. Examples of
intercalation compounds include, but are not limited to, fluoride ion intercalation
compounds wherein fluoride ions are inserted into a host material, such as a layered
fluoride host material or carbon host material.

[00154] “Embed” or “imbed” interchangeably refer to the arrangement of a first
device or device component with relation to a second device or device component
such that the two devices or device components are included within a common
housing. In one embodiment, a device is embedded within a second device when
they are packaged together. In a certain embodiment, a device is embedded within
a second device when the devices are inextricably inseparable, or only separable by
destroying or disassembling one of the devices.

[00155] “Thermal communication” refers to the arrangement of two or more
devices or device components such that heat energy can efficiently flow between the
devices or device components, either directly or indirectly by means of an
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intervening component or material. In some embodiments, two devices positioned in
thermal communication are positioned in physical contact. In some embodiments,
two devices positioned in thermal communication have an intermediate material
positioned between them, such as a material that is an efficient conductor of heat,
such as comprising aluminum or copper. In one embodiment, two devices or device
components that are positioned in thermal communication have the same

temperature.

[00156] “Electrical communication” refers to the arrangement of two or more
devices or device components such that electrons can efficiently flow between the
devices or device components. In an embodiment, two devices positioned in
electrical communication are positioned in physical contact. In an embodiment, two
devices positioned in electrical communication are positioned such that an electrical
conductor is positioned between them, such as a copper wire or other metallic wire
or conductor. “Switchable electrical communication” refers to the arrangement of
two or more devices or device components such that the flow of electrons between
two or more devices can be selectively terminated, for example using a switch. In
one embodiment, three or more devices are in switchable electrical communication
when, at any one time, only two of the three or more devices are in electrical
communication with one another. In one embodiment, three or more devices are in
switchable electrical communication when one device may be selectively placed into
electrical communication with any one or more of the other two or more devices. In
one embodiment, two or more devices are in switchable electrical communication
when one device may be selectively placed into electrical communication with any

one or more of the other devices.

[00157] “Data communication” refers to the arrangement of two or more
devices or device components such that data can be transmitted between the
devices or device component. Data communication includes one way and two way
data transport. Data communication may be wired or wireless. In an embodiment,
two devices or device components in data communication are in electrical
communication. “Switchable data communication” refers to the arrangement of two
or more devices or device components such that the transmission of data between

two or more devices can be selectively terminated. In one embodiment, three or
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more devices are in switchable data communication when, at any one time, only two
of the three or more devices are in data communication with one another. In one
embodiment, two or more devices are in switchable data communication when one
device may be selectively placed into data communication with any one or more of

the other devices.

[00158] “Temperature sensor” refers to a device used to provide a signal
indicative of a temperature of an object. In embodiments, a temperature sensor

provides a voltage or a resistance to indicate the temperature of an object.

[00159] “Current monitoring circuit” refers to a circuit which receives a current
and provides an indication of a magnitude or direction of current flow through the
current monitoring circuit. In embodiments, an indication provided by a current
monitoring circuit is a data indication, a visual indication or an electrical indication,
such as a voltage indication or a current indication. In embodiments, a current
monitoring circuit monitors a current from an electrochemical cell, for example a
charging current or a discharging current. In embodiments, a current monitoring

circuit continuously or periodically monitors a current.

[00160] “Circuit for determining an open circuit state” refer to a circuit which
monitors whether or not an electrochemical cell is operating under open circuit
voltage conditions. In embodiments, a circuit for determining an open circuit state
comprises a current monitoring circuit. In embodiments, a circuit for determining an

open circuit state comprises a power switching circuit.

[00161] “Open circuit state” refers to a configuration of an electrochemical cell
providing a measure of whether the electrochemical cell is operating under open
circuit voltage conditions. In embodiments, an electrochemical cell is operating
under open circuit voltage conditions when a current flowing into or from the

electrochemical cell is zero or is below a specified threshold value.

[00162] “Temperature monitoring circuit” refers to a circuit which receives a
signal indicative of an object’s temperature and calculates, derives, computes or
otherwise determines or measures the object’s temperature. In embodiments, a

temperature monitoring circuit continuously monitors an object’s temperature. In
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embodiments, a temperature monitoring circuit periodically monitors an object’s

temperature.

[00163] “Voltage monitoring circuit” refers to a circuit which receives a signal
voltage from another object or device. In embodiments, a voltage monitoring circuit
continuously monitors a voltage. In embodiments, a voltage monitoring circuit
periodically monitors a voltage.

[00164] A “circuit for determining a thermodynamic parameter” refers to a
circuit which computes, derives, calculates or otherwise determines or measures a
thermodynamic state function or a change in a thermodynamic state function,
including, but not limited to, the thermodynamic state functions of Enthalpy (H),
Entropy (S) and Gibbs Free Energy (G). In embodiments, a circuit for determining a
thermodynamic parameter determines a change in a thermodynamic state function
from measurements of an electrochemical cell’s open circuit voltage, temperature,

composition and/or state of charge.

[00165] A “temperature controller’” and a “means for controlling or establishing
a temperature” refer to a device having the ability to actively establish and control its
own temperature or a temperature of a device it is in thermal communication with or

a device used for controlling the addition or heat to an external component.

[00166] A “field programmable gate array” or “FPGA” refers to a circuit or circuit
component which can have its functionality defined after construction or fabrication.
In an embodiment, an FPGA is a component of an integrated circuit. In
embodiments, some integrated circuits comprise an FPGA. FPGAs are useful, for
example, for providing desired functionality to an integrated circuit, such as to enable
digital and/or analog signal processing.

[00167] An “application specific integrated circuit” or “ASIC” refers to a circuit or
circuit component which has its functionality defined during construction or

fabrication.

[00168] A “current monitoring circuit” refers to a circuit which measures or
monitors a current being delivered by or delivered to another object or device, such

as an electrochemical cell. In embodiments, a current monitoring circuit continuously
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monitors a current. In embodiments, a current monitoring circuit periodically
monitors a current. In embodiments, a current monitoring circuit calculates a total
amount of current delivered to or from another object or device, such as an
electrochemical cell. In embodiments, a current monitoring circuit comprises a

coulometer, a galvanometer or an ammeter.

[00169] The terms “true state of charge” and “thermodynamic state of charge”
interchangeably refer to a fractional or percentage of the actual charge capacity
remaining in an electrochemical cell as compared to the original, theoretical, or
maximum capacity of charge in the electrochemical cell. In embodiments, the true
state of charge of an electrochemical cell is determined by comparing a condition of
the electrochemical cell, such as one or more thermodynamic parameters, with a
condition of a reference electrochemical cell and identifying the true state of charge
of the electrochemical cell as the state of charge of the reference electrochemical
cell having the same condition as the electrochemical cell.

[00170] The term “Coulometric state of charge” refers to a fractional or
percentage of the charge capacity remaining in an electrochemical cell as compared
to the original, theoretical, or maximum capacity of charge in the electrochemical cell
and measured by integrating a current actually delivered by or to the electrochemical
cell. In embodiments, the Coulometric state of charge and the true state of charge
can be different, such as when side reactions take place in an electrochemical cell
that do not contribute to charging or discharging the electrodes of the
electrochemical cell but are still associated with delivery of current from or to the
electrochemical cell. Such side reactions include, but are not limited to, oxidation of
an electrolyte in the electrochemical cell and reduction of electrochemical cell. In
embodiments a Coulometric state of charge is determined by subtracting the total
measured charge delivered by the electrochemical cell (including any charging and
discharging of the electrochemical cell) from the original, theoretical or maximum
charge capacity of the electrochemical cell and dividing by the original, theoretical or
maximum charge capacity of the electrochemical cell.

[00171] The present invention provides methods and systems for
thermodynamically evaluating electrochemical systems and components thereof,
including electrochemical cells such as batteries, fuel cells and photovoltaics. The
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present systems and methods are capable of monitoring selected electrochemical
cell conditions, such as temperature and composition, and carrying out
measurements of a number of cell parameters, including open circuit voltage, time
and temperature, with accuracies large enough to allow for precise determination of
thermodynamic state functions and materials properties relating to the composition,
phase and electrochemical properties of electrodes and electrolytes in an
electrochemical cell. Thermodynamic measurement systems of the present
invention are highly versatile and provide information for predicting a wide range of
performance attributes for virtually any electrochemical system having an electrode
pair.

[00172] Figure 1 illustrates an exemplary embodiment of a device of the
present invention constructed as an integrated circuit 100. Integrated circuit 100
comprises multiple internal circuit components including an AC to DC converter 101
for converting from mains electricity 102 (e.g., AC 100 — 240 V) to DC voltages
useful for providing power to other circuit components. AC to DC converter 101 is
optionally provided as a separate component from integrated circuit 100, for example
to reduce the complexity and size of integrated circuit 100, in which case DC
voltages are directly provided to other circuit components of integrated circuit 100.
The DC voltage output of AC to DC converter 101 is optionally adjustable to provide
various DC voltages depending on the power requirements of other circuit
components of integrated circuit 100. Optional input/output circuit 103 provides for
data communication with an input/output device 104 (e.g., as a keyboard, touch
screen or display), to obtain input from and display information to a user.
Input/output circuit 103 receives information from display circuit 105 for displaying to
a user on input/output device 104, such as computation results received from sub-
circuit 106. Input/output circuit 103 provides information to command circuit 107 for
converting user input from input/output device 104 to commands for sub-circuit 106.
Sub-circuit 106 provides various functionality to integrated circuit 100, including
voltage, current and temperature monitoring, voltage, current and temperature
control, and a processor for determining thermodynamic parameters and conditions
of an electrochemical cell 108 under test. In this embodiment, a temperature control
circuit 109 provides control signals to temperature controller 110, which is positioned
in thermal communication with electrochemical cell 108. Temperature controller 110
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optionally comprises a thermoelectric cooler (TEC) and heat sink. The temperature
111 of temperature controller 110 and/or electrochemical cell 108 is provided to
microcontroller 112, which comprises a temperature monitoring circuit. The voltage
or current 113 of electrochemical cell 108 is also monitored by microcontroller 112,
which comprises a voltage monitoring circuit, for example for monitoring an open
circuit voltage of electrochemical cell 108. Microcontroller 112 optionally comprises
a field programmable gate array circuit or another circuit having the desired
functionality for measuring temperature, voltage and computing thermodynamic
parameters and electrochemical cell conditions. In this embodiment, a voltage and
current control circuit 114 provides voltage and/or current 115 to electrochemical cell
108, for example for charging electrochemical cell 108. Optionally, voltage and
current control circuit 114 also provides voltage and current monitoring of
electrochemical cell 108, thereby relieving microcontroller 112 from having to monitor
voltage or current 113 of electrochemical cell 108. Figure 3 illustrates a block
diagram for a electrochemical thermodynamic measurement system including

temperature control components.

[00173] In embodiments, inclusion of temperature control circuitry and
temperature control hardware adds complexity, size and cost to a device of the
present invention. Instead, natural temperature changes of an electrochemical cell
as it is charged and discharged can be exploited to obtain measurements on an
electrochemical cell at various temperatures. Figure 2 illustrates an exemplary
embodiment of a device of the present invention that does not include a temperature
controller or associate control circuitry. In this embodiment, integrated circuit 200
comprises multiple internal circuit components including an AC to DC converter 201
for converting from mains electricity 202 (e.g., AC 100 — 240 V) to DC voltages
useful for providing power to other circuit components. AC to DC converter 201 is
optionally provided as a separate component from integrated circuit 200, for example
to reduce the complexity, size and cost of integrated circuit 200, in which case DC
voltages are directly provided to other circuit components of integrated circuit 200.
The DC voltage output of AC to DC converter 201 is optionally adjustable to provide
various DC voltages depending on the power requirements of other circuit
components of integrated circuit 200. Optional input/output circuit 203 provides for
data communication with an input/output device 204 (e.g., as a keyboard, touch
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screen or display), to obtain input from and display information to a user.
Input/output circuit 203 receives information from display circuit 205 for displaying to
a user on input/output device 204, such as computation results received from sub-
circuit 206. Input/output circuit 203 provides information to command circuit 207 for
converting user input from input/output device 204 to commands for sub-circuit 206.
Sub-circuit 206 provides various functionality to integrated circuit 200, including
temperature, voltage and current monitoring and voltage and current control, and a
processor for determining thermodynamic parameters and conditions of an
electrochemical cell 208 under test. The temperature 211 of electrochemical cell
208 is provided to microcontroller 212, which comprises a temperature monitoring
circuit. The voltage or current 213 of electrochemical cell 208 is also monitored by
microcontroller 212, which comprises a voltage monitoring circuit, for example for
monitoring an open circuit voltage of electrochemical cell 208. Microcontroller 212
optionally comprises a field programmable gate array circuit or another circuit having
the desired functionality for measuring temperature, voltage and computing
thermodynamic parameters and electrochemical cell conditions. In this embodiment,
a voltage and current control circuit 214 provides voltage and/or current 215 to
electrochemical cell 208, for example for charging electrochemical cell 208.
Optionally, voltage and current control circuit 214 also provides voltage and current
monitoring of electrochemical cell 208, thereby relieving microcontroller 212 from
having to monitor voltage or current 213 of electrochemical cell 208.

[00174] Figure 4 illustrates an embodiment of a device of the present invention
comprising a circuit for determining a thermodynamic parameter. For example, the
embodiment shown in Figure 4 comprises an entropy monitoring circuit 400. A
temperature sensor 401 is positioned in thermal communication to the cathode or
anode of the electrochemical cell 402. Useful temperature sensors 401 include, but
are not limited to thermocouple, thermistor, diode or transistor based temperature
sensors. As used herein the term thermistor refers to a resistive element where the
resistance value changes according to the temperature, thereby permitting
determination of temperature by measuring the resistance of the thermistor. A
current sensor 403 is positioned in electrical communication with the electrochemical
cell, and is useful for determining if the electrochemical cell 402 is under open circuit

voltage conditions, for example, when no current is flowing into or from the
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electrochemical cell, thereby permitting a determination of the open circuit voltage of
the electrochemical cell 402. The entropy monitoring circuit 400 shown in Figure 4
comprises a power conditioning circuit 404, a temperature-voltage converier 405,
voltage differentiators 406 and 407, a division circuit 408 and a modulation circuit
409. One or more inductors 410 are positioned in electrical communication with the
electrochemical cell. In embodiments, the output of modulation circuit 409 is either a
frequency modulated or phase shift modulated voltage signal that contains
information related to the change in voltage of the electrochemical cell as a function
of time (dV/dt). The inductors 410 are useful for blocking an AC signal from reaching
the electrochemical cell 402 and any load 411. The power conditioning circuit 404
provides power to the monitoring circuit 400 and can cut off the power to the
monitoring circuit 400 when the electrochemical cell 402 is not in use to prevent
unnecessarily draining the energy stored in the electrochemical cell 402.

[00175] Power conditioning circuit 404 also operates to provide power to the
monitoring circuit 400 only when the electrochemical cell 402 is under open circuit
conditions such that monitoring circuit 400 does not consume additional energy
unnecessarily. Power conditioning circuit 404 also serves to convert voltage from
electrochemical cell 402 to voltages required for operation of various components of
monitoring circuit 400. Figure 5 illustrates an exemplary power switching circuit
embodiment. Here, the output 501A of flip-flop 502 changes from low logic to high
logic when the input signal 503 changes from high logic to low logic. The input
signal 503 corresponds to a current measurement signal of the electrochemical cell
504. A change from high logic to low logic in input signal 503 corresponds to
stopping the current being supplied by electrochemical cell 504, such as occurs
when under open circuit voltage conditions, indicating that the open circuit voltage
can be captured. When the output logic 501A is high, transistor 505 is turned on,
allowing the monitoring circuit to be turned on by connecting the anode from
electrochemical cell 504 to a switching mode power supply 506 which powers the
monitoring circuit. An RC circuit 507, such as having a resistor and capacitor in
parallel, is provided at the reset pin 508 of flip-flop 502 for turning off the monitoring
circuit, such as after a pre-set time or if the electrochemical cell 504 is permanently
shut off or put into open circuit voltage mode. This is useful for powering off
switching mode power supply 506 and preventing the monitoring circuit from
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continuing to drain electrochemical cell 504. When electrochemical cell 504 is
providing current, flip-flop output 501B is high logic, and therefore, transistor 509 is
turned on and the capacitor in RC circuit 507 is charging. When the electrochemical
cell 504 is open circuit, flip-flop output 501B is low logic and the capacitor in RC
circuit 507 will be discharged through the resistor in RC circuit 507. After some time,
the capacitor will become discharged and the voltage at reset pin 508 will become
zero and this will reset flip-flop 502 such that flip flop output 501A becomes low logic
and cuts off power supply 506 from delivering power to the monitoring circuit.

[00176] The voltage provided by the electrochemical cell 505 is optionally
converted to different supply voltages for different sub-circuits, and this can be
achieve using a switching mode power supply, such as comprising a voltage
converting circuit. Figures 6A and 6B illustrate two exemplary voltage converting
circuit embodiments. Figure 6A illustrates a boost converter circuit embodiment that
increases a voltage, for example, converting 3.0 Vto 9 Vand 15 V. Figure 6B
illustrates a Buck converter circuit embodiment that reduces a voltage, for example,
converting3.0Vto 1.5 V.

[00177] Temperature-voltage converter 405 is used to convert the temperature
of electrochemical cell 402 sensed by temperature sensor 401 into voltage. In
embodiments, the conversion is such that the converted voltage is linearly
proportional to the temperature of electrochemical cell 402. Figure 7 illustrates an
exemplary temperature-voltage converter embodiment. In the embodiment shown in
Figure 7, the temperature is measured as a resistance, such as a change in
resistance value (Rt) due to temperature. In the circuit embodiment shown in Figure
7, three of four resistors have a resistance R, while the fourth has a resistance R+R.
Here, V1=V-R/(R+R)=V/2 and V-V2/R=(V2-V,.)/(R+R7) and Vo, = -V-R7/2:R and
thus Vo is linearly proportional to the resistance change due to temperature Rr.

[00178] Voltage differentiators 406 and 407 perform time differentiation of a
voltage. In this embodiment, voltage differentiators 406 and 407 respectively provide
dV/dt and dT/dt, where V is the open circuit voltage and T is the temperature
(expressed in voltage) of electrochemical cell 402 and t is time. Figure 8 illustrates
an exemplary voltage differentiator embodiment.
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[00179] Division circuit 408 is used to perform division of two circuits. In this
embodiment, the signals are dV/dt and dT/dt, which provides dV/dT by the division.

Figure 9 illustrates an exemplary division circuit embodiment.

[00180] As no additional electrodes are to be introduced into electrochemical
cell 402, the signal that contains dV/dt will be accessed through the two existing
electrodes of electrochemical cell 402. Hence, the signal will be modulated by
modulation circuit 409, for example, using either frequency or phase shift modulation
for a specific carrier frequency such that the signal can be later extracted through an
electronic filter without the influence of other noise. In addition, such a time varying
signal will also not impact the load current and electrochemical cell 402 by using
inductors 410 described above. Figures 10A and 10B illustrate exemplary
modulation circuit embodiments. Figure 10A depicts a typical high frequency sine
wave generator for the carrier; Figure 10B illustrates a typical frequency modulation
circuit, where the input from the division circuit is provided at the Mic/ECM location
and the antenna (denoted as A) is the output, optionally transmitted wirelessly or
connected to the electrochemical cell, such as at the anode.

[00181] To further demonstrate the components, performance and functionality
of the present systems and methods, entropies and enthalpies of electrochemical
reactions taking place at an anode or a cathode is examined. First, a general
background explanation is provided, establishing the relationships between
experimental measurements provided and important thermodynamic parameters
which govern important electrochemical properties of the electrode. Second, a
description of the components of the measurement system is provided.

[00182] To determine the evolution of the entropy and enthalpy of a reaction
taking place at an electrode, such as lithium intercalation into a material LiyM as a
function of x, the temperature dependence of the open circuit voltage is examined
using the present invention. This voltage is related to the Gibbs free energy of
reaction by the thermodynamic identity:

AG =—-nFU
where U is the equilibrium potential of the electrode and F the Faraday number. For
the Li*/Li electrochemical couple one electron is exchanged, so n=1.
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[00183] The partial molar enthalpy, AH, and entropy, AS, of the reaction are
derived with respect to the amount of charge passed. In the following, AH and AS
are assumed independent of temperature. Although many measurements are made
at varying temperatures, this assumption may be reliable as long as there are no
phase transitions in the measured temperature range. Such is, for instance, the
case for lithium cobalt oxide at the composition Lip 5C00,, where a slight temperature
change triggers the monoclinic to hexagonal phase transition close to room

temperature.

[00184] The values measured are partial molar variables. From the first law of
thermodynamics relating the internal energy of the system E to the work W and heat
dissipated Q, the differential of the enthalpy can be obtained:

dE = 6W +06Q
=—PdV + udn+1TdS
dH = dE + PdV +VdP
= udn+1dS +VdP

with u, the chemical potential of the cathode, referred to the metallic lithium anode,
and n is the number of lithium atoms exchanged. The term uydn is the electrical work
of the charge exchanged. In this study, the pressure P is constant, so the third term,
VAP, is neglected. Using (6) the Gibbs free energy can then be written as:
dG =dH -TdS - SdT
= {dn—SdT

[00185] To get molar values we use x=n/N, where Nis Avogadro’s number.
The chemical potential is related to the open circuit voltage U by u=-eU where e is
the charge of the electron.
dG =—=NeUdx - SdT
=—FUdx—-SdT

[00186] Since F=Ne. Then using Maxwell’s relation for mixed second
derivatives, we get the partial molar entropy of lithium intercalation as a function of
the open circuit voltage:
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9B _pUl _as
ox|, aT |,
Since by definition H=G+TS we find:
oH| JG aS
_ = +T —
ox |, ox|,  ox|;
on|, or |,

[00187] By definition (6G/an)y is the chemical potential y=-eU. We thus obtain
the partial molar enthalpy of lithium intercalation as a function of the open circuit

voltage, U:
8_H =—FU+TF 8_U =AH
ox |, aT |,
[00188] It must be noted that y=uc,, is the difference of chemical potential

between the cathode and the anode. As a consequence all our results are referred to
the lithium anode, for which the chemical potential is supposed to be a constant at
different states of charge.

[00189] The invention may be further understood by the following non-limiting

examples.
EXAMPLE 1: The Imbedded Chip

[00190] The devices described in this example are designed to be imbedded in
an electrochemical cell. Optionally, the chip can be imbedded in a battery module,
such as a module comprising 2 to 20 electrochemical cells, and in a battery pack,
such as comprising 1 to 100 modules). The imbedded chip is designed to collect
current, voltage and temperature data within individual cells and convert them to
useful thermodynamics data in order to assess the battery state of health and state
of charge.

[00191] The block diagram shown in Figure 3 illustrate the configuration of an
electrochemical thermodynamics measurement system (ETMS). The ETMS
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comprises a thermoelectric couple (TEC) module for controlling the temperature of
one or more electrochemical cells, as well as temperature control components,
voltage and current monitoring and control components, power supply components
and various data and communications components. In embodiments, devices of the
present invention specifically exclude temperature control components, such as the
thermoelectric couple module and associate control circuitry. In embodiments,
devices of the present invention utilize temperature changes that occur naturally as
an electrochemical cell is heated during charging or discharging or that occur
naturally as an electrochemical cell relaxes towards ambient temperature after

charging or discharging is halted.

[00192] Optionally, a number of functions of the ETMS can be implemented in
a single chip. Figure 1 illustrates a block diagram showing the configuration of the
ETMS incorporated into a single chip. The functionality of such a single chip system
is optionally different for different applications. For example, for a personal computer
or laptop battery, the cell data is optionally collected automatically by the single chip
that provides data periodically to the PC, where state of health or other cell
conditions calculations are performed by software running on the PC. In other
applications, the calculations of state of health or other cell conditions are optionally
made within the single chip itself.

EXAMPLE 2: Non-equilibrium Measurements of Open Circuit Voltage

[00193] In embodiments, devices of the present invention are incorporated into
electrochemical cells and systems drawing power from electrochemical cells. After
charging or discharging of an electrochemical cell is halted, it may take time for the
electrochemical cell to reach equilibrium or thermochemically stabilized conditions.
For certain embodiments, the devices may seldom have the opportunity to measure
an electrochemical cell’s open circuit voltage when the electrochemical cell is at
equilibrium. For these embodiments, the open circuit voltage needs to be estimated
without having to wait for the electrochemical cell to reach equilibrium. In
embodiments, the change of open circuit voltage of an electrochemical cell after
charging or discharging of the electrochemical cell is halted follows an exponential
decay shape. By monitoring a period of the exponential decay of open circuit
voltage, the time constant for the exponential decay can be determined and the
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asymptotic value that the exponential decay is approaching (i.e., the equilibrium
value) can be estimated.

EXAMPLE 3: Comparison Between Controlled and Uncontrolled Temperature

[00194] Four 18650 lithium ion cells were subjected to two separate tests. In
the first, thermodynamics parameters were measured using controlled temperature.
The state of charge of the cells was change by 5% increments and at each state of
charge the cell's open circuit voltage was measured during cooling from 25 °C to 10
°C in a cell holder equipped with temperature control, enabling AS and AH of the cell
to be calculated at each state of charge.

[00195] In the second test, the cells were charged to 4.2 V and then discharged
to a pre-defined state of charge: 98% (cell 1), 65% (cell 2), 40% (cell 3) and 3% (cell
4). A thermocouple was attached to each cell and the cells were heated in an oven
to about 55 °C, simulating natural heating by charging or discharging. The cells
were taken out of the oven and covered with a thermal isolation material. The cells’
temperatures and the open circuit voltages were monitored as the cells cooled to the
ambient temperature. Using the open circuit voltage versus temperature profiles, AS
and AH were calculated for each cell.

[00196] Figures 11-14 illustrates data obtained for the four cells in which the
temperature of the cells was not controlled. Figure 15 provides a summary of the
analysis results of Figures 11-14. Figure 16 illustrates data showing a comparison of
open circuit voltage data obtained with and without temperature control. Figure 17
illustrates data showing a comparison of measurements of open circuit voltage
obtained with and without temperature control. Figure 18 illustrates data showing a
comparison of measurements of changes in entropy obtained with and without
temperature control. Figure 19 illustrates data showing a comparison of
measurements of changes in enthalpy obtained with and without temperature
control.

[00197] The results of the comparison illustrate that thermodynamics daia,
including open circuit voltage, AS and AH, can be obtained at different states of
charge without temperature control, i.e., during cell cooling to ambient temperature.
These data are consistent with that measured with active control over cell conditions,

59



WO 2014/021957 PCT/US2013/038407

including SOC and temperature. This comparison illustrates that temperature control

is not essential to measure thermodynamics data on an electrochemical cell.

[00198] The comparison also provides useful insights to determination of the
true or thermodynamic state of charge of an electrochemical cell. As the
electrochemical cell is charged and discharged under non-controlled conditions, side
reactions can take place, such as oxidizing or reducing the electrolyte or other
reactions that do not contribute to charging or discharging the cell electrodes. Under
conditions where side reactions are taking place, measurement of the cell’'s SOC by
a Coulometric measurement, such as Coulomb counting or current integration, will
not provide a true measurement of the cell’'s SOC. Because the measured
thermodynamics data under non-controlled temperature conditions are consistent
with those measured under carefully controlled temperature conditions, the non-
controlled temperature data can be used to determine the true SOC of the
electrochemical cell. For example, the true SOC of a test electrochemical cell
operating under non-controlled conditions can be obtained as the SOC for an
equivalent chemistry electrochemical cell under controlled conditions having the
same thermodynamics parameters as those measured for the test electrochemical
cell operating under non-controlled conditions.

EXAMPLE 4: State of Health and State of Safety Determination

[00199] This example describes the principle of assessment methods for
determination of a state of safety (SOS) and state of health (SOH) of an
electrochemical cell. Differential entropy and differential enthalpy at a defined state
of charge (SOC) or open circuit voltage (OCV) can be used to assess an
electrochemical cell's SOH and SOS. SOH relates to the cell’'s energy storage
performance decay due to materials degradation as components of the cell age.
Capacity loss and discharge voltage decreases are among the SOH metrics for
electrochemical cells.

[00200] In the differential thermodynamics measurements technique,
thermodynamics data (e.g., AS and AH) are measured on a cell before and after
aging of the cell. Differential entropy (dS) and differential enthalpy (dH) are obtained
by taking the difference between the entropy/enthalpy data before and after aging at
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each SOC:
dS(SOC) = AS(SOC)aﬂer aging — AS(SOC)before aging and
dH(SOC) = AH(SOC)ater aging — AH(SOC)before aging-

[00201] Three experiments were performed to examine the effects of
accelerated aging on Lithium lon Battery (LIB) cells, in particular with respect to the
SOH of the cells. In the first experiment, aging of lithium ion cells was investigated
due to thermal aging. Here, lithium ion cells were cycled between 2.75V and 4.2 V
at 10 mA (~ C/4 rate) for four cycles then cells were charged to 4.2 V and stored in
an oven at 60 °C and 70 °C for a period of time up to 8 weeks. At the end of each
week, four cells were retrieved and tested by galvanostatic charge and discharge
and thermodynamics measurements were performed.

[00202] Figures 19 and 20 provide data illustrating the discharge profiles of
cells aged at 60 °C and 70 °C, respectively, over a period of 8 weeks. The data
show a decrease in the capacity and cell potential as the cells age over time.
Figures 21A and 21B provide a summary of the discharge characteristics after aging
at 60 °C and 70 °C, respectively. Here, Qq is discharge capacity, CL is Capacity
loss, <E> is Average discharge voltage, £4is discharge energy and is equal to

Qgx<E> and SOH is 100-CL.

[00203] Figure 22 provides data illustrating the entropy profiles of LIB cells
aged at 70 °C over a period of 8 weeks. Figure 23 provides data illustrating the
enthalpy profiles of LIB cells aged at 70 °C. Figure 24 provides data illustrating
differential entropy profiles of LIB cells aged at 70 °C. Figure 25 provides data
illustrating differential enthalpy profiles of LIB cells aged at 70 °C. As indicated in the
figures, a SOC of 5% and 80% are where dS and dH show the most significant
changes in intensity. These states of charge correspond to changes in the anode
and the cathode, respectively. Accordingly, 5% and 80% SOC will be used for all
other aging methods to assess SOH vs. dS

[00204] Figure 26 illustrates data providing the state of health versus
differential entropy of cells aged at 60 °C, and shows a more rapid decrease in the
state of health of the cathode over time compared to the anode. Figure 27 illustrates
data providing the state of health versus differential entropy of cells aged at 70 °C,
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and again shows a more rapid decrease in the state of health of the cathode over
time compared to the anode.

[00205] In the second experiment, aging of lithium ion cells was investigated
due to overcharging. Coin cells rated at about 43 mAh were charged
galvanostatically under a 10 mA rate up to a fixed cut-off voltage (COV) between 4.2
Vand 4.9 V. A constant COV plateau was then applied for 1 hour. For each set of
tests four new cells were used and the COV was increased by 0.1 V. Accordingly,
different cells were charged t0 4.2V, 4.3V, 4.4 Vand so on up t0 4.9 V. The cells
were then discharged to 2.75 V and charged to 4.2 V followed by a discharge to 2.75
V under 6 mA. The cells were then transferred to an elecirochemical thermodynamic
measurement system (BA-1000) to evaluate the cell’s thermodynamics
characteristics.

[00206] Figure 28 provides data illustrating the discharge profile of cells
overcharged at different cut-off voltages (COV). Here, the cells generally exhibit a
decrease in potential and capacity as the cells age by overcharging. Figure 29
summarizes the discharge characteristics after overcharging at different COV.
Figure 30 provides data showing entropy profiles at different charge cut-off voltages.
Figure 31 provides data showing enthalpy profiles at different charge cut-off
voltages.

[00207] Figure 32 illustrates data providing the state of health versus
differential entropy of overcharged cells, and shows an initially more rapid decrease
in the state of health of the cathode for amount of overcharge, but as the cells are
more and more overcharged the state of health of the anode begins a more rapidly
decrease than the cathode.

[00208] In the third experiment, aging of lithium ion was investigated due to
long cycle aging. Here, four cells were cycled gavanostatically at 20 mA (~C/2 rate)
between 2.75 V and 4.2 V at ambient temperature. After each completed 100
cycles; the cells were analyzed by galvanostatic cycling and thermodynamics
measurements were performed. The same cells were then cycled again for an

additional 100 cycles until reaching 1000 cycles.
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[00209] Figure 33 provides a summary of discharge characteristics of the cells
after cycling. Figure 34 provides data showing differential entropy profiles of cells
after cycling. Figure 35 provides data showing differential enthalpy profiles of cells
after cycling.

[00210] Figure 36 illustrates data providing the state of health versus
differential entropy of cycled cells, and shows an initially more rapid decrease in the
state of health of the cathode for as the number of cycles increases, but as the cells
are further cycled, the state of health of the anode begins a more rapid decrease
than the cathode.

[00211] As the above examples illustrate, regardless of the aging method
(thermal, overcharge or cycling), dS and dH increase with aging rate. Capacity
losses also increase with the aging rate. The cells’ SOH, as determined from
capacity loss using a simple relationship of SOH=100-CL, decrease with both dS and
dH.

[00212] To investigate the effects of aging on the state of health of an
electrochemical cell, experiments were performed on electrochemical cells. In
particular, three cells were utilized to investigate the effects of aging on a self-
heating rate (SHR) taking place within the cells, including a fresh cell, a cell thermally
aged at 70 °C for 1 week and a cell thermally aged at 70 °C for 2 weeks.
Accelerating Rate Calorimetry (ARC) was used to measure the cells’ self-heating
rate at their initial 100% state of charge (4.2 V). The faster the self-heating rate, the
lower the state of safety of the cell.

[00213] Figure 37 provides data illustrating the differential entropy profile of the
three cells. Figure 38 provides data from the ARC experiments showing an increase
in the self-heating rate for the 1 and 2 weeks aged cells. Figure 39 illustrates data
showing the self-heating peak intensity from the ARC experiments plotted as a
function of differential entropy peak intensity at 5% SOC (corresponding to the
anode). Figure 40 illustrates data showing the self-heating peak intensity from the
ARC experiments plotted as a function of differential entropy peak intensity at 80%
SOC (corresponding to the cathode). The self-heating rate peak increases with the
differential entropy at both 5 and 80% states of charge. Because the state of safety
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decreases with increasing self-heating rate, these data illustrate that the aging of the
cells results in a lower state of safety, as determined using the ARC technique.
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[00340] The following references relate generally to the composition and
function of electrochemical cells and the thermodynamic analysis of electrochemical
data and are incorporated by reference in their entireties herein: Handbook of
Batteries, Edited by David Linden and Thomas B. Reddy, Third Edition, McGraw-Hill,
2002; and Battery Technology Handbook, Edited by H.A. Kiehne, Marcel Dekker,
Inc., 2003.

[00341] All references throughout this application, for example patent
documents including issued or granted patents or equivalents; patent application
publications; and non-patent literature documents or other source material; are
hereby incorporated by reference herein in their entireties, as though individually
incorporated by reference, to the extent each reference is at least partially not
inconsistent with the disclosure in this application (for example, a reference that is
partially inconsistent is incorporated by reference except for the partially inconsistent
portion of the reference).

[00342] The following patents, patent applications and publications are hereby
incorporated by reference in their entireties: US Applications 11/462,290,
12/537,712, 13/215,506; US Provisional Applications 60/705,535, 61/159,727,
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61/639,712, 61/260,751, 61/376,208, 61/556,037, 61/726,459, 61/536,239; US
Patents 7,595,611; US Patent Application Publications US 2007/0182418, US
2010/0090650, US 2012/0043929.

[00343] All patents and publications mentioned in the specification are
indicative of the levels of skill of those skilled in the art to which the invention
pertains. References cited herein are incorporated by reference herein in their
entirety to indicate the state of the art, in some cases as of their filing date, and it is
intended that this information can be employed herein, if needed, to exclude (for
example, to disclaim) specific embodiments that are in the prior art. For example,
when a compound is claimed, it should be understood that compounds known in the
prior art, including certain compounds disclosed in the references disclosed herein
(particularly in referenced patent documents), are not intended to be included in the
claim.

[00344] When a group of substituents is disclosed herein, it is understood that
all individual members of those groups and all subgroups and classes that can be
formed using the substituents are disclosed separately. When a Markush group or
other grouping is used herein, all individual members of the group and all
combinations and subcombinations possible of the group are intended to be
individually included in the disclosure. As used herein, “and/or’ means that one, all,
or any combination of items in a list separated by “and/or” are included in the list; for
example “1, 2 and/or 3" is equivalent to 1’ or 2" or ‘3" or ‘1 and 2’ or ‘1 and 3’ or ‘2
and 3’ or ‘1, 2 and 3”; for example “1, 2 and/or 3” is also equivalent to “one or more
of 1,2 and 3".

[00345] Every formulation or combination of components described or
exemplified can be used to practice the invention, unless otherwise stated. Specific
names of materials are intended to be exemplary, as it is known that one of ordinary
skill in the art can name the same material differently. One of ordinary skill in the art
will appreciate that methods, device elements, starting materials, and synthetic
methods other than those specifically exemplified can be employed in the practice of
the invention without resort to undue experimentation. All art-known functional
equivalents, of any such methods, device elements, starting materials, and synthetic
methods are intended to be included in this invention. Whenever a range is given in
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the specification, for example, a temperature range, a time range, or a composition
range, all intermediate ranges and subranges, as well as all individual values

included in the ranges given are intended to be included in the disclosure.

[00346] As used herein, “comprising” is synonymous with "including,"
"containing," or "characterized by," and is inclusive or open-ended and does not
exclude additional, unrecited elements or method steps. As used herein, "consisting
of" excludes any element, step, or ingredient not specified in the claim element. As
used herein, "consisting essentially of" does not exclude materials or steps that do
not materially affect the basic and novel characteristics of the claim. Any recitation
herein of the term “comprising”, particularly in a description of components of a
composition or in a description of elements of a device, is understood to encompass
those compositions and methods consisting essentially of and consisting of the
recited components or elements. The invention illustratively described herein suitably
may be practiced in the absence of any element or elements, limitation or limitations

which is not specifically disclosed herein.

[00347] The terms and expressions which have been employed are used as
terms of description and not of limitation, and there is no intention in the use of such
terms and expressions of excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that various modifications are
possible within the scope of the invention claimed. Thus, it should be understood that
although the present invention has been specifically disclosed by preferred
embodiments and optional features, modification and variation of the concepts
herein disclosed may be resorted to by those skilled in the art, and that such
modifications and variations are considered to be within the scope of this invention
as defined by the appended claims.
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CLAIMS
We claim:

1. A device for monitoring a condition of an electrochemical cell, the device

comprising an integrated circuit comprising:

a voltage monitoring circuit for measuring a plurality of open circuit
voltages of said electrochemical cell, said plurality of open circuit voltages
generated upon charging or discharging said electrochemical cell or
stopping charging or discharging said electrochemical cell;

a temperature monitoring circuit for measuring a plurality of temperatures
of said electrochemical cell, said plurality of temperatures generated upon
charging or discharging said electrochemical cell or stopping charging or
discharging said electrochemical cell;

a current monitoring circuit for measuring a charging current of said
electrochemical cell or a discharging current of said electrochemical cell;
and

a circuit for determining a thermodynamic parameter of said
electrochemical cell, wherein said thermodynamic parameter is one or
more of a change in entropy of said electrochemical cell, a change in
enthalpy of said electrochemical cell and a change in free energy of said
electrochemical cell, said circuit for determining a thermodynamic
parameter positioned in electrical or data communication with said
temperature monitoring circuit to receive temperature measurements from
said temperature monitoring circuit, positioned in electrical or data
communication with said voltage monitoring circuit to receive open circuit
voltage measurements from said voltage monitoring circuit and positioned
in electrical or data communication with said current monitoring circuit to
receive current measurements from said current monitoring circuit or to

provide thermodynamics parameters to said current monitoring circuit.
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2. The device of claim 1, wherein said device is embedded into said
electrochemical cell or is attached to or contained within a housing of said
electrochemical cell.

3. The device of claim 1, wherein said device further comprises said
electrochemical cell.

4. The device of claim 1, wherein said device is a component of a package

comprising said device and one or more electrochemical cells.

5. The device of claim 1, wherein said device is positioned in selective data
communication or selective electrical communication with one or more
electrochemical cells.

6. The device of claim 1, wherein said device is positioned in switchable data
communication or switchable electrical communication with one or more

electrochemical cells.

7. The device of claim 1, wherein said device is positioned outside a housing of
said electrochemical cell or outside a package comprising said
electrochemical cell.

8. The device of claim 1, further comprising a temperature sensor positioned in
thermal communication with said electrochemical cell, said temperature
sensor further positioned in electrical or data communication with said

temperature monitoring circuit.

9. The device of claim 1, wherein said device does not comprise a temperature
controller or a means for controlling or establishing a temperature of said
electrochemical cell.

10.The device of claim 1, wherein said temperature monitoring circuit determines
or monitors a temperature of said electrochemical cell as said electrochemical

cell is charging or discharging.

11.The device of claim 1, wherein said temperature monitoring circuit determines

or monitors a temperature of said electrochemical cell when said
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electrochemical cell is not charging or when said electrochemical cell is not
discharging.

12.The device of claim 1, wherein the integrated circuit comprises a circuit for
determining an open circuit state of the electrochemical cell.

13. The device of claim 12, wherein the integrated circuit comprises a power
switching circuit.

14.The device of claim 12, wherein circuit for determining an open circuit state is
configured to provide an indication to the voltage monitoring circuit to
measure an open circuit voltage of the electrochemical cell when the

electrochemical cell is in an open circuit voltage state.

15.The device of claim 12, wherein the circuit for determining an open circuit
state is configured to provide an indication to one or more of the voltage
monitoring circuit, the temperature monitoring circuit and the current
monitoring circuit to stop measuring an open circuit voltage, a temperature or

a current of the electrochemical cell after a preselected time period.

16.The device of claim 12, wherein the circuit for determining an open circuit
state is configured to provide an indication to one or more of the voltage
monitoring circuit, the temperature monitoring circuit and the current
monitoring circuit to measure or re-measure an open circuit voltage, a
temperature or a current of the electrochemical cell after a preselected time
period.

17.The device of claim 1, wherein said device is a component of an automobile;
and wherein said voltage monitoring circuit measures said plurality of open
circuit voltages of said electrochemical cell when said automobile is idle,
stopped, parked, powered off, powering off, powered on, powering on,
accelerating or decelerating, wherein said temperature monitoring circuit
measures said plurality of temperatures of said electrochemical cell when said
automobile is idle, stopped, parked, powered off, powering off, powered on,
powering on, accelerating or decelerating or wherein both said voltage

monitoring circuit measures said plurality of open circuit voltages of said
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electrochemical cell and said temperature monitoring circuit measures said
plurality of temperatures of said electrochemical cell said automobile is idle,
stopped, parked, powered off, powering off, powered on, powering on,
accelerating or decelerating.

18.The device of claim 17, wherein a change in open circuit voltage of said
electrochemical cell occurs when said automobile is idle, stopped, parked,
powered off, powering off, powered on, powering on, accelerating or
decelerating.

19. The device of claim 17, wherein a change in temperature of said
electrochemical cell occurs when said automobile is idle, stopped, parked,
powered off, powering off, powered on or powering on off, powered on,
powering on, accelerating or decelerating.

20.The device of claim 17, wherein said plurality of temperatures of said
electrochemical cell are measured during or after one or more of idling of said
automobile, stopping said automobile, parking said automobile, powering off
said automobile, powering on said automobile, accelerating said automobile,
and decelerating said automobile.

21.The device of claim 17, wherein said plurality of open circuit voltages of said
electrochemical cell are measured during or after one or more of idling of said
automobile, stopping said automobile, parking said automobile, powering off
said automobile, powering on said automobile, accelerating said automobile,
and decelerating said automobile.

22.The device of claim 1, wherein said device is a component of a portable
electronic device; and wherein said voltage monitoring circuit measures said
plurality of open circuit voltages of said electrochemical cell when said
portable electronic device is idle, powered off, powering off, powered on or
powering on, wherein said temperature monitoring circuit measures said
plurality of temperatures of said electrochemical cell when said portable
electronic device is idle, powered off, powering off, powered on or powering
on or wherein both said voltage monitoring circuit measures said plurality of
open circuit voltages of said electrochemical cell and said temperature
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monitoring circuit measures said plurality of temperatures of said
electrochemical cell when said portable electronic device is idle, powered off,

powering off, powered on or powering on.

23.The device of claim 22, wherein a change in open circuit voltage of said
electrochemical cell occurs when said portable electronic device is idle,
powered off, powering off, powered on or powering on.

24.The device of claim 22, wherein a change in temperature of said
electrochemical cell occurs when said portable electronic device is idle,
powered off, powering off, powered on or powering on.

25.The device of claim 22, wherein said plurality of temperatures of said
electrochemical cell are measured during or after one or more of idling of said
portable electronic device, powering off said portable electronic device,
powering on said portable electronic device.

26.The device of claim 22, wherein said plurality of open circuit voltages of said
electrochemical cell are measured during or after one or more of idling of said
portable electronic device, powering off said portable electronic device,
powering on said portable electronic device.

27.The device of claim 1, wherein said thermodynamic parameter of said
electrochemical cell is determined using one or more of said plurality of open
circuit voltages of said electrochemical cell and said plurality of temperatures
of said electrochemical cell.

28.The device of claim 1, wherein said thermodynamic parameter of said
electrochemical cell is determined using a first open circuit voltage of said
electrochemical cell and a second open circuit voltage of said electrochemical
cell different from said first open circuit voltage of said electrochemical cell.

29.The device of claim 1, wherein said thermodynamic parameter of said
electrochemical cell is determined using a first open circuit voltage of said
electrochemical cell and a second open circuit voltage of said electrochemical
cell after said electrochemical cell is charged or discharged.
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30.The device of claim 1, wherein said thermodynamic parameter of said
electrochemical cell is determined using a first temperature of said
electrochemical cell and a second temperature of said electrochemical cell
different from said first temperature of said electrochemical cell.

31.The device of claim 1, wherein said thermodynamic parameter of said
electrochemical cell is determined using a first temperature of said
electrochemical cell and a second temperature of said electrochemical cell
after said electrochemical cell cools from said first temperature.

32.The device of claim 1, wherein said thermodynamic parameter of said
electrochemical cell is determined using a first temperature of said
electrochemical cell and a second temperature of said electrochemical cell
after said electrochemical cell is heated by charging or discharging.

33.The device of claim 1, wherein said change in free energy is determined by

measuring an open circuit voltage of said electrochemical cell.

34.The device of claim 1, wherein said change in enthalpy is determined by
measuring an open circuit voltage of said electrochemical cell at a plurality of
temperatures.

35.The device of claim 1, wherein said change in enthalpy is determined by
computing an intercept of a linear regression of open circuit voltage

measurements versus temperature measurements.

36.The device of claim 1, wherein said change in entropy is determined by
measuring an open circuit voltage of said electrochemical cell at a plurality of
temperatures.

37.The device of claim 1, wherein said change in entropy is determined by
computing a slope of a linear regression of open circuit voltage

measurements versus temperature measurements.

38.The device of claim 1, wherein said integrated circuit comprises a state of
charge calculating circuit for determining a state of charge of said
electrochemical cell, said state of charge calculating circuit receiving current
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measurements from said current monitoring circuit and thermodynamic
parameters of said electrochemical cell from said circuit for determining a
thermodynamic parameter.

39.The device of claim 38, wherein said state of charge refers to a ratio of a first
value to a second value; wherein said first value is a net amount of charge
remaining in said electrochemical cell and said second value is a rated charge
capacity of said electrochemical cell or a theoretical charge capacity of said
electrochemical cell, or wherein said first value is a net amount of charge
required to charge said electrochemical cell to a rated charge capacity of said
electrochemical cell or to a theoretical charge capacity of said electrochemical
cell and said second value is said rated charge capacity of said
electrochemical cell or said theoretical charge capacity of said
electrochemical cell.

40.The device of claim 38, wherein said state of charge calculating circuit
comprises said current monitoring circuit.

41.The device of claim 38, wherein said state of charge calculating circuit
determines a Coulometric state of charge of said electrochemical cell based
on said received current measurements.

42.The device of claim 38, wherein said state of charge calculating circuit
determines a true state of charge of said electrochemical cell based on said
received thermodynamic parameters.

43.The device of claim 42, wherein said state of charge calculating circuit
determines a true state of charge of said electrochemical cell based on said
received thermodynamic parameters using a look-up table.

44.The device of claim 38, wherein said integrated circuit monitors said
electrochemical cell as said electrochemical cell is charged under controlled
conditions and updates entries in a look-up table as said electrochemical cell
is charged under controlled conditions, said look-up table including entries of
states of charge of said electrochemical cell, open circuit voltages of said
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electrochemical cell and thermodynamic parameters of said electrochemical
cell.

45.The device of claim 1, wherein said voltage monitoring circuit determines an
open circuit voltage of said electrochemical cell when said electrochemical
cell is not charging or when said electrochemical cell is not discharging.

46.The device of claim 1, wherein said voltage monitoring circuit determines an
open circuit voltage of said electrochemical cell after charging or discharging
of said electrochemical cell is stopped.

47.The device of claim 1, wherein said voltage monitoring circuit determines an
open circuit voltage of said electrochemical cell for thermochemically
stabilized conditions of said electrochemical cell.

48.The device of claim 1, wherein said voltage monitoring circuit determines an
open circuit voltage of said electrochemical cell for non-thermochemically
stabilized conditions of said electrochemical cell.

49.The device of claim 48, wherein said voltage monitoring circuit determines or
estimates an open circuit voltage of said electrochemical cell for
thermochemically stabilized conditions of said electrochemical cell based on
said open circuit voltage of said electrochemical cell for said non-
thermochemically stabilized conditions of said electrochemical cell.

50.The device of claim 1, wherein said integrated circuit is configured to monitor
a condition of one or more electrochemical cells, wherein said condition is one
or more of a thermodynamic parameter, a state of health, a state of safety and
a cycle number.

51.The device of claim 1, wherein said circuit for determining a thermodynamic
parameter of said electrochemical cell further determines one or more of a
state of health of said electrochemical cell, a state of safety of said
electrochemical cell and a cycle number of said electrochemical cell.

52.The device of claim 1, wherein said integrated circuit further comprises a
circuit for determining one or more of a state of health of said electrochemical
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cell, a state of safety of said electrochemical cell and a cycle number of said
electrochemical cell.

53.The device of claim 1, wherein said condition of said electrochemical cell is
one or more of a thermodynamic parameter of said electrochemical cell, a
state of charge of said electrochemical cell, a state of health of said
electrochemical cell, a state of safety of said electrochemical cell and a cycle

number of said electrochemical cell.

54.The device of claim 53, wherein said state of health refers to a ratio of a peak
power fade of said electrochemical cell at a first state of charge to a reference
peak power fade of said electrochemical cell at said first state of charge
immediately after said electrochemical cell was manufactured.

55.The device of claim 53, wherein said state of safety refers to a probability that

said electrochemical cell will undergo a thermal runaway.

56.The device of claim 53, wherein said cycle number refers to a number of
charge or discharge cycles said electrochemical cell has experienced.

57.The device of claim 1, wherein said device determines an entropy, a change
in entropy or a differential entropy of said electrochemical cell and compares
said entropy, change in entropy or differential entropy of said electrochemical
cell with a reference entropy, a reference change in entropy or a reference
differential entropy and disables charging or discharging said electrochemical
cell when said determined entropy, change in entropy or differential entropy is
different from said reference entropy, reference change in entropy or
reference differential entropy.

58.The device of claim 57, wherein said device determines a temperature of said
electrochemical cell and compares said determined temperature with a
reference temperature and disables charging or discharging said
electrochemical cell when said determined temperature is greater than said

reference temperature.

88



WO 2014/021957 PCT/US2013/038407

59.The device of claim 1, wherein said circuit for determining a thermodynamic
parameter of said electrochemical cell comprises a field programmable gate
array.

60.The device of claim 1, wherein said circuit for determining a thermodynamic
parameter of said electrochemical cell comprises an application-specific
integrated circuit.

61.The device of claim 1, wherein said integrated circuit comprises a field
programmable gate array.

62. The device of claim 1, wherein said integrated circuit comprises an
application-specific integrated circuit.

63. A method of determining a condition of an electrochemical cell, the method
comprising the steps of:

providing an integrated circuit comprising:

a voltage monitoring circuit for measuring a plurality of open circuit
voltages of said electrochemical cell, said plurality of open circuit
voltages generated upon charging or discharging said
electrochemical cell or stopping charging or discharging said
electrochemical cell;

a temperature monitoring circuit for measuring a plurality of
temperatures of said electrochemical cell, said plurality of
temperatures generated upon charging or discharging said
electrochemical cell or stopping charging or discharging said
electrochemical cell;

a current monitoring circuit for measuring a charging current of
said electrochemical cell or a discharging current of said
electrochemical cell; and

a circuit for determining a thermodynamic parameter of said

electrochemical cell, wherein said thermodynamic parameter is
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one or more of a change in entropy of said electrochemical cell, a
change in enthalpy of said electrochemical cell and a change in
free energy of said elecirochemical cell, said circuit for
determining a thermodynamic parameter positioned in electrical or
data communication with said temperature monitoring circuit to
receive temperature measurements from said temperature
monitoring circuit, positioned in electrical or data communication
with said voltage monitoring circuit to receive open circuit voltage
measurements from said voltage monitoring circuit and positioned
in electrical or data communication with said current monitoring
circuit to receive current measurements from said current
monitoring circuit or to provide thermodynamics parameters to
said current monitoring circuit;

generating said plurality of open circuit voltages of said electrochemical

cell, said plurality of temperatures of said electrochemical cell or both said

plurality of open circuit voltages of said electrochemical cell and said

plurality of temperatures of said electrochemical cell; and

determining a first thermodynamic parameter of said electrochemical cell

using said integrated circuit.

64.The method of claim 63, wherein said generating step comprises charging or

discharging said electrochemical cell; wherein a temperature of said

electrochemical cell changes during said charging or discharging, wherein an

open circuit voltage of said electrochemical cell changes during said charging

or discharging or wherein both a temperature of said electrochemical cell and

an open circuit voltage of said electrochemical cell change during said

charging or discharging.

65. The method of claim 63, wherein said generating step comprises stopping a

charging or a discharging of said electrochemical cell; wherein a temperature

of said electrochemical cell changes after stopping said charging or said

discharging, wherein an open circuit voltage of said electrochemical cell

changes after stopping said charging or said discharging or wherein both a
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temperature of said electrochemical cell and an open circuit voltage of said
electrochemical cell change after stopping said charging or said discharging.

66. The method of claim 63, further comprising a step of comparing said first
thermodynamic parameter with one or more reference thermodynamic
parameters for a reference electrochemical cell, wherein a cell chemistry of
said reference electrochemical cell is identical to a cell chemistry of said
electrochemical cell.

67.The method of claim 66, wherein said step of determining a first
thermodynamic parameter comprises determining a change in entropy for
said electrochemical cell at a first open circuit voltage.

68. The method of claim 66, further comprising a step of determining a second
thermodynamic parameter of said electrochemical cell using said integrated

circuit.

69. The method of claim 68, further comprising a step of comparing said second
thermodynamic parameter with one or more reference thermodynamic

parameters for a reference electrochemical cell.

70.The method of claim 68, wherein said step of determining a second
thermodynamic parameter comprises determining a change in entropy for
said electrochemical cell at a second open circuit voltage.

71.The method of claim 66, wherein said step of comparing said first
thermodynamic parameter with one or more reference thermodynamic
parameters comprises interpolating between points in an array of reference
thermodynamic parameters or in a look-up table of reference thermodynamic

parameters.

72.The method of claim 66, wherein said step of comparing said first
thermodynamic parameter with one or more reference thermodynamic
parameters comprises determining a condition of said electrochemical cell

based on said comparison.
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73.The method of claim 66, wherein the step of determining a first
thermodynamic parameter of said electrochemical cell comprises the steps of:

charging or discharging said electrochemical cell to a first open circuit

voltage value;
stopping said charging or discharging;

measuring open circuit voltages of said electrochemical cell as a function
of time using said integrated circuit; and

measuring temperatures of said electrochemical cell as a function of time
using said integrated circuit.

74.The method of claim 73, wherein the step of determining a first
thermodynamic parameter for said electrochemical cell further comprises
computing a linear regression of open circuit voltage measurements versus

temperature measurements.

75.The method of claim 73, wherein said measured open circuit voltages of said
electrochemical cell provide values for changes in free energy of said
electrochemical cell, wherein an intercept of said linear regression provides
values for changes in enthalpy of said electrochemical cell and wherein a
slope of said linear regression provides values for changes in entropy of said
electrochemical cell.

76.The method of claim 73, wherein said method does not comprise controlling a
temperature of said electrochemical cell using a temperature controller, a

heater, a cooler or any combination of these.

77.A method of determining a condition of an electrochemical cell, the method
comprising the steps of:

providing a reference array of values comprising thermodynamic
parameter values for a reference electrochemical and cell condition values
for said reference electrochemical cell;

determining a thermodynamic parameter for said electrochemical cell; and
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determining said condition of said electrochemical cell using said
reference array of values, wherein said condition of said electrochemical
cell corresponds to a cell condition of said reference electrochemical cell
for a reference thermodynamic value equal to said determined

thermodynamic parameter for said electrochemical cell.

78.The method of claim 77, wherein said array of values further comprises open

circuit voltage values for said reference electrochemical cell.

79.The method of claim 77, wherein said array of values comprises two or more
open circuit voltage values, a plurality of thermodynamic parameter values for
each of said two or more open circuit voltage values and one or more cell
condition values for each of said two or more open circuit voltage values and

said plurality of thermodynamic parameter values.

80.The method of claim 77, wherein said step of determining said condition of
said electrochemical cell comprises interpolating between values of said array

of values.

81.The method of claim 77, wherein said condition of said electrochemical cell is
one or more of a state of health of said electrochemical cell, a state of charge
of said electrochemical cell, a state of safety of said electrochemical cell and a
cycle number of said electrochemical cell.

82.The method of claim 77, wherein said cell condition values are one or more of
a state of health of said reference electrochemical cell, a state of charge of
said reference electrochemical cell, a state of safety of said reference
electrochemical cell and a cycle number of said reference electrochemical
cell.

83.The method of claim 77, wherein said array of values comprises values for
changes in entropy of said reference electrochemical cell at two or more open

circuit voltages.
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84.The method of claim 77, wherein said thermodynamic parameter values for
said reference electrochemical cell are obtained by a method comprising the
steps of:

controlling a composition of said reference electrochemical cell to establish
a plurality of reference electrochemical cell compositions;

controlling a temperature of said reference electrochemical cell to
establish a plurality of electrochemical cell compositions for each of said
plurality of reference electrochemical cell compositions;

measuring open circuit voltages of said reference electrochemical cell for
each of said plurality of reference electrochemical cell compositions and
said reference electrochemical cell temperatures.

85.The method of claim 84, wherein said thermodynamic parameter values for
said reference electrochemical cell are obtained by a method further
comprising a step of computing a linear regression of open circuit voltage
measurements of said reference electrochemical cell versus temperature

measurements of said reference electrochemical cell.

86. The method of claim 85, wherein said measured open circuit voltages of said
reference electrochemical cell provide values for changes in free energy of
said reference electrochemical cell, wherein an intercept of said linear
regression provides values for changes in enthalpy of said reference
electrochemical cell and wherein a slope of said linear regression provides
values for changes in entropy of said reference electrochemical cell.

87.The method of claim 77, wherein the step of determining a thermodynamic
parameter for said electrochemical cell comprises the steps of:

charging or discharging said electrochemical cell to a first open circuit
voltage value;

stopping said charging or discharging;
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measuring open circuit voltages of said electrochemical cell as a function
of time; and

measuring temperatures of said electrochemical cell as a function of time.

88.The method of claim 87, wherein the step of determining a thermodynamic
parameter for said electrochemical cell further comprises computing a linear
regression of open circuit voltage measurements of said electrochemical cell

versus temperature measurements of said electrochemical cell.

89. The method of claim 88, wherein said measured open circuit voltages of said
electrochemical cell provide values for changes in free energy of said
electrochemical cell, wherein an intercept of said linear regression provides
values for changes in enthalpy of said electrochemical cell and wherein a
slope of said linear regression provides values for changes in entropy of said
electrochemical cell.

90.The method of claim 77, wherein said step of determining a thermodynamic
parameter for said electrochemical cell is performed using an integrated

circuit comprising:

a voltage monitoring circuit for measuring a plurality of open circuit
voltages of said electrochemical cell, said plurality of open circuit voltages
generated upon charging or discharging said electrochemical cell or
stopping charging or discharging said electrochemical cell;

a temperature monitoring circuit for measuring a plurality of temperatures
of said electrochemical cell, said plurality of temperatures generated upon
charging or discharging said electrochemical cell or stopping charging or
discharging said electrochemical cell;

a current monitoring circuit for measuring a charging current of said
electrochemical cell or a discharging current of said electrochemical cell;
and

a circuit for determining a thermodynamic parameter of said

electrochemical cell, wherein said thermodynamic parameter is one or

95



WO 2014/021957 PCT/US2013/038407

more of a change in entropy of said electrochemical cell, a change in
enthalpy of said electrochemical cell and a change in free energy of said
electrochemical cell, said circuit for determining a thermodynamic
parameter positioned in electrical or data communication with said
temperature monitoring circuit to receive temperature measurements from
said temperature monitoring circuit, positioned in electrical or data
communication with said voltage monitoring circuit to receive open circuit
voltage measurements from said voltage monitoring circuit and positioned
in electrical or data communication with said current monitoring circuit to
receive current measurements from said current monitoring circuit or to

provide thermodynamics parameters to said current monitoring circuit.

91.The method of claim 77, wherein said step of determining a thermodynamic
parameter for said electrochemical cell does not comprise controlling a
temperature of said electrochemical cell using a temperature controller, a

heater, a cooler or any combination of these.

92.The method of claim 77, wherein said step of determining a thermodynamic
parameter for said electrochemical cell comprises generating a plurality of
open circuit voltages of said electrochemical cell, a plurality of temperatures of
said electrochemical cell or both a plurality of open circuit voltages of said
electrochemical cell and a plurality of temperatures of said electrochemical
cell.

93.The method of claim 92, wherein said generating step comprises charging or
discharging said electrochemical cell; wherein a temperature of said
electrochemical cell changes during said charging or discharging, wherein an
open circuit voltage of said electrochemical cell changes during said charging
or discharging or wherein both a temperature of said electrochemical cell and
an open circuit voltage of said electrochemical cell change during said
charging or discharging.

94. The method of claim 92, wherein said generating step comprises stopping a
charging or a discharging of said electrochemical cell; wherein a temperature
of said electrochemical cell changes after stopping said charging or said
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discharging, wherein an open circuit voltage of said electrochemical cell
changes after stopping said charging or said discharging or wherein both a
temperature of said electrochemical cell and an open circuit voltage of said
electrochemical cell change after stopping said charging or said discharging.

95. A method, comprising the steps of:
providing an electrochemical cell;

providing an entropy monitoring circuit for monitoring an entropy of said
electrochemical cell, said circuit positioned in electrical communication

with said electrochemical cell;

determining an entropy of said electrochemical cell using said entropy
monitoring circuit;

comparing said determined entropy of said electrochemical cell with a
reference entropy; and

disabling said electrochemical cell from charging or discharging when said
determined entropy of said electrochemical cell is different from said
reference entropy.

96.The method of claim 95, wherein said reference entropy is an entropy of a
reference electrochemical cell having a preselected state of safety, a
preselected state of charge, a preselected state of health or any combination
of these.

97.The method of claim 95, wherein said disabling step comprises actuating a
switch, relay or transistor in electrical communication with an electrode of said
electrochemical cell, thereby disabling charging or discharging said
electrochemical cell.

98.The method of claim 95, further comprising steps of:

monitoring a temperature of said electrochemical cell;
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comparing said temperature of said electrochemical cell with a reference

temperature; and

disabling said electrochemical cell from charging or discharging when said
temperature of said electrochemical cell is greater than said reference

temperature.

99. The method of claim 98, wherein said reference temperature is a temperature
of a reference electrochemical cell having a preselected state of safety, a
preselected state of charge, a preselected state of health or any combination
of these.

100. The method of claim 98, wherein said disabling steps comprise
actuating a switch, relay or transistor in electrical communication with an
electrode of said electrochemical cell, thereby disabling charging or
discharging said electrochemical cell.

101. The method of claim 95, wherein said determining step comprises
determining a change in entropy of said electrochemical cell, wherein said
comparing step comprises comparing said change in entropy of said
electrochemical cell with a reference change in entropy, and wherein said
disabling step comprises disabling said electrochemical cell from charging or
discharging when said determined change in entropy of said electrochemical
cell is greater than said reference change in entropy.

102. The method of claim 95, wherein said determining step comprises
determining a differential entropy of said electrochemical cell, wherein said
comparing step comprises comparing said differential entropy of said
electrochemical cell with a reference differential entropy, and wherein said
disabling step comprises disabling said electrochemical cell from charging or
discharging when said determined differential entropy of said electrochemical
cell is greater than said reference differential entropy.

103. The method of claim 95, wherein said entropy monitoring circuit

comprises an integrated circuit comprising:
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a voltage monitoring circuit for measuring a plurality of open circuit
voltages of said electrochemical cell, said plurality of open circuit voltages
generated upon charging or discharging said electrochemical cell or
stopping charging or discharging said electrochemical cell;

a temperature monitoring circuit for measuring a plurality of temperatures
of said electrochemical cell, said plurality of temperatures generated upon
charging or discharging said electrochemical cell or stopping charging or
discharging said electrochemical cell;

a current monitoring circuit for measuring a charging current of said
electrochemical cell or a discharging current of said electrochemical cell;
and

a circuit for determining a thermodynamic parameter of said
electrochemical cell, wherein said thermodynamic parameter is one or
more of a change in entropy of said electrochemical cell, a change in
enthalpy of said electrochemical cell and a change in free energy of said
electrochemical cell, said circuit for determining a thermodynamic
parameter positioned in electrical or data communication with said
temperature monitoring circuit to receive temperature measurements from
said temperature monitoring circuit, positioned in electrical or data
communication with said voltage monitoring circuit to receive open circuit
voltage measurements from said voltage monitoring circuit and positioned
in electrical or data communication with said current monitoring circuit to
receive current measurements from said current monitoring circuit or to

provide thermodynamics parameters to said current monitoring circuit.
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